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PREFACE

The present dissertation describes my work as a PhD student at the qLEAP center
for theoretical chemistry, located in the department of chemistry of Aarhus university,
Denmark. I joined the qLEAP center first as a research assistant in September 2013
and started my PhD under the supervision of Poul Jgrgensen and Kasper Kristensen
in February 2014.

The way I tried to write this thesis is to make it possible for people with different
backgrounds to get insights about my work as a PhD student. The introduction
should be general enough for a non-scientific reader to get an idea of what quantum
chemistry and electronic-structure theory are about and a very broad introduction to
the goal of my research. Chapter 2 has been designed to introduce some of the most
important concepts in electronic-structure theory which correspond to the starting
point of my work. This chapter and the following have been written for interested
readers with a strong mathematical background and some knowledge of quantum
mechanics. Chapters 3 and 4 present the theoretical methods developed (in part)
during my PhD with emphasis on the fundamental ideas rather than the technical
details. Some of the most important results are also presented in those chapters. All
in all, this thesis should provide a strong introduction to my work as a PhD student
and hopefully enable the reader to understand the scientific papers listed below and

collected as appendices.

Miscellaneous

Atomic units (a.u.) are used throughout this thesis unless stated otherwise. A brief
comparison of the atomic unit system and the international system (S.I.) is given in
table 1 for the units relevant to this thesis.

The theory developments presented in parts of chapters 3 and 4 and in the scientific
articles gathered in appendix B have been implemented in the LSDALTON program. !»2

All molecular and orbital graphical representations have been generated using the

vii



Table 1: The atomic unit (a.u.) system compared to the international system (S.I.). Abbre-

viations: kilogram (kg), Coulomb (C), second (s), Joule (J), meter (m).

Symbol  Quantity Value in a.u.  Value in S.I. units
Me Electron mass 1 9.110 x 1073 kg
e Elementary charge 1 1.602 x 1071 C

t Time 1 2419 x 10717 s

h Planck’s constant, (27h) 27 6.626 x 10734 J-s
ag Bohr radius (length) 1 5.292 x 10~ m
Ey Hartree (energy) 1 4.360 x 10718 J

USCF Chimera package.? Chimera is developed by the Resource for Biocomputing, Vi-
sualization, and Informatics at the University of California, San Francisco (supported
by NIGMS P41-GM103311).
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2 CHAPTER 1. INTRODUCTION

Most of the matter around us (except for dark matter and dark energy) is made of
atoms, including ourselves, all the living beings, the air, the earth, but also the other
planets and the stars like the sun. An atom is roughly 100 000 times smaller than a
human cell which is already 100 000 times smaller than the human body. Atoms are
made of even smaller particles called electrons, protons and neutrons. The protons
and neutrons form the atomic nucleus which is positively charged and interact with
the electrons (negatively charged) through the electromagnetic force (see figure 1.1).
The electromagnetic force is also responsible for the interactions between the atoms
which can be arranged in infinitely many combinations to form the molecules and in
fine, the macroscopic objects that surround us. Even though we are made of atoms,
the laws of physics that we are used to (classical mechanics), do not seem to apply at
the atomic scale (1071° m) which instead is governed by quantum mechanics.

One of the fundamental equations of quantum mechanics is the (time-dependent)
Schrédinger equation,

H® =i0;P, (1.1)

which can be used to describe the behavior of objects like atoms and molecules. The
two important quantities in eq. (1.1) are the Hamiltonian H and the wave-function
®. The Hamiltonian is a mathematical operator associated with the energy of the
system considered. It is used to describe both the energy resulting from the motion
of the particles (the kinetic energy) and the interactions between those particles (the
potential energy). The wave-function, on the other hand, is a mathematical object that
can be used to represent the distribution of the particles in the system. Unfortunately,
it is impossible to solve eq. (1.1) exactly for atoms and molecules of practical interest.
A whole part of theoretical or quantum chemistry is therefore concerned with the
design of tools in the form of mathematical models and computer programs that
provide approximate solutions to eq. (1.1) and help chemists in their everyday tasks by
substituting some of the chemical or physical experiments with in silico experiments,
i.e., computer simulations or calculations.

In many cases the systems to be described by the Schrédinger equation are “sta-
ble” in time and their wave-function can be factorized (i.e., separated) into a time-
dependent and a time-independent part. This form of the wave-function leads to the

time-independent Schrodinger equation,
HY = EV, (1.2)

where F is the energy of the system in the stationary state described by the time-
independent wave-function ¥ and subject to the physical interactions contained in
the Hamiltonian H. In the case of molecular systems, and when relativistic effects
and external perturbations are ignored, the Hamiltonian can be decomposed into the

following contributions, (see also figure 1.1).

e The kinetic operator for all nuclei, Ty,



electromagnetic
repulsion, V,,
electrons (-e)

electromagnetic
attraction, V,

electromagnetic
repulsion, V,

Figure 1.1: Schematic representation of the particles and the interactions present in atoms and

+e)

molecules. The double-headed arrows represent interactions and the charges of the particles

are given in parentheses.

e the kinetic operator for all electrons, T¢,

e the electrostatic potential attraction between electrons and nuclei, V.,
e the electrostatic potential repulsion between electrons, V..,

e and, the electrostatic potential repulsion between nuclei, V.

Note that we do not consider the interaction between protons and neutrons inside
the nuclei. Instead, we take the nuclei to be point charges of masses and charges
corresponding to the number of protons and neutrons they contain.

Even though it is now time-independent, eq. (1.2) is still too complicated to be
applied to molecules containing several atoms since the motion of a given particle
(electron or nucleus) is affected by the instantaneous position of all the others. To
reduce the complexity of eq. (1.2), we introduce one of the most important approxi-
mation in chemistry, the Born-Oppenheimer (BO) approximation, which consists in
decoupling the motion of electrons and nuclei based on the difference between their
masses. Since the nuclei are much heavier than the electrons, it can usually be as-
sumed that the electrons will adapt almost instantaneously to the displacement of the
nuclei and their respective motion can thus be decoupled. The wave-function is then
written as a product of a nuclear and an electronic part, ¥ = W W,., and the impact
of the nuclear motion on the electronic wave-function is neglected. This leads to two
new Schrodinger equations, one for the nuclei and one for the electrons. In this thesis

we will focus on the electronic Schrédinger equation,

HY, = E,V,, (1.3)
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He:Te_F‘/eN_FVvee"FVNN (14)

where the position of the nuclei are fixed at a given molecular geometry due to the
BO approximation and therefore the inter-nuclear interaction Vi is just an additive
constant.

It is evident that the complexity of eq. (1.3) increases with the number of electrons
since it results in more and more interactions to consider at the same time. In the past
hundred years, (since the beginning of quantum mechanics), physicists and chemists
have designed a wide range of models to solve the electronic Schrodinger equation
in which the complexity of the solutions (the computational complexity) is usually
correlated with the quality or the accuracy of those solutions. For that reason, very
accurate solutions to the electronic Schrodinger equations have only been obtained for
rather small molecules.

As a PhD student, my goal was to contribute to the design of new accurate models
that solve the electronic Schrodinger equation for systems as large as proteins, i.e.,
from a few hundreds to a few thousands atoms. In the following chapter, some of
the fundamental concepts of molecular electronic-structure theory which are relevant
to this work are summarized, while an overview of the methods developed (partly)

during my PhD is given in chapters 3 and 4.
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6 CHAPTER 2. ELECTRONIC-STRUCTURE THEORY

The content of this chapter is based on Ref. 13, except for section 2.5 for which

adequate references are given therein.

2.1 The electronic Schrodinger equation

In this thesis we consider solutions to the time-independent electronic Schrodinger

equation. Using Dirac’s bra-ket notation we have,
H|W) = B|W), (2.1)

where we have omitted the e subscripts for clarity [compared to eq. (1.3)], i.e., F is the
electronic energy, W is the electronic wave-function and H is the non-relativistic molec-
ular electronic Hamiltonian under the BO approximation. In the second-quantization

formalism the spin-free molecular Hamiltonian is given by,

1
H = Z hP(IEPq + B} Z IpgrsCpgrs + Pnuc, (2.2)
pq pgrs
where
Epy = aLaaqa + a;Baqﬁ (2.3)

is a singlet excitation operator. aq, annihilates an electron of spin ¢ from a spatial
molecular orbital (MO) ¢q, while af, creates an electron of spin ¢ in MO ¢, (in this
thesis only real MOs are considered). Those elementary operators are called creation
and annihilation operators and they follow the anti-commutation relations required to
satisfy Pauli’s exclusion principle (i.e., the change of sign of the wave-function under
exchange of two electrons). The two-electron singlet excitation operator can then be
written as,

epqrs = EpgErs — 0grEps, (2.4)

where g4, is the Kronecker function. The one- and two-electron integrals used in the

definition of the Hamiltonian in eq. (2.2) are given by,

o = [ 64(0) (—;vz -y Z) a(r)i, (2:50)

I
Ipars =/ </>p(f1)¢q(r1)iﬂ’)r(rzws(m)drldrz’ (2.5b)
1 YAV
hnuc =3 5 (2'5C)
2 XI: ; Ry

where Z;, r7, and Ryj denote the nuclear charge, the electron-nuclear distance and
the inter-nuclear distance, respectively, while 712 corresponds to the inter-electron
distance. By comparison with eq. (1.4), we note that, T, and Vn are included in h,,,

Vee corresponds to gpgrs, while Viyn is equivalent to hpye.
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basis-set limit for a
given N-electron model exact solution

exact solution

————3 inagiven

one-electron basis

hierarchy of one-electron expansions

~

hierarchy of N-electron models

Figure 2.1: The systematic approach to the exact solution of the Schrédinger equation by
successive improvements in the one- and N-electron spaces. (Replicated from Figure 5.1 in
Ref. 13).

The spatial MOs are usually expressed as a linear combination of basis functions
X
qj)P(r) = Z C,upX;u (2.6)
o

where C,,, is an MO coefficient. In practice the basis sets {x,} often consist of a
finite number of atomic orbitals (AOs), i.e., one-electron functions centered on the
atoms that resemble the solutions of the Schrédinger equation for the hydrogen atom.
In a given basis set, the full configuration-interaction (FCI) wave-function provides a
solution to eq. (2.1),

IFCI) = > " Cr 1), (2.7)
I

where |I) is a Slater determinant or, in second-quantization, an occupation number
(ON) vector, which specifies whether zero, one, or two electrons are occupying a given
MO ¢,. The summation in eq. (2.7) runs over all ON vectors available within a given
basis set.

To arrive at the exact solution to the electronic Schrodinger equation, one must
consider a FCI expansion in a complete (i.e., infinite) basis set. This cannot be
achieved in practice and we usually introduce errors in both the one-electron space
(size of the basis set) and the N-electron space (number of electronic configurations

or ON vectors). In this thesis we will only discuss approximations in the N-electron
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Table 2.1: Index conventions used to denote orbitals. For molecular orbitals, the occupancy

is defined with respect to the optimized Hartree—Fock state.

P,q,T,S... Molecular orbitals of unspecified occupancy.
5, k0. .. Occupied molecular orbitals.

a,b,c,d... Virtual or unoccupied molecular orbitals.
w,v,0,p... Atomic orbitals, i.e., basis functions.

space, keeping in mind that for approaching the exact solution systematically, it is

important to improve the description in both spaces (see figure 2.1).

2.2 Hartree—Fock theory

The FCI solution to the Schrodinger equation is tractable only for systems containing a
small amount of electrons and using relatively small basis sets. For practical purposes
approximate N-electron models have to be designed. The Hartree-Fock (HF) model is
one of the cornerstones of electronic-structure theory and even though it is now rarely
used as a target model (because it is too inaccurate), it serves as a starting point to
some of the most successful approximations. HF is an independent-particle model,
i.e., it describes each electron as moving in the average electrostatic field generated by
the other electrons and the nuclei. Additionally, the HF wave-function is constructed
such that it satisfies Pauli’s exclusion principle. In this thesis, we consider only closed-
shell systems, i.e., molecules in which all MOs are either empty or occupied by two
electrons in a HF description. This definition leads, to the following parametrization

of the HF wave-function,

|HF) = (H ajaa}5> [vac) , (2.8)

where index i is used for denoting occupied MOs (see table 2.1 for index conventions),
while |vac) denotes the vacuum state in which all MOs are empty. The HF energy can
then be obtained as the expectation value of the Hamiltonian for a system described

by the (normalized) HF wave-function,
Eyr = (HF| H |HF). (2.9)

In electronic-structure theory, the variational principle states that finding the so-
lution to the time-independent Schrodinger equation is equivalent to finding the sta-

tionary points of the following energy functional,

J_ (LH D)

E[¥] = 9 (2.10)
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From eq. (2.8), we see that the HF wave-function is determined by the set of occupied
MOs, i.e., by the MO coefficients in eq. (2.6). Using the variational principle it is
thus apparent that the HF wave-function can be optimized by finding the set of MOs
that minimize the HF energy in eq. (2.9) and get as close as possible to the exact
energy with a single electronic configuration. In other words, the HF wave-function is
required to satisfy the following condition,

Enr(k) = mlin (ICI\IJT| exp(k)H exp(—k) |I:I\F> (2.11)

where \Iﬁ‘) is a guess for the HF wave-function and x is a singlet anti-Hermitian

one-electron operator that performs unitary transformations among the MOs,
k= kai(Eai — Eia). (2.12)
at

The optimization condition in eq. (2.11) can be written as,

8EHF(1<.:)

éMM-

= 2 (HF| [E,;, H] [HF) = 0, (2.13)

k=0

where the optimized HF wave-function is given by |[HF) = exp(—+"F) |HF) and the

parameters ! satisfy the optimization condition in eq. (2.13). Instead of expressing
the HF wave-function by performing a rotation of the original (guessed) MOs, the &

operator can be used to transform directly the elementary operators,

a;m = exp(fﬁ)a;ﬁa exp(k). (2.14)
From now on we will assume that the MOs are expressed in the optimized HF basis
(unless specified otherwise).
One important result of HF theory is the Brillouin theorem, which can be derived
directly from eq. (2.13),
(HF| HE,; [HF) = 0. (2.15)

It implies that the HF state does not interact with singly-excited electronic config-
urations. As a consequence, one cannot improve on the HF ground state energy by
optimizing a linear combination of the HF states with all singly-excited states, as it is

done in the configuration-interaction singles (CIS) model (Ecis = Eur).

Canonical HF theory

As discussed at the beginning of this section, the HF approximation is an independent-
particle model. This suggests that the HF wave-function can be obtained by solving a
set, of effective one-electron Schrodinger equations. Indeed, in canonical HF theory, the
optimized MOs are obtained as eigenvectors of an effective one-electron Hamiltonian
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called the Fock operator,

F =Y FpyEp, (2.16)
pq

Fpg = hpq + Z(Qgpqii — Gpiiq)s (2.17)

= €p0pgs (2.18)

where the eigenvalues ¢, are called orbital energies and are obtained from,
Fa;;(7 |vac) = epa;f)a |vac) . (2.19)

A diagonalization of the Fock matrix is sufficient to satisfy the HF optimization con-
dition in eq. (2.13) but it is not necessary. Ounly a block-diagonal form of the Fock
matrix (Fy; = F;, = 0) is required. This flexibility in the optimized HF orbitals (in-
variance with respect to rotations among orbitals of same occupancy) can be used to
impose specific properties on the optimized MOs. For example, it can be interesting

to generate localized MOs, as we will see in chapter 3.

Correlation energy

In HF theory, only electrons of parallel spin are correlated through Pauli’s exclusion
principle, which means that most of the electronic correlation effects are neglected.
For a given basis set, the concept of correlation energy is thus defined as the difference

between the “exact” (FCI) energy and the HF energy,
Exét = Evct — Enr. (2.20)

The electronic correlation effects can be divided into two categories, (i) the static
correlation effects, which arise when the HF state does not provide a qualitatively
good approximation to the FCI solution due to the fact that more than one electronic
configuration is required to qualitatively describe the system and (ii) the dynamic cor-
relation effects which originate from the instantaneous repulsion of electrons through
the Coulomb potential. In wave-function based methods, the treatment of static cor-
relation requires the use of multi-configurational methods and will not be covered in
this thesis.

2.3 Coupled cluster theory

In order to improve on the HF approximation and recover some of the correlation
energy, one has to consider additional electronic configurations (i.e., ON vectors) by
performing excitations from the HF reference wave-function. If one targets the FCI

energy, the linear parametrization of eq. (2.7) is appropriate. However, due to the
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extreme computational scaling of the FCI method with the system size, intermediate
descriptions are usually more appealing. In the truncated configuration-interaction
(CI) method, one only considers a subset of excited configurations, e.g., all singly and
doubly excited configurations (CISD),

(CISD) = [HF) + 3~ Cy i) + . Cis 12) (2.21)

251 K2

where the indices p; denote electronic configurations in which ¢ electrons have been
“excited” from occupied to virtual HF orbitals. However, a linear parametrization
of the wave-function comes with undesirable features. For example, the correlation
energy converges slowly to the FCI limit when the level of truncation is increased and
it lacks size-extensivity, i.e., at a given level of truncation, the recovery of the FCI
correlation energy decreases with the number of electrons when it should be constant.

To avoid those issues, the coupled cluster (CC) wave-function is written in a prod-

uct form, usually vie an exponential parametrization, 4

|CC) = exp(T) |HF), (2.22)

where T is the so-called cluster operator which performs all possible excitations from

the HF reference configuration,
N
T=>T. (2.23)

N denotes the number of electrons in the system, while i corresponds to the excitation
level, such that,

T = Zt?Em‘, (2.24a)
1
T2 = 5 Zt?JbEaiEij (224b)
" aibj
1
o= > T (2.24c)

Hi

Splitting the cluster operator into the different levels of excitation allows one to define
a hierarchy of CC models. Including only the T} operator corresponds to the CCS
model, T} and T, to the CCSD model, T, T5, and T3 to the CCSDT model, etc.
Such a hierarchy of CC models provides a fast and systematic way to converge to
the FCI limit, while ensuring size-extensivity of the correlation energy at each level
of truncation. Those attractive features are due to the definition of the exponential

function used to parametrize the CC wave-function,

1 1
exp(T) =1+T+ ETQ + gT3 4o (2.25)
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Indeed, if only single and double excitations are included in the cluster operator (i.e.,
for the CCSD model), all higher excitations will still be included in the CC wave-
function through disconnected terms like %TlTQ or %TQTQ. 15 Those disconnected terms
are the key to achieve size-extensivity as well as fast convergence to the FCI limit.

If the cluster operator is not truncated, the CC and FCI wave-functions are equiv-
alent and the following CC Schrodinger equations are satisfied,

H|CC) = Ecc |CC), (2.26)

exp(—T)H exp(T) |HF) = Ecc [HF) . (2.27)

In contrast to HF theory, the variational method cannot be used to optimize the
CC wave-function efficiently. Instead, the CC amplitudes are obtained by projecting
the CC Schrodinger equation in eq. (2.27) against the set of excited configurations
|Ni> = Tu; HF>7

(u;| exp(=T)H exp(T) [HF) = 0, (2.28)

where the projection manifolds |u;) correspond to all configuration accessible by ap-
plying the truncated cluster operator T linearly to the HF state. Eq. (2.28) constitutes
a set of non-linear equations which couple the amplitudes.

Once the CC amplitudes have been optimized from eq. (2.28), the CC energy can
be obtained by projecting eq. (2.27) against the HF state,

Ecc = (HF|exp(—T)H exp(T) |HF) , (2.29a)
= Eur + EC', (2.29b)
= B + ) (tt] + 1) Liajp, (2.29¢)

aibj

where Liqb = 2¢iajb—Gibja- The expression for the CC correlation energy in eq. (2.29¢)
is the same for all standard CC models, which means that triple amplitudes t?fg and
amplitudes of higher excitation level affect the CC energy only by coupling with the
singles and doubles amplitudes through eq. (2.28).

2.3.1 The coupled cluster singles and doubles model: CCSD

The CCSD approximation is the first model of the standard CC hierarchy to introduce
correlation effects. As such, it is a widely used approximation and we now introduce
the working equations for the optimization of the CCSD amplitudes.

As mentioned previously, in the CCSD model, the cluster operator includes only
single 71 and double T, excitations. Eq. (2.28) can thus be divided into a singles
amplitude equation,

QTP = (1| exp(— —T3)H exp(T) |HF) = 0, (2.30)
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and a doubles amplitude equation,
QCOSP = (15| exp(—Tz) H exp(T3) [HF) = 0, (2.31)

where we have introduced the CCSD vector functions QSICSD and QSSSD as well as

the similarity-transformed Hamiltonian, '6

H = exp(—T1)H exp(Ty), (2.32)

where the similarity transformation can be applied directly to the elementary operators
al, and a,, in the same way as in HF theory [see eq. (2.14)] such that the integrals in

the Ti-transformed Hamiltonian are now expressed in terms of T3-transformed MOs,
~ ~ 1 B
H = Z hpgEpq + 9 Z GpqrsCpgrs + Pnucs (2,33)
rq pqrs

where the MO integrals can be directly generated from their counter-part in the AO
basis {x.}, as,

ﬁpq = ZX/LpYuqh/w (234&)
Qv
quTS = Z XﬂpYVqXUrYpsgp,Vopa (234b)
nvop

and the transformation matrices X and Y are given by,

Xpi = Cu Xpa = Cua =22 Cpitf

2.35
Yii = Cui+za Caty Yie = Cua ( )

where the C matrix is directly obtained from the solution of the HF problem and
performs transformations from AOs to HF MOs.

Using the Baker—Campbell-Hausdorff (BCH) expansion of the similarity-transformed
Hamiltonian, egs. (2.30) and (2.31) may be rewritten as,

QCSP = (1| H + [H, Ty] |HF) = 0, (2.36a)

~ ~ 1. ~
QP = (| H + [H, o] + 5 [[H, To), T] [HF) =0, (2.36b)

where the BCH expansion naturally stops after a few terms due to rank-reduction
and the fact that the Hamiltonian is a two-electron operator [see Ref. 13 for more
details]. From eqgs. (2.36a) and (2.36b) it is now possible to derive the CCSD working
equations. The singles vector function can be written as,

QaciCSD — Q?il + Qil + QCJ + QaDzl (237)

al
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where,
QaAil = Z uzggadkc (2383)
cdk
Q' == Ui grite (2.38b)
ckl
gt = ufi Fre (2.38¢)
QL' = Fui, (2.38d)

while the doubles vector function is given by,

CCSD b
Qaibj Qazbj Qazbg Pa (Qazbj Qazb] Qazbj) (239>
where,
Q%5 = Gainj + Z £55 Gacva (2.40a)
cd

Quiy = Z th (gkilj + Z tf}igkczd> (2.40Db)
kel ed
c2 1 be [ ~ 1 ad ~ be [ ~ 1 ad ~
Qqiv; = 3 Z tij | Gkiac — 5 Zt” Grdle | — Z ti | Gkjac — 5 Z 115 Gkdic (2.40c)
ch dl ck dl

1 c T 1 ad 7
Quiy = 3 s <Laikc 35 Zuildlekc> (2.40d)
ck dl
me] = Z t?jc (Fbc - Z Ui?éldkc) Z tzk <FkJ + Z ul] gkdlc) R (2.406)
c dkl cdl
and where we have introduced the following intermediates,
ugf = 2450 — 13, (2.41a)
zpqrs = 2§pqrs - gpsrq, (241b)
Fpq = hpq + Z(EW@ — Gpiiq); (2.41c)
i
b yrab b b
PrX = X5+ X5 (2.41d)

An analysis of the explicit expressions of the CCSD vector functions shows that

the term with the highest computational scaling is the second term in eq. (2.40a), i.e.,

10,41,%]2 th] gacbd7 (242)

which scales as O(0O*V*) ~ O(N6) where O and V denote the number of occupied
and virtual orbitals, respectively, while N is used as a generic measure of the size of
the system. Performing a similar analysis on the next approximation in the CC hier-
archy would reveal that the CCSDT model scales as O(N?®). The lack of intermediates
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between the CCSD and CCSDT models is problematic as it puts severe limits on the
problems that can be treated, both in terms of size of the molecules and in terms of
accuracy of the results. As we will show in the next section, a combination of CC the-
ory with Mgller—Plesset perturbation theory can be used to design such intermediate

models and extend the applicability of the CC hierarchy.

2.4 Coupled cluster perturbation theory

In Mgller—Plesset perturbation theory, the electronic molecular Hamiltonian in eq. (2.2)
is partitioned into a zero-order Hamiltonian chosen to be the Fock operator and a per-
turbation,

H=F+®+ hyyc, (2.43)

where the perturbation ® is often referred to as the fluctuation potential and corre-

sponds to the difference between the true Coulomb potential,
1
9= 9 Z GpqrsCpqrs (2.44)
pgrs
and the effective one-electron Fock potential,

V= Z Z(Qgpqii — Gpiiq) Epgs (2.45)
Pq

i

®=H—F — hnye (2.46a)
=g-V (2.46b)

As in CC theory, we assume the solution to the zero-order Schrédinger equation to be

available, i.e., the HF wave-function and the orbital energies are known,

HO [p©)y = pO) |gO)y (2.47)
F[HF) =2 ¢ [HF). (2.48)

where we have assumed a canonical representation of the Fock operator (see sec-
tion 2.2).

To arrive at the CC perturbation theory (CCPT) main equations, the exact wave-
function is parametrized with the CC ansatz in eq. (2.22), and the Mgller—Plesset
partitioning of the Hamiltonian is introduced in the projected CC equations [egs. (2.28)
and (2.29a)],

E = E© 4 (HF| exp(—T)® exp(T) |HF) + hyue, (2.49a)
€uitu, = — (pil exp(=T)® exp(T) |[HF) (2.49b)
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where, €,, denotes a combination of orbital energies (e.g., €qin; = €4 — € + €5 — €;).
One can then consider a Lagrangian, in which the energy in eq. (2.49a) is calculated
subject to the constraints in eq. (2.49b),

L(t,t) =E© + (HF| exp(—T)® exp(T) [HF) + Apye
+ Z Z b€t + Z Z tu; (pilexp(=T)® exp(T) [HF), (2.50)
i i
where the Lagrangian multipliers are denoted ¢,,,. We note that ensuring the following

variational condition,

oL
L, =— =0, 2.51
Hi atul ( )
is equivalent to solving eq. (2.49b) and thus determines the CCPT amplitudes. An
additional condition is then required to determine the Lagrangian multipliers, and we

ensure that the Lagrangian is also variational with respect to the amplitudes,

~ oL
o =—=0. 2.52
Hi at#l 0 ( o )

In order to obtain expressions for CCPT energies and wave-function parameters,
the Lagrangian is expanded in orders of the fluctuation potential, and the variational
conditions in egs. (2.51) and (2.52) are solved to each order separately,

R S (2.53a)
LO=LO = O —... = ¢ (2.53b)

which yields the perturbed amplitudes and multipliers,

b =t 4 4 (2503
o =T 4D 1 23

This specific formulation of CCPT leads to expressions that satisfy Wigner’s 2n + 1
rule, which states that the energy to order 2n+1 may be calculated from the amplitudes
to order n and lower. In addition, a similar rule can be derived for the multipliers of

order n and lower, which then determine the energy to order 2n + 2.

2.4.1 The second-order Mgller—Plesset model: MP2

Considering the zero- and first-order energies in the Mgller—Plesset series, leads to the
HF energy, E(© + EY) = Eyp. Therefore, to start recovering some of the correlation
energy, one has to consider the energy at least up to second-order in the fluctuation
potential. This is done in the second-order Mgller—Plesset (MP2) model,”

EMP2 — E(O) + E(l) + E(2) (255&)
— Bup + B, (2.55b)



2.4. COUPLED CLUSTER PERTURBATION THEORY 17

The 2n + 1 and 2n + 2 rules imply that to obtain the second-order contributions to
the energy one has to determine the zero-order amplitudes and multipliers as well as
the first-order amplitudes. From the variational conditions in eq. (2.53), it can be
shown that the zero-order amplitudes and multipliers vanish and only the first-order

amplitudes are then needed to determine the MP2 energy,

1 — (i @ |HF>

i

(2.56)

GM

Because of the Brillouin theorem in eq. (2.15) and since the fluctuation potential is
a two-electron operator, only doubles amplitudes enter in first-order, and eq. (2.56)

becomes,

ab(1) Jaibj
P L — 2.57
K € —€+€ —¢€ ( )

From the second-order terms in the CCPT Lagrangian in eq. (2.50) we then obtain an

expression for the MP2 correlation energy,

B = (HF|[@, TS| [HF) (2.58a)
ab(1
="t Liog, (2.58b)
aibj

which is equivalent to the CC expression of the correlation energy in eq. (2.29c) where

the singles amplitudes are zero.

The MP2 model is one of the simplest models to include electronic correlation ef-
fects and it is extensively used since it recovers most of the CCSD correlation energy
at a lower computational cost [MP2 scales as O(N®) while CCSD scales as O(N°)]. It
is also a non-iterative model, i.e., the MP2 amplitudes in eq. (2.57) can be obtained
directly from integrals and orbital energies, while the optimization of the CCSD am-
plitudes relies on iterative procedures. However, the accuracy of the MP2 results is
limited and in order to reach higher accuracy it is important to include effects from
connected single as well as triple excitations. Calculating the third or fourth order
corrections to the energy in the Mgller—Plesset series through the MP3 or MP4 models
is not as effective as in the MP2 case and can lead to convergence problems. 131819
In the CCSD model presented in section 2.3.1, the effects of single excitations usually
improves on the MP2 description but still lacks the relaxation effects of connected
triple excitations which are important to achieve high accuracy.

In section 2.4.3 we introduce the so-called CCSD(T) model, which constitutes an
intermediate between the CCSD and CCSDT models based on perturbation theory
while in the next section we briefly present an alternative second-order model designed

for the calculation of frequency-dependent molecular properties.
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2.4.2 The second-order approximate coupled cluster singles
and doubles model: CC2

Due to Brillouin’s theorem, the MP2 model does not include effects from single excita-
tions. This becomes problematic in the derivation of frequency-dependent molecular
properties in the framework of response theory (see section 2.5). To circumvent this
issue, the CC2 model was introduced as a second-order approximation to the CCSD
energy in which the singles are treated as zero-order parameters (instead of second-
order).2? The CC2 singles equations are therefore equivalent to the ones in the CCSD
model [see eq. (2.36a)],

02 = (44| H + [H, T, |HF) = 0, (2.59)

M1

while the CC2 doubles amplitude equations are approximated to be correct to first-

order in the fluctuation potential and eq. (2.36b) therefore becomes,
Q52 = (up| H + [F, To] [HF) = 0, (2.60)

This approximated form of the doubles equations leads to a closed-form of the doubles
amplitudes similar to MP2 but where the two-electron integrals are now expressed in

the T}-transformed basis,

ab Yaibj

tij - € — €q —‘rjej —€ (2.61)
While the MP2 model is non-iterative, the CC2 equations have to be solved iteratively
since the singles and doubles amplitudes couple through egs. (2.59) and (2.60). How-
ever, the CC2 model, like MP2, scales as O(N®) with the system size and its energy
is correct to second-order in the fluctuation potential.

In order to complete the hierarchy of CCPT models for the calculation of frequency-
dependent molecular properties, the CC3 model has also been introduced as an in-
termediate between the CCSD and CCSDT models.?! We therefore end-up with the
following set of iterative models, ordered according to increasing accuracy and com-

putational scaling,

CCS < CC2 < CCSD < CC3 < CCSDT ...
O(N*)  O(N®)  O(N®)  O(NT)  O(N?)

We note that other CC models have been designed for the calculation of excitation
energies. For second-order models we can mention the equation-of-motion second-
order many-body perturbation theory EOM-MBPT(2),2%%? the algebraic diagram-
matic construction ADC(2),%* and the second-order polarization propagator approxi-
mation (SOPPA) 2526 models. A series of triples corrected models, such as CCSDR,(3), 2"

have also been designed for the calculation of excitation energies. 2830
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2.4.3 The coupled cluster singles and doubles with perturba-
tive triples model: CCSD(T)

The hierarchy of CCPT models presented in the previous section is well adapted
to calculate frequency-dependent properties. However, for ground-state energies or
static molecular properties, the CC2 and CC3 models can be replaced by the MP2
and CCSD(T) models, respectively, which are more attractive since they rely on non-
iterative procedures.

In the CCSD(T) model, a standard CCSD calculation is performed, as described
in section 2.3.1, providing the CCSD singles and doubles amplitudes as well as the
CCSD correlation energy. A triples correction to the CCSD energy, Ef%r)r, can then

be calculated based on perturbation theory,
EcEspry = Ecesp + Er) - (2.62)

In contrast with the CC3 or CCSDT models, in the (T) correction, the triples do not
couple back to relax the CCSD amplitudes. This lack of coupling is important to
ensure that the (T) correction can be calculated using a non-iterative procedure.
From the CCPT Lagrangian formalism summarized at the beginning of this section,
it can be shown that the CCSD energy is correct to third-order in the fluctuation
potential. The CCSD energy can thus be corrected by calculating higher order terms
from the CCPT expansion. In the CCSD(T) model, this is done by considering the
fourth- and fifth-order contributions to the CCPT Lagrangian in eq. (2.50) and keeping
only those terms that include connected triples and that are projected against the

singly and doubly excited manifolds, i.e.,

B :ZZ(U 1i2] [®, TSP [HF) (2.63a)

Z > ED (il [@, T{Y] [HF), (2.63D)

=1,2 p;

2)

where the connected triples contained in the cluster operator T: 3( are given by,

tq{)c(Q) _ Pva-bc Zd zg ngbd - Zl zl gcklj (2 64)
ik Hh e —eqtej —ep T e — € '
PeX e = X500+ XG5 + XJie+ XJid + X7 + Xt (2.65)

Finally, both the first- and second-order Lagrangian multipliers as well as the first-
order amplitudes are replaced by the CCSD singles and doubles amplitudes,

corr * 2
o = 5N, (il [@,° TS [HF) (2.66)

1=1,2 p;
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where we have inserted an asterisk to underline that the first-order doubles ampli-
tudes in eq. (2.64) are also replaced by the CCSD amplitudes. After some algebraic

manipulations, we arrive at the final (T) working equations,

Ez:%r — gl + EB] (2.67)

EW =23 (2080 — 1) T (2.68)
aibj

EB = tag *T¢ (2.69)

ai

where we have used square brackets to underline that those contributions are not

strictly equivalent to eq. (2.63). We have also introduced the following intermediates,

*ra * acd(2 % ,acd(2
EDY £ = 1) L (2.70)

cdkl

*ra s acd(2 w«,acd(2

Tv]b :Z( tijk( )Lbckd - tkji( )gkdbc)
cdk

abe(2)
- Z ’Lk?l( ijlc - tl]m( )gk]lc) (271)
ckl

The (T) correction to the CCSD energy has shown to be very efficient at recovering
the effects of connected triples and the CCSD(T) model is often described as the gold
standard of quantum chemistry. Finally, we note that the equations presented in this
section differ from the original ones.?! They are however equivalent and will become
convenient in our description of local CC methods in chapter 3.

We have now introduced several models of electronic-structure theory that allows
to solve the Schrédinger equation with different levels of approximations and different
computational costs. In the following and last section of this chapter, we consider how
molecular properties can be extracted from solutions of the Schrodinger equation and

in particular, how electronic transitions can be described by those solutions.

2.5 Electronic transitions

The exact solutions to the time-independent electronic Schrédinger equation for molecules

in their equilibrium geometry lead to a spectrum of energies and states,

So far we have been discussing the solution corresponding to the lowest possible energy
of a system, i.e., the ground state energy Fjy. An isolated system in its ground state
will stay indefinitely in that state. However, a transition from the ground state to a
state of higher energy, i.e., an excited state can occur if the right amount of energy is

transferred to the system. This excitation energy is usually transferred by light in the
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(a) Electronic energy levels and transitions. (b) Typical UV-visible absorption spectrum.

Figure 2.2: (a): Cartoon representation of an electronic excitation from the ground state to
the first excited state of a diatomic molecule by absorption of a single photon. Req refers
to the equilibrium inter-atomic distance for the molecule in its electronic ground state (the
energy levels associated with other degrees of freedom such as vibrations, rotations, etc. are

neglected). (b): Cartoon representation of the corresponding absorption spectrum.

ultra-violet (UV) and visible regions of the electromagnetic spectrum. All electronic
transitions are not equally likely to happen and knowing the excitation energy as well
as the probability associated with a given transition (the transition strength) leads
to absorption spectra that can be compared with experiments and give information
about, e.g., the color of a given compound. The processes involved in such light-matter
interactions are illustrated in figure 2.2.

The concept of oscillator strength is often used to evaluate the electronic transition

probability. It can be derived from time-dependent perturbation theory under the

electric dipole approximation (in the length gauge),3?
2
fom = Zm D (W] 65 [ W) (o] 6; [0y,) (2.73)
i=z,y,z

where we have introduced the excitation energy from the ground state to the m-th

excited state, w,, = E,, — Ey, as well as the electric dipole operator,
0= 05,Epg. (2.74)

Oy = —/¢p(r)riq§q(r)dr, (2.75)
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where 7; denotes one of the Cartesian components of the position operator.

The calculation of excitation energies is a difficult task which can in general not
be achieved using the machinery developed in the previous sections. One important
complication is that many excited states have multi-configurational character, i.e.,
a single HF' configuration does not provide a qualitative description of the states in

question.33:34

This issue has been bypassed in the context of response theory where
excitation energies as well as molecular properties can be computed without explicitly
calculating the excited state wave-functions. Instead, the isolated system is considered
in its ground state and is perturbed (in the sense of perturbation theory) by an external
field. Molecular properties are then obtained as response functions, i.e., the response
of the system to the perturbation. Excitation energies and oscillator strengths then
arise as side-products of the response functions.

In the next sections we summarize how excitation energies and oscillator strengths
are calculated in response theory, first for exact states and then for CC models. Most

of the following content is based on Refs. 35 and 36.

2.5.1 Response theory for exact states

The goal of response theory is to calculate molecular properties that can be compared
with experiments. In quantum mechanics, physical properties or observables are as-
sociated with Hermitian operators and in general, only the average value of a series of
measurements is predictable. A Hermitian time-independent operator Vy is therefore
associated with a given property and the average value of interest is given by the

expectation value of V4,
(Va) (1) = (@(®)[ Va |2(2)) , (2.76)
where |®(¢)) is a solution to the time-dependent Schrédinger equation,
H() [B(1)) = 0y (1)) (2.77)

Response theory therefore aims at calculating the expectation values of Hermitian
operators. The Hamiltonian in eq. (2.77) can often be decomposed into a time-
independent part H, taken to be the electronic molecular Hamiltonian in eq. (2.2)

and a time-dependent perturbation V'(¢),
H(t)=H+ V(). (2.78)

In the development of response theory for exact state, it is assumed that the solutions
to the time-independent problem in eq. (2.72) are known. In addition, the perturbation
is required to be periodic in time with period T and frequency w = 27/T. The

perturbation describes the interaction of the molecule with, e.g., an electromagnetic
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radiation, and it can be written as a Fourier expansion,

V(t) = eaVaexp(—iwat), (2.79)
A

where € 4 is the perturbation strength associated with the time-independent Hermitian
operator V4. The frequency of the perturbation w4, should not be confused with the
excitation energy wy,.

The quasi-energy

Without loss of generality, the time-dependent wave-function |®(¢)) can be expressed

as a product of a phase-factor e ®) and a regular time-periodic wave-function

|PR(t)),
|©(t)) =~ |Dp(t)) . (2.80)

The real phase F(t) can be separated into a time-periodic part Fr(t) and a part linear

in time Oft,

F(t) = Fr(t) + Ot, (2.81)

|@(t)) =e~ eI Bp(t)). (2.82)

Inserting the expression for |®(t)) in eq. (2.77) leads to the following eigenvalue prob-

lem, satisfied at each time ¢,
(@) = Fr(t) - i0,) |0a(t) = Q|Pa(t), (2.83)

where the dot in Fr (t) denotes differentiation with respect to time. The time-periodic
phase Fp(t) is not uniquely defined and depends on the parametrization of |®(t)).
However, we can get rid of this term by considering eq. (2.83) in a composite Hilbert
space®” where the standard (spatial) inner-product (f(t)|g(t)) is augmented with time-
averaging,

T
{U@W@&T:%A (F(B)]g(t)) dt. (2.84)

We also recall that for a time-periodic function f(t) of period T,
F(t } = 0. 2.85
{fw}, (2.85)

The operator H(t) — i0; can be shown to be Hermitian in the composite Hilbert space

and eq. (2.83) thus corresponds to a Hermitian eigenvalue problem in that space (Fp(t)
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is real). By projecting eq. (2.83) against (®g(t)| in the composite Hilbert space we

arrive at,
0 = { (@r(t)| H(t) — 0| ®R(t) } (2:86)

where we have used that the regular wave-function is time-periodic and normalized,
(Pr(t)|Pr(t)) = 1 and that Fp(t) is also time-periodic. As we will see below, in
absence of perturbation, the quantity Q reduces to the energy of the system and it is
therefore called the quasi-energy. As for the energy in the time-independent case (see
section 2.2), the following time-dependent variational principle can be formulated for

the quasi-energy,
50 :{ (6B ()| H(t) — i0, |PR(t)) }T
+{ @r()|H(t) — 0 [00R(1) | =0, (2.87)

which can be derived from eq. (2.83) by considering a time-periodic perturbation
0D R(t), for which (Pr(t) + 0P R()|Pr(t) + dPR(t)) = 1. The quasi-energy is thus sta-
ble with respect to first-order variations of the regular wave-function. Since eq. (2.83)
corresponds to a Hermitian eigenvalue problem in the composite Hilbert space, finding
the wave-functions |®g(t)) that satisfy Q = 0 is therefore equivalent to finding the
eigenvalues and eigenvectors of eq. (2.83).13

It is now interesting to consider eq. (2.86) in the absence of perturbations, H = H.

The time-dependent wave-function can then be parametrized as,
(1)) =P Emt W) (2.88)

where F,, and |U,,) are the eigenvalues and eigenvectors solutions to the time-independent
Schrédinger equation and ¢ is an undetermined time-independent phase. By turn-
ing off the perturbation in the Hamiltonian we have therefore induced the following

changes in the wave-function,

PR (1) = [¥m) (2.89)
Fr(t) = ¢ (2.90)
Q— Ey, (2.91)

which is also consistent with a substitution in eq. (2.86),
Q={ (Wl H| W) } = (U] H W) = B, (2.92)

In other words, the quasi-energy indeed reduces to the energy of the system in absence
of perturbation, hence the name.
As stated previously, physical properties are related to expectation values of Her-

mitian operators, it is thus important for the following to see how the quasi-energy can
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be related to such quantities. Let us then consider the derivative of the quasi-energy

with respect to a given perturbation strength,

dQ OH(t)
. = @ o7 @) | 450 (2:93)
= { (@r(®)| Val@r(®) exp(—iwat) } . (2.94)
where we have used the variational principle for the quasi-energy with the variation,
OPRr(t
0D R (1)) = ’aR()> . (2.95)
€A

This relation between the expectation value of a Hermitian operator V4 and the deriva-
tive of the quasi-energy is important to understand how molecular properties arise from

response theory.

Response functions

In the case of a time-independent perturbation,

V=Y Viea, (2.96)
A

the quasi-energy in eq. (2.86) becomes the energy of the perturbed system FEoy(e).
Where the perturbation could be a distortion of the molecular structure or an electro-
static field. The perturbed energy can then be expanded in orders of the perturbation
strengths,

1
E()((-:) = EO + ZE(SA)f:A + 5 Z E(SA7B)€A€B + 0(53), (297)
A A,B

)

where,

(2.98)

e=0

describes the first-order response of the system to the external perturbation and,

2
(a,8) _ d"Ey(e)
E, = — 2.
0 de’:‘AdEB e=0 ( 99)

is the second-order response to the perturbation etc. Depending on the perturbation,
the response functions (E(()A)7 EéA’B) ...) can then be attributed to different static
(time-independent) molecular properties. 3839

In analogy to the time-independent case, the quasi-energy can also be expanded in

orders of the perturbation strengths,

Q(e) =Eo+» QWea+ % > oW Ple e + 0. (2.100)
A A,B
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Introducing the established notation in the field, we have that the first-order molecular

properties,

d9(e)

deA

Q(A) _

= (Va)o = (Yo| Va [¥o) (2.101)
e=0

are frequency-independent and correspond to the ground state expectation value of
the perturbation. The second-order properties,

QAB) _ d*Q(e)

"~ deg0ep

= ((Va; VB)),,, (2.102)
e=0
correspond to the linear response functions and in the well-known sum-over-states
representation we have,
Wo| V4 |[Up) (V| VB |
(VaiVa)),, = P4, ) Y oV llmd CnlValTo) =y 4

wp — W
M0 B m

with the frequency condition, wa + wp = 0, and where we have introduced the per-

mutation operator,
P(A,B)f(A,B) = f(A, B) + f(B, A). (2.104)

Higher order response functions can also be derived, but only the linear response

function is of interest in this thesis.

Excitation energies and oscillator strengths

It is easy to see in eq. (2.103) that excitation energies can be identified from the poles
of the linear response function, i.e., whenever wg = wy,. Additionally, if the Hermitian
operators V4 and Vg are chosen to be the components of the electric dipole operator,
the linear response function then corresponds to frequency-dependent polarizabilities,
and its residues give transition strengths,

lim (@ = win) (61, 65))., = (Tol 61 [¥1n) (Ta] 6 |T0) = S, (2.105)

W—Wm

Which can be directly related to the oscillator strength in eq. (2.73),

2 o
fom = Zwm > osgul. (2.106)

i=x,y,z

We have now shown how excitation energies and oscillator strengths can be ob-
tained from response theory as side products (poles and residues) of the linear response
function. In the next section we summarize how the response formalism can be applied
to CC theory for the calculation of excitation energies and oscillator strengths.
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2.5.2 Excitation energies and oscillator strengths for CC mod-
els

In the previous section we have not assumed any specific parametrization of the regular
time-periodic wave-function |®g(¢)). The only requirement was that the optimized
wave-function satisfies the variational principle for the quasi-energy in eq. (2.87).

In order to apply the response formalism to CC theory, it is important that when
the perturbation is turned off, the quasi-energy and the regular wave-function both
reduce to the unperturbed CC ground state energy and wave-function as given in
section 2.3, respectively.

Let us then write the CC time-dependent wave-function as,

|CC(t)) = e~ M= |CCR(1)) (2.107)
= N(t)e Tr1emit T |HF) (2.108)

The cluster operator T'(t) is now time-dependent in the CC amplitudes ¢, (t) and N(t)
is a time-periodic normalization factor due to the fact that the CC wave-functions is

not unit-normalized but intermediate normalized,

(HF|CCy (1)) = 1, (2.109)
|CCr(t)) = eT® [HF) . (2.110)

The equivalent form of the projected CC equations in eqgs. (2.28) and (2.29a) in the
time-dependent regime and in the composite Hilbert space are then given by,

Qco :{ (HF| e=T®) (3(t) — idy) ") [HF) }T, (2.111)

{ (1] =T (H(t) — i) 7 ® |HF) }T = 0. (2.112)

Note that due to time-periodicity and time-averaging both the phase and the nor-
malization factors are eliminated from egs. (2.111) and (2.112). However, as in the
time-independent case (see section 2.3), the time-dependent CC wave-function does
not satisfy a variational principle for the CC quasi-energy in eq. (2.111), i.e., §Qcc
is in general different from zero. The strategy developed in section 2.5.1 for varia-
tional models can thus not be directly applied to the CC quasi-energy. However, this

difficulty can be bypassed by considering a CC quasi-energy Lagrangian,
Lec :{ (HF| e~ T®) (H(t) — i) ) [HF) }T

+3 {fﬂ(t) (1] =T (H(t) — ;) 7 © [HF) }T. (2.113)

By construction, the CC quasi-energy Lagrangian is variational with respect to the

Lagrange multipliers ¢,(t), and we require that it is also stationary with respect to
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Table 2.2: Expressions for intermediate tensors used in CC response theory. The zero-
order parameters 17" and ¢, correspond to the ground state and are determined as detailed
in section 2.3, while Z, denotes the ground state Lagrangian multipliers determined from
eq. (2.125).%°

7 200 _ 0Ecc

ok lLIURI[ee
82£

A —

T — (A|[Va 7 CC)
82£(2)

A _ _ _

S = lepl=hVaiee)
82£(2)

Fu = g = (A|[[H.7,]7] [CQ)
920@)

Jw = 8t’ﬁ8€5§3 = (ul exp(=T)[H,7,]|CC)

(Al =(HF|+ 3, & (v|exp(=T)

CC) = exp(T) |HE)

the CC amplitudes,

0Lcc
- = 2.114
0Lcc
=0. 2.11
o, " (3:115)

For optimized parameters, the Lagrangian in eq. (2.113) is equivalent to the quasi-
energy and it can therefore be used to determine response functions in the same way
as for variational models.

The CC linear response function is then given by,

2
. _ pean _ dLcc(e) 2.11
(Va;VB))y, = Lod™ = deadep |._g e
S G SRS S N ARy
“w

with the frequency condition, ws + wp = 0, and where the symmetrization operator,
C* f(wa,wp) = f(wa,wp) + f(—wa, —wp)* (2.118)

is necessary in CC theory to ensure the correct symmetry of the response functions.
t4 and tf are the Fourier components of the expanded time-dependent CC amplitudes
and the other intermediates (n and F) are given in table 2.2.

An analysis of the linear response function in eq. (2.117) shows that its poles (i.e.,
the CC excitation energies) correspond to the eigenvalues of the CC Jacobian matrix, 4°
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JR™ = w,,R™, (2.119a)
L™J = L™wp,, (2.119Db)

where the right (R) and left (L) eigenvectors can be different since the CC Jacobian
matrix J, defined in table 2.2, is in general not symmetric. This means that CC
excitation energies as defined in response theory are not guaranteed to be real. How-
ever, whenever HF theory provides a good reference electronic configuration, the CC
Jacobian is nearly symmetric and real CC excitation energies are obtained.

CC transition strengths, obtained as residues of the CC linear response function
are given by, 40

1

where the left and right transition moments can be written as,

Tho =Y L&, (2.121)
n

T, = > (mph Ry + MPE, (2.122)
n

where we have introduced the transition moments Lagrangian multipliers M . which

can be determined from the following response equation,
M™(w,,1+J) + (R™)TF = 0. (2.123)

We note that the oscillator strength corresponding to a transition from the ground

state to the m-th excited state can be obtained directly as,

2 _
fom = Zm > senl, (2.124)

i=2,y,2

where we have set V4 and Vg to be components of the electric dipole operator.

Summary and other approaches

To summarize, for the calculation of CC excitation energies, the ground state time-
independent CC amplitudes have to be obtained as detailed in section 2.3. Indeed,
the ground state amplitudes are required to calculate the CC Jacobian matrix (see
table 2.2) which needs to be diagonalized to obtain the CC excitation energies. If
only the excitation energies are desired then only one (right or left) of the eigenvalue
problems in eq. (2.119) has to be solved.

For the calculation of CC transition strengths, more response equations have to be
solved. The n and F tensors for example depend on the ground state Lagrangian
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multipliers which are obtained from the following linear equation,
tJ+n=0, (2.125)

where 7) is also given in table 2.2. The optimization of the transition moment La-
grangian multipliers from eq. (2.123) is also required, and both the right and left
Jacobian eigenvectors in eq. (2.119) are needed.

The formalism and equations presented here are applicable to all standard CC
models such as the CCS and CCSD models but also to CCPT models like the CC2
model presented in section 2.4.2. The working equations for the calculation of ex-
citation energies and oscillator strengths at the CC2 level are derived in details in
appendix A.

Finally, we note that CC excitation energies identical to the one obtained from
linear response theory can be obtained through the equation-of-motion (EOM)-CC
formalism. 22234142 In EOM-CC theory, the excited states are parametrized from the

ground state as a linear expansion,

[WHOM-CC) =N " Ri"7, |CC) = exp(T) > Ry'r, [HF), (2.126)
n Iz

where the ground state [WEOM-CC) = |CC) is recovered by taking 79 = 1. Inserting
|WEOM-CCY ip the time-independent Schrédinger equation in eq. (2.72) and projecting

against (u|exp(—T) leads to,

> (ulexp(=T)H exp(T) |v) R} = ELC > (ulv) R (2.127)

v

>~ ((ulexp(=T)H exp(T) |v) — E§C8,., ) Ry = (ESC — SR (2.128)
where it can then be shown that eq. (2.128) is equivalent to the right Jacobian eigen-
value problem in eq. (2.119a),

Z J;wR:/n = meLn7 (2129)
Juw = (| exp(=T)H exp(T) |v) — E§6,,,. (2.130)

CC excitation energies obtained from EOM-CC or linear response approaches are thus
identical. However, the calculation of molecular properties and transition strengths
differs between the two formalisms. In this work, we use expressions for the oscillator
strengths derived from response theory since EOM-CC expressions*! have been shown

to lack size-intensivity. 4344
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3.1 Introduction

Single reference CC theory, as described in section 2.3, is well established in electronic-
structure theory and is very successful for the calculation of energies and molecular
properties of relatively small systems dominated by a single electronic configuration.
However, the computational scaling of the CC models with the system size prohibits its
application to large systems. For example, one of the largest conventional CCSD(T)
calculation, i.e., with an O(N7) scaling, was performed on a cluster of 20 water
molecules,*® while, for the MP2 model, which scales as O(N®), a conventional cal-
culation was reported on two nanographene sheets (0150H30)2.46 Both of these calcu-
lations relied on massively parallel implementations which ran on super-computers and
everyday applications of those models are generally targeting much smaller molecules.
In order to perform high accuracy CC calculations on molecular systems containing
several hundred atoms like proteins, it is thus crucial to design new theoretical models
with lower computational requirements.

The dynamical correlation effects described in CC calculations can be divided into
two contributions, (i) the Coulomb hole, which is a short-range effect and corresponds
to the electrostatic repulsion of electrons, and (ii) dispersion effects, which can be
classically interpreted as (induced-) dipole interactions and have a more long-range
character. Dispersion forces are well known to decay as R~ with the inter-dipole
distance R, and all the correlation effects can thus be considered of local nature.*?
The locality of dynamic correlation suggests that a linear-scaling formulation of CC
methods should be possible for large enough systems and finding the optimal way
to design such models is one of the most important challenges of modern electronic-
structure theory. 48

CC theory is most commonly formulated in terms of HF canonical molecular or-
bitals (CMOs) which are in general delocalized over the whole system [see figure 3.1(a)]
and thus prevents the introduction of local approximations. As mentioned in sec-
tion 2.2, canonical HF theory corresponds to a specific solution of the HF optimization
condition in which the Fock matrix is diagonal. However, only the occupied-virtual
and virtual-occupied blocks of the Fock matrix are required to be zero and this flex-
ibility in the occupied-occupied and virtual-virtual blocks of the Fock matrix can be
used to generate local orbitals. To this end, different procedures have been suggested,

including, e.g., Pipek-Mezey?° and Boys®’:5!

strategies. The general idea is to de-
fine a localization function that describes in some way the locality of orbitals and to
minimize that function subject to orthogonality constraints. For example, the Boys

localization function corresponds to the sum of the orbitals’ second central moment,

M= "l (v = (Bpl16p) [6p) - (3.1)

p

As an extension to the Boys localization function, powers of the second®? and fourth®3
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canonical molecular orbitals. cal molecular orbitals.

Figure 3.1: Comparison of canonical and localized Hartree-Fock molecular orbitals for a
graphene sheet (Cio6Ha2s) in a cc-pVDZ basis. The local orbitals have been obtained via
minimization of the square of the second central orbital moments (the least local orbitals

have been plotted). A contour value of 0.02 a.u. was used.

central moments have proven to result in more homogeneous and more local orbitals
[see figure 3.1(b)],5*

ernM = Z (@p| (x — (gp|T |¢p>)2 lép)™ (3.2a)
=D (Bl (= (Dpl T |p))* |6,)™ - (3.2b)

While localized occupied orbitals have been available for several decades, the gener-
ation of local virtual orbitals has been more problematic and it is only recently that
new minimization algorithms have solved this issue.?® As an alternative to orthog-
onal localized virtual orbitals, non-orthogonal orbitals have been introduced in the
context of local CC methods. We can for example mention projected atomic orbitals
(PAOs),>¢ orbital-specific virtuals (OSVs),®” and pair natural orbitals (PNOs). %859
In this chapter, we consider some of the state-of-the-art local CC methods with
particular emphasis on the divide-expand—consolidate (DEC) scheme which is the

central concept of the work described in the articles attached in appendices B.1 to B.5.

3.2 The Divide-Expand—Consolidate scheme

This section was used as a first draft for part of the manuscript in appendix B.1.

DEC is a massively parallel and linear-scaling algorithm designed for the calculation
of CC energies and properties of large molecular systems. It takes advantage of the
locality of correlation effects wia localized and orthogonal occupied and virtual HF
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orbitals and a partitioning of the energy into independent fragment contributions. In
the following sections we summarize the overall DEC strategy when combined with
the MP2, CCSD, and CCSD(T) models.

3.2.1 Energy partitioning

For standard CC models like CCSD, CCSDT, etc., the CC correlation energy is given
by,

Ege = Z(t?t? +t37) Liagb (3.3a)
atbj

=) EY. (3.3b)
atbj

If a basis of local orbitals is used in eq. (3.3a), both the integrals and the amplitudes
will reflect the locality of correlation effects and for large systems, many contributions

to ESYET can be discarded. “7*8 For the integrals we have,

Giagb :// ¢i(r1)¢a(rl)é¢j(r2)¢b(r2)dr1dr2, (3.4)

where for local orbitals, the charge distribution ¢;¢, vanishes as the distance between
the two orbitals increases, i.e., a two-electron integral g;q;1 is non-vanishing if orbital
a is close to i and orbital b is close to j.° The amplitudes are directly affected by the
decay of the integrals, since the most important contribution to the doubles amplitudes
is proportional to gi.jp [see eq. (2.57)].

The first step in setting up the main equations of the DEC scheme is to assign
each orbital to its closest atomic site (denoted as P, @, R...), based on the distance
between the center of charge of the orbital and the positions of the nuclei. We denote
the set of occupied (virtual) orbitals assigned to atomic site P as P (P), see also
figure 3.2. This orbital assignment is then used to partition the energy into atomic
fragment (Ep) and pair fragment (Epg) contributions,

Eipe =Y [Ep+ Y Epq), (3.5)

P Q>P

Ep=>_ Y EY (3.6a)

ijeP  ab

Bro=(X+X) 1)

i€P  i€Q  ab

J€Q  jeP
This formulation of the CC correlation energy is still exact but is now well suited
for local approximations. Indeed, we can now use the decaying behavior of the charge

distributions described above to restrict the summation over virtual indices in eq. (3.6)
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Figure 3.2: Schematic illustration of the different orbital spaces defined in a DEC calculation

for a linear molecule.

such that only non-vanishing contributions are included. Of course the exact behavior
of the integrals and amplitudes cannot be known beforehand and the important set
of virtual orbitals associated to a given pair of occupied orbitals is thus unknown.
However, due to the locality of correlation effects, including the virtual orbitals closest
to atom P is a natural choice. We thus denote a set of virtual orbitals assigned to
atomic sites in the vicinity of site P as [P] (see figure 3.2) and the final formulation

for the DEC fragment energies becomes,

Ep=>» Y EY (3.7a)

iJEP abe[P]

Epq=(Y_+>_) > E¥ (3.7b)

;gg ;i% abe[PlU[Q]

We now see that, egs. (3.5) and (3.7) provide a way to calculate the CC correlation
energy that scales quadratically with the system size, assuming that the set of virtual
orbitals in [P] corresponds to a small fraction of the total orbital space for all sites P.
However, the pair fragment energies Epg are expected to describe dispersion forces
and to decay as R;ﬁQ with the inter-atomic distance, which can be understood from
a multipole analysis of the integrals g;q;» whenever the two charge distributions, ¢;¢,
and ¢;¢yp, are not overlapping.%® The number of pair fragment energy contributions
can therefore be truncated such that it scales linearly in the limit of large systems,
which renders eq. (3.5) a priori linear-scaling.

Let us now illustrate how this formulation can be extended to non-standard CC
models such as the MP2 and CCSD(T) models. The DEC-MP2 model is trivially

obtained by setting the singles amplitudes to zero,
EY =t Ligj, (3.8)

while, for the CCSD(T) model, we split the DEC energy into a CCSD contribution
given by eq. (3.5) and a (T) correction which is further divided into the fourth- and a
fifth-order terms presented in section 2.4.3. From eq. (2.68), we see that the fourth-
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order term can be partitioned in analogy with the standard CC energy,

B =23 N (b — ey Tl (3.9a)
iJEL  abe[P]

Epp=2(3_+) ) Y @ -6)Ty, (3.9D)

i€P  i€Q  qbe[P|U[Q
icq  ep abe[P]U[Q]

while for the fifth-order term, we chose the following partitioning,

B =23 STy (3.10a)

i€P 4P

5 a *ra

Epp =2( + 3 )T (3.10D)

a€P a€Q

i€Q  ieD
Note that the equations for the fifth-order contributions do not contain any reference
to the virtual spaces [P] and are therefore exact whenever the singles amplitudes
and the (T) intermediates are calculated in the complete orbital space. For further
considerations regarding the formulation of DEC for the MP2 and CCSD(T) models,

we refer to appendices B.3 and B.4, respectively.

3.2.2 Atomic fragment optimization

In the previous section, we have presented expressions for calculating the correlation
energy of various CC models in a basis of local MOs. The DEC energy expressions
are expected to yield linear-scaling algorithms provided that, (i) the virtual spaces [P]
can be significantly reduced compared to the complete virtual space, (ii) the number
of pair fragment energies Epg to be calculated can be reduced to scale linearly with
the system size.

In this section we will consider how the virtual spaces [P] can be obtained to ensure
error control in the fragment energies, while the screening of pair fragments [point (ii)]
will be considered in section 3.2.3.

In order to understand how the fragment energies can be calculated and how the
orbital spaces can be optimized we introduce the energy orbital space (EOS), i.e., the

space in which the atomic fragment energy is calculated in eq. (3.7a),

The CC amplitudes used in the DEC energy expression for a given fragment Ep
are required to couple with the amplitudes used in all the surrounding fragments.
Therefore, it is not possible to simply solve the CC amplitude equation in Pgog without
introducing additional coupling errors.
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This coupling errors can be corrected by solving the CC amplitude equations in an
extended space called the amplitude orbital space (AOS),

Pros = [P]U[P], (3.12)

where, by analogy with the virtual spaces, [P] denotes the set of occupied orbitals
assigned to atomic sites in the vicinity of center P (see figure 3.2). Note that the
coupling effects in the virtual space have been considered by implicit expansion of
space [P] used in eq. (3.11) which thus implies Pros C Paos. Assuming [P] and [P]
to be known, the calculation of the atomic fragment energy Ep can be performed as

follows,
1. Solve the CC amplitude equations in the restricted space, Paos.
2. Extract the CC amplitudes from Paos to Pgos.
3. Calculate the two-electron integrals in Pgos.

4. Use the CC amplitudes and integrals in Pgog to calculate the atomic fragment
energy using eq. (3.7a).

The strategy used in DEC to obtain the spaces [P] and [P] leading to atomic and
pair fragment energies of predefined accuracy can be divided into two steps: a fragment
expansion step, followed by a fine-tuning reduction step. Let us consider the fragment
energy Ep and the determination of the optimal spaces [P] and [P]. In the fragment
expansion, a list of all the local molecular orbitals is dressed based on an estimation
of the importance of each orbital to the unknown fragment energy Ep. Due to the
locality of correlation effects, the distance between a given orbital and the atomic site
P is an obvious choice to build the list but other measurements such as the numerical
overlap of the orbitals or the Fock matrix elements could be used. Primary spaces ([P]
and [P]) are then set up by considering a minimal number of (occupied and virtual)
orbitals from the priority list. The fragment energy associated with those spaces is
then calculated according to the recipe outlined above. The orbital spaces are then
expanded based on the priority list and an improved fragment energy is calculated.
This process is repeated until the difference between the last two fragment energies is
below a user-defined threshold, the so-called fragment optimization threshold (FOT).
The fragment expansion procedure is illustrated in the left part of figure 3.3.

In principle, the fragment expansion could be performed for all atomic fragments
and the expanded spaces could be used for the pair fragment calculations, i.e., building

the pair equivalent of the AOS as,

PQaos = Paos U Qaros; (3.13a)

solving the CC amplitude equations in PQaos and calculating the pair fragment en-
ergies using eq. (3.7b). However, it is clear that the pair fragment orbital spaces can
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Figure 3.3: Illustration of the fragment optimization procedure, Ep is the atomic fragment
energy associated to atomic site P, Paos denotes the space in which the CC amplitude
equations are solved and the FOT is a user-defined threshold.

become significantly larger than the atomic fragment spaces and many more pair frag-
ments than atomic fragments have to be considered. This two factors indicate that any
reduction in the size of the pair fragment orbital spaces will result in significant com-
putational savings in the total DEC calculation. Furthermore, in order to avoid false
convergence in the fragment expansion (i.e., converging to artificially too small orbital
spaces) many orbitals need to be added to the fragment in each step of the expansion.
As a consequence, the fragment expansion results in large orbital spaces and atomic
fragment energies with error much smaller than the FOT. The large orbital spaces
then propagate to the pair fragment energy calculations which become unpractical. A
fragment reduction strategy is therefore employed on the expanded orbital spaces by
relying on a binary search algorithm to remove unimportant orbitals without intro-
ducing errors larger than the FOT. The determination of the fragment orbital spaces
is summarized in figure 3.3 and is considered in greater details in appendix B.2.
Finally, we note that for DEC-CCSD or DEC-CCSD(T) calculations (i.e., when
the targeted correlation energy is the CCSD or CCSD(T) correlation energy), the
fragment optimization can be performed at the MP2 level, while only the fragment

energies in the reduced orbital spaces are calculated at the targeted level of theory.

3.2.3 Pair fragment screening

As mentioned before, the DEC partitioning of the CC correlation energy is expected
to lead to a linear-scaling algorithm whenever the number of pair fragments scales
linearly with the system size. We now illustrate, how an efficient screening strategy
allows for a linear-scaling number of pairs to be calculated.
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Figure 3.4: Decay of the MP2 pair fragment energies |Epg| with the pair distance Rpg for
the titin-127gs molecule (392 atoms) using a cc-pVDZ basis set (3772 basis functions). The
expected R;6Q pair decay is also plotted. The pair fragment energies are separated into the
calculated “final” pairs (in green) and the pairs screened away by the pair screening procedure

(in blue). The molecular geometry was taken from Ref. 61.

The simplest way to reduce the number of pair fragment energies is to use a real-
space cut-off, i.e., if the distance between two atomic site Rpg is greater than a
distance threshold, e.g., Rscreen = 10 A, then the corresponding pair fragment is
screened away and the pair energy Epg is not calculated. Two issues arise with
such strategy, (i) the number of pair fragment energies calculated is independent of
the FOT and in order to converge to the standard CC correlation energy, both the
FOT and Rgcreen would have to be tuned, (ii) the pair fragment energies for a given
pair distance can spread over several orders of magnitude (see figure 3.4), hence, a
significant number of the pairs included with a real-space threshold are less relevant
than some of the pairs screened away. Those issues can be bypassed by considering a
pair screening strategy based on an estimation of the pair fragment energies.

In DEC, we therefore calculate pair energy estimates at the MP2 level and using
minimal orbital spaces in eq. (3.7b). The orbital spaces are chosen such that the pair
energy estimates E%S recover 80-95% of the “exact” MP2 pair fragment energies, while
being very cheap in terms of computational efforts. Once the pair energy estimates

have been calculated, the screening strategy proceeds as follows.
1. Order all pair energy estimates associated with a given site P,
|ERT| < |EBS|- - < |BEN, (3.14)

where N is the total number of atomic sites in the molecule.
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2. Sum-up the estimated contributions in the list until it adds up to the FOT, i.e.,
find the atomic index Ip such that,

Ip
1 i
- sti < )
max (3 Qz;l |[E55]) < FOT (3.15)

3. All pairs Epg for which Q < Ip are then screened away and not calculated.
4. Repeat points 1 to 3 for all atomic sites.

This procedure has been designed to ensure that the error introduced by screening
the pairs associated to a given atomic site would not exceed the FOT. For example,
the energy contribution of a given atomic site to the DEC correlation energy can be

written as,

gp:Eer% > Epg.  VQ>Ip. (3.16)
Q#P

It now becomes apparent that the DEC algorithm allows for an error of the order of
2-FOT for each site P, i.e., 1-FOT in the atomic fragment energy Ep, via the fragment
optimization procedure and another 1-FOT for the pair energies Epq discarded by
the pair screening procedure. Therefore, the absolute error made in the final DEC
correlation energy is expected to grow linearly with the number of sites in the system,
thus yielding a size-intensive recovery of the CC correlation energy. This error analysis
of the pair screening procedure relies on two assumptions, (i) the pair energy estimates
provide a qualitative approximation of the actual pair fragment energies, (ii) the errors
in the final pair fragment energies Epg are negligible compared to the FOT. While
the first assumption is covered by the typical recovery of the pair energy estimates
(80-95%), the second assumption is also generally satisfied whenever the pair fragment
orbital spaces are constructed as union of the atomic fragment spaces, as suggested in

section 3.2.2.
In figure 3.4, we have plotted the decay of MP2 pair fragment energies with the pair
distance Rpg for the titin-127g5 molecule taken from Ref. 61, (FOT= 10"* a.u.). The

Table 3.1: MP2 correlation energy Exips (a.u.) and recovery of the correlation energy (%)
from DEC and conventional calculations on a linear alkane chain CssHgs. Time-to-solution

is also reported. See appendix B.3 for computational details.

FOT (a.u.) EQr, (a.u.) Recovery (%) Time (hours)

10-3 —9.0848 99.11 2
10~4 —9.1541 99.87
10~° —9.1646 99.98 23

0 (full) —9.1660 100.0 95
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Figure 3.5: Timings of the DEC-MP2 and canonical MP2 algorithms for alkane chains of

increasing length. See appendix B.3 for computational details.

plot shows the difference between the calculated pairs and the pairs that are screened
away by the procedure outlined above. In the titin-I127g5 example, only about 13%
of all the pair fragment energies have to be calculated, which represents significant
savings and allows for a linear-scaling algorithm. The linear-scaling and error control
features of the DEC-MP2 algorithm are also illustrated in figure 3.5 and table 3.1 for
linear alkane chains.

3.2.4 Parallelism strategy

As we can see in figure 3.5, the DEC algorithm presented so far, scales linearly with
the system size for large enough systems, i.e., when the orbital spaces are saturated
for a given FOT and when the number of pair fragments that survive the screening
procedure grows linearly. However, due to the coupling effects in the amplitudes, the
orbital spaces can become very large. As a consequence, a large amount of recalculation
is required by the DEC strategy (the fragments overlap) and performing all the atomic
and pair fragment calculations in series will result in a linear-scaling algorithm with
a huge prefactor. In other words, the crossover of the time-to-solution between the
DEC algorithm and a standard CC implementation will only occur for (very) large
systems. Those observations are however dependent on the type of system considered
and, as we can see in figure 3.5, the DEC-MP2 algorithm performs remarkably well
even for linear chains of moderate size. Nonetheless, the range of application of the
DEC scheme can be significantly extended by realizing that the atomic fragment and
pair fragment energy calculations are completely independent of each other and can
therefore be performed in parallel. This feature makes the DEC algorithm particularly

well suited for super-computers and future architectures with many computing units.
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Figure 3.6: Coarse-grained parallelization of the DEC algorithm exemplified with four com-
puting units and six fragment energies to be calculated.

In this section, we introduce the parallelization strategy used in DEC and summarize
the different steps involved in a DEC calculation.

The DEC algorithm has been designed with three different levels of paralleliza-
tion (coarse-, medium-, and fine-grained). The coarse-grained parallelization takes
advantage of the independence of the fragment energy calculations, which can there-
fore be performed at the same time on different computing units. The medium- and
fine-grained parallelizations are not specific to DEC and are designed to accelerate the
solution of the CC amplitude equations inside each fragment energy calculation. In the
following, we therefore focus exclusively on the coarse-grained level of parallelization
and we refer to Ref. 62 and appendices B.3 and B.5 for more details.

At the coarse-grained level, the available computing units are divided into a mas-
ter process, driving the DEC calculation and a set of slaves, executing the work.
Assuming the fragment optimization has already been performed, the master starts
by constructing a joblist where each job (an atomic or pair fragment energy calcu-
lation) is ordered based on an estimation of the workload (the size of the fragment
orbital space). The master then communicates to each slave the information necessary
to calculate a given fragment energy, starting with the largest fragments. Once every
slave has a fragment energy to calculate, the master waits for the results from the
slaves, and distributes the remaining jobs on the list as the slaves become available.
When all the jobs have been distributed, the master waits for all the slaves to finish

and to send their results. Finally, the master calculates the correlation energy based
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on eq. (3.5). The coarse-grained parallelization of DEC is illustrated in figure 3.6.
Since a DEC calculation encompass three levels of parallelization, it is assumed that
each slave in the procedure described above, has access to a subset of computing units
which can be used at the medium- and fine-grained levels. The number of computing
units allocated to each slave is then determined on-the-fly, based on the workload of
the current job. This is important in order to minimize the idling time of all the
computing units. Such a parallelism strategy allows the DEC algorithm to efficiently
utilize several thousand computer nodes as demonstrated in appendices B.3 and B.5.

A typical DEC calculation can be summarized as follows.

1. Perform a conventional HF calculation on the whole system.

2. Localize the HF orbitals, for example, using a minimization of ¢&§™ [see eq. (3.2a)].
3. Assign all localized orbitals to atomic sites, i.e., set up P, @, R... and P,QR...

4. Perform the atomic fragment optimization procedure at the MP2 level, as illus-
trated in figure 3.3. All the atomic fragments are distributed to all the computing

units.

5. Calculate the estimated MP2 pair fragment energies E%Sél for all pairs (a real-

space conservative threshold can also be used for very large systems, e.g., Rscroen =

30 A).

6. Perform the atomic fragment and pair fragment energy calculations at the tar-
geted CC level using the coarse-grained parallelization strategy (see figure 3.6).

7. Collect all the fragment energies and calculate the final DEC-CC correlation
energy using eq. (3.5).

Note that point 6 is usually the time-dominating step in a DEC calculation and that
in the case of a DEC-MP2 calculation only the pair fragment energies are calculated
in that step since the atomic fragment energies are already known from the fragment

optimization procedure.

3.3 Selected review of the state-of-the-art

In order to compare the DEC algorithm with other reduced scaling local CC methods,
we now present a brief and non-exhaustive review of some of these methods. In
particular, we focus on the following three strategies, the direct local CC methods, the
cluster-in-molecule (CIM) approach, and the incremental scheme.
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3.3.1 Direct local CC methods

In this section we briefly summarize the direct local CC methods in which the CC
amplitude equations are solved only once for the whole system. For such models, a
reduction in computational scaling is achieved by formulating the CC equations in a
local basis in which a reduction of the number of wave-function parameters (the CC
amplitudes) is possible.

The direct local CC methods employ localized orthogonal MOs for the occupied
space [e.g., Boys orbitals in eq. (3.1)], while the virtual space is usually spanned by
non-orthogonal virtual orbitals. In the family of direct local CC methods, several
strategies have been reported and they mainly differ in their choice of orbitals for the
virtual space. Let us first present the common features of the direct methods using a
generic non-orthogonal virtual basis (a, 5, ¢...) and then discuss the specificities of
each method, including the choice of virtual orbitals.

The basic idea of the direct methods is to set up local domains of virtual orbitals,
denoted [i], for each localized occupied orbital i. The determination of the orbital
domains is dependent on the choice of orbitals for the virtual space and they will
therefore be discussed together. Pair domains [ij], can then be defined as the union of
the single domains, [ij] = [i] U [j] and characterized as strong, weak, or distant pairs.
While distant pairs are usually discarded, weak pairs can be computed at a lower level
of theory than the targeted level (e.g., MP2 instead of CCSD) and only strong pairs
are calculated at the targeted level of theory. The characterization of the pairs can
be done based on real-space cut-offs or preferably calculating estimates of the pair

energies based on multipole expansions, 9364

FOSVDIP _ ZZ [(6:]x1¢w) - (51 x1¢p)]" (317

)6 Fii —eq + Fjj — ¢

acli] be[j

where a semi-canonical approach is used in the denominator, i.e., the off-diagonal
elements of the occupied Fock matrix have been neglected and the virtual orbitals
have been canonicalized in the orbital domains. Once the orbital and pair domains
have been defined and the strong pairs identified, the cluster operators can be written

as,
=> Y tiEa, XIEZtMEA%ﬁ (3.18)
i aeli] ij abe[zg]

and the CC amplitude equations become,
Qf =0, Vacli, (3.19a)
ab oY s . . -
Q) =0, Va,belij], Vi,je€ {strong pairs}. (3.19b)

The non-orthogonality of the virtual space makes the computation of the CC vector

function significantly more complicated and involve intensive book-keeping. We also
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note that the CC equations above can be generalized to include triple excitations by
introducing triples domains [ijk].%5 %8 Let us now consider the details regarding the

choice of the non-orthogonal virtual orbitals.

Projected atomic orbitals

As we mentioned in chapter 2, the basis sets {x,} used to build MOs are often con-
structed from non-orthogonal atomic orbitals which are by definition localized on the
atomic sites. It then seems natural to try to transfer this locality to the virtual space
by projecting the virtual CMOs on the set of AOs to obtain projected atomic orbitals
(PAOs),>6:65

@) =Y la) (alu). (3.20)

The PAOs @, can now be used in direct local CC methods as a set of non-orthogonal
and redundant localized virtual orbitals. In PAO-based methods, the orbital domains
[i] are usually defined by considering a set of atoms {A} where orbital ¢ has a large
Léwdin or Mulliken charge. The PAOs that are localized on atoms present in the set
are then included in the orbital domain. The set of atoms { A} can be fixed directly by
a threshold (i.e., all atoms where orbital ¢ has a charge larger than Teparge are included

in the set) or using a Boughton-Pulay completion criterion, %’

BP' =1~ (¢ — )], (3.21)

where (51- is expanded in the AOs assigned to the atoms present in the current set {A}
which is increased iteratively until BP? > tzp.

Successful local CC methods based on PAOs have been designed for the MP2, 70
CCSD, and CCSD(T) models. %> However, the size of the (pair) domains grow quickly
with the required accuracy and it seems that the community is now moving away from
those methods. %4 Nonetheless, PAOs still play an important role in local CC methods

as we will discuss below.

Orbital-specific virtuals

In order to reduce the size of the orbital domains, it is possible to generate a set of
virtual orbitals that are not designed to be local but to efficiently describe correlation
effects. To that end, orbital-specific virtuals (OSVs) can be generated by diagonalizing
the MP2 diagonal pair density matrix,®”

DOU® = nOUu®, (3.22)
DY) =2 tectte (3.23)

i Vit
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The transformation from canonical virtual orbitals to OSVs is then given by,
i) = Ul la). (3.24)

Using OSVs, the MP2 pair correlation function,

Z t“wab, (3.25)

belij]

converges significantly faster than with PAOs, for a given number of virtual orbitals
included in the pair domains [ij].”! This observation suggests that the dimension of
the virtual space can be reduced by employing OSVs compared to PAOs. In OSV-
based local CC methods, the domains [] can thus be chosen either by ensuring that the
error in the MP2 pair correlation function is below a given threshold or by including a
subset of OSVs with the largest eigenvalues né?. Linear-scaling implementation of the
MP2,5772 CCSD,™ and CCSD(T)®" methods employing OSVs for the virtual space

have been reported.

Pair natural orbitals (PNOs)

The virtual space can be further compressed by considering pair natural orbitals
(PNOs), which can be seen as a generalization of OSVs for pairs of occupied or-

bitals. Instead of considering the MP2 diagonal pair density matrix, the complete pair

density matrix is built for all strong pairs, ®8°9:73
Dy =+ +1 > (el + £55457) (3.26)
ij 45
t0 = aegb — 2t (3.27)

A diagonalization of the pair density matrix then yields the transformation matrices

required to generate PNOs,
DY) = Ny, (3.28)
(3.29)

v 2 : (i4)
|CL” Uaa”

We note that PNOs usually provide an even more compact representation of the virtual

space than OSVs for a comparable accuracy and that diagonal PNOs are equivalent
to OSVs, |a;) = |a;). Both orbital and pair domains can then be constructed directly
by considering an energy based threshold for the pair correlation function in eq. (3.25)
or by selecting the PNOs directly based on their eigenvalues.

In the above formulation both OSVs and PNOs require the optimization of the
MP2 amplitudes which scale as O(N?®), with the system size. Such scaling is not
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acceptable in the context of local CC methods and the usage of OSVs or PNOs seems
to be compromised. However, it is possible to use the PAO domains defined previously
to generate approximated MP2 amplitudes for a specific pair of localized occupied
orbitals, 63

£ = — e:ibjf?jj — v &b € [ijlpao, Vi,j € {strong pairs}  (3.30)
Using the amplitudes in eq. (3.30) to generate OSVs and PNOs removes the described
bottlenecks without significant impact on the final set of virtual orbitals.

PNO-based local CC methods have become more and more popular in recent years
and very efficient implementation have been reported for the MP2,747 CCSD,%3 and
CCSD(T)%6:68:76 models. In order to achieve linear-scaling for all operations, a frame-
work has been developed ™76 to take advantage of the sparsity of the matrices and to
facilitate the extensive book-keeping required by PNO methods. One of the key com-
ponents of direct local CC methods is the use of density-fitting (DF) approximations
for the two-electron integrals. In DF techniques like the resolution-of-the-identity 7778
or Cholesky decomposition, "% the four-center two-electron integrals are factorized

into three-center coefficients,
Gaivj = »_ BLBL;, (3.31)
I

where the auxiliary index I runs over all non-redundant pairs of basis functions which
scale linearly with the system size. Factorization techniques like DF have become
very common in electronic-structure programs (e.g., to reduce the computational and
storage requirements of two-electron integrals) and are crucial for PNO-based methods
in which a very large number of integral transformations is performed. %3

All in all, direct local CC methods can provide an accurate way of calculating CC
correlation energies in a linear-scaling fashion. The price to pay for the compactness of
the wave-function which leads to the reduction of the computational effort is a much
more complex CC residual optimization routine. While such complexity is not com-
patible with embarrassingly parallel implementations, some parallel performances can
be achieved by relying on more important communication phases.% We also note that
the disk/memory requirements of the direct method scales linearly with the system

size which can become problematic for very large systems.

3.3.2 Cluster-in-molecule

Let us now discuss a local CC method closely related to DEC, the cluster-in-molecule
(CIM) approach. DEC and CIM rely on the same basic idea, namely, achieving linear-
scaling by partitioning the CC correlation energy expression into a sum of fragment
or cluster contributions. In CIM the partitioning of the energy is done at the orbital



48 CHAPTER 3. LOCAL CC METHODS FOR GROUND STATES

level,
E&E = ZE (3.32)

where E; is the correlation energy of the cluster associated with occupied orbital 7,

= > > (7)) Liajy. (3.33)

Jje{i} abe{i}

This formulation is of course valid only when the occupied and virtual orbital spaces
have been localized in some way and the spaces {i} and {i} thus denote a subset of
occupied and virtual orbitals spatially close to orbital 7. In the latest version of CIM
by Li et al.,3! the construction of the clusters, i.e., of the spaces {i} and {i}, can be

summarized as follows.
1. Localize the occupied space using the Boys localization function in eq. (3.1).

2. For a given occupied orbital i, construct the extended occupied space {i} using

a distance cutoff, i.e., include all orbitals j such that R;; < 7cim.

3. The set of basis functions {i}, used to describe the MOs in {i} are then deter-

mined using the Boughton—Pulay completion criterion, [see eq. (3.21)].

4. The virtual space {i} consists of PAOs obtained by projecting the occupied space
of the full molecule out of the AOs included in the cluster,

full

)= (1- 200 i) Iy, Ve fidy. (3.34)

5. Finally, linear dependencies in the PAO basis are removed and a set of pseudo-
canonical virtual orbitals can be obtained by diagonalizing the Fock matrix in
the PAO space.

Once the clusters have been determined, standard CC calculations can be performed
to obtain all the cluster energies using eq. (3.33). As in the DEC framework, all
the cluster or fragment calculations are independent and can be performed in parallel.
However, we note that in this formulation, the determination of the size of the clusters
is fixed by the real-space cutoff, 7y, which is therefore independent of the chemical
environment and can lead to results of different quality for different systems. Another
major difference with the DEC scheme concerns the balance between the description
of the Coulomb hole and dispersion effects. Indeed, in CIM both effects are expected
to be covered inside a given cluster (the clusters do not interact) which suggests that
very large clusters might be required to describe dispersion effects properly.
Alternative formulations of CIM have been proposed to circumvent those poten-
tial problems. For example, Kéllay and coworkers®? have combined the CIM energy
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partitioning with approximated MP2 natural orbitals to determine the orbital spaces
of the clusters. In this approach, primary spaces are generated based on the strategy
outlined above in which a conservative distance cutoff is used. MP2 amplitudes are
then calculated in the primary spaces in order to compute the following occupied and

virtual density matrices,

(") — abyab ab ba
Dy = (250457 — t5713%) (3.35a)
ab
(@) _ 1 cacb acybe cabe acych
Dab D) Z (3tij tij + tij tij — tij tij — tij tij)a (3.35D)

<J

which are then diagonalized to provide a set of natural occupied and virtual orbitals.
In the same spirit as for PNOs, the final occupied, {i} and virtual, {i} spaces are then
defined by keeping the natural orbitals with eigenvalues above a given threshold. Such
a strategy allows for a more compact and more rigorous determination of the orbital
spaces in each cluster and has been applied to the calculation of CCSD(T) correlation
energies. 52

In a more recent work 33 the CIM partitioning of the CC correlation energy has been
modified to include distant pairs explicitly and therefore correct for dispersion effects.
To that end, primary orbital spaces are build based on localized occupied orbitals and
PAOs using a procedure similar to the one described previously. Those primary spaces
are then used to calculate pair correlation energies F;; based on multipole expansions
up to fourth-order (see eq. (3.17) for the first-order expression and Ref. 60 for higher
orders). Each pair 4 is then characterized as strong or distant based on the value of
E;;. The extended spaces {i} are then formed by considering all occupied orbitals j
that interact strongly with orbital i. The virtual spaces {i} are then made of PAOs, in
line with the previously outlined strategy. Finally, the cluster energies are evaluated

in the extended spaces using eq. (3.33) and the total correlation energy is given by,

E&E =Y _[Ei+ Y _ Ei], Vje€ {distant pairs}, (3.36)

i i<j

where the pair correlation energies E;; are only calculated based on multipole expan-

sions. So far this strategy has only been reported at the MP2 level.®3

3.3.3 The incremental scheme

The incremental scheme, originally introduced by Stoll in Ref. 84 for the calculation
of the correlation energy of crystals was later applied to CC theory. It can be seen as
another local CC method based on a partitioning of the CC correlation energy (like
DEC and CIM). As in the CIM approach, the incremental scheme relies on occupied
orbitals localized using the Boys localization function and PAOs for the virtual space.
The occupied orbital space is then divided into single domains S that are determined
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based on a connectivity matrix,

108 if R; <7 and fR;'>10°
Cij =4 fR;' if Rjj<7 and fR;' <10 (3.37)
0 if Rij>T

where R;; denotes the distance between the center of charge of orbitals ¢ and j, 7 is a
distance threshold and f is a constant stretching factor. Once the connectivity matrix
is known, the single domains S are built by joining together a fix number of occupied
orbitals which share large values in the connectivity matrix. We note that, the number
of single domains is defined such that each occupied orbital is assigned to a unique
domain. The virtual orbitals to consider in the domains are then determined as a
subset of PAOs based on the Boughton—Pulay completion criterion in eq. (3.21). Pair
domains D, triple domains T, etc., are then defined as the union of single domains.

Finally, the CC correlation energy is expressed as a many-body expansion,
1 1
COrr __ COorr COrr COTrT

where the exact correlation is recovered whenever the largest domain includes the
complete orbital space. To obtain computational savings, the expansion can then be
truncated to a given order (e.g., second-order) and the domain’s contribution to the

correlation energy are then given by,

AEé:orr :Eétorr, (339&)
AEH%OH :E]IC)OIT _ Ang” _ AEé;)rr7 (3.39b)

where we have assumed D = §; USs and the energy contribution of a given domain X
is obtained by correlating all electrons in that domain,

EE™ = > (M) + 1)) Liajy.- (3.40)

aibjex
In the incremental scheme, the accuracy is therefore controlled in two different ways, (i)
by changing the order of the expansion in eq. (3.38), and (ii) by changing the number
of occupied orbitals included in the single domains. We note that this measure is not
dependent on the chemical environment of the orbitals which thus limits potential error

control. Various flavors and applications of the incremental scheme have been reported,
including the calculation of MP2, CCSD, and CCSD(T) ground state energies. %587

3.4 Conclusion

In this chapter we have presented some of the most important and recent developments
in local CC methods with emphasis on the DEC scheme which is at the center of the
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articles attached in appendices B.1 to B.5. A number of other methods have been
developed with the aim of reducing the cost of CC calculations. However, for clarity,
only the methods most closely related to the DEC scheme have been discussed here.

Enabling CC calculations on large molecules is a very active field and, as described
in the previous sections, some remarkable advances have already been achieved. DEC
stands out of the other local CC methods in two main points, (i) the DEC algorithm
has been designed for super-computers and in that sense it is targeting the computers
of tomorrow, (ii) the usage of local orthogonal virtual orbitals is specific to DEC and
enables a number of attractive features such as the compatibility with conventional CC
implementations (inside the fragments) and the calculation of molecular gradients. 888
At this point, the application of the DEC-CCSD and DEC-CCSD(T) models to very
large systems has not been possible due to size of the (pair) fragments. In order to
remove those limitations, more approximations have to be introduced, such as relying
on PNOs inside the fragments or performing a reduction of the pair fragments with a
lower level CC model as it is done for the atomic fragments.

One aspect of electronic-structure calculation that lies outside the scope of this
thesis is the convergence of the calculations with respect to the one-electron basis sets.
Nonetheless, it is important to mention that most of the local CC methods, (including
DEC),% have been developed in connection with explicitly correlated techniques to

enable faster convergence to the complete basis set limit.
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4.1 Introduction

The electronic ground state correlation energy—which was at the center of the previ-
ous chapter—is a size-extensive property, i.e., it scales together with the size of the
system. 9192 This indicates that any algorithm that attempts to calculate correlation
energies has to scale at least linearly with the system size, as described in chapter 3.
In contrast, transition properties, such as excitation energies and oscillator strengths,
are size-intensive quantities, i.e., they are independent of the system size.*33 For
electronic transitions localized to a small part of a molecule, it should therefore be
possible to calculate the associated transition properties with a computational cost

that is independent of the system size.

However, electronic transitions are not necessarily local and it is common to have
transitions that are delocalized over many atomic sites.?* In addition, the character
of a given transition (i.e., how it modifies the electronic density) cannot be known
in advance. It is therefore not straightforward to apply the local approximations
presented in the previous chapter to obtain accurate CC transition properties for all
kinds of electronic transitions.% Until now, the calculation of transition properties
of large molecules has thus been dominated by more affordable alternatives to CC
response theory, such as time-dependent density-functional-theory (TDDFT).3* The

96-98

limitations of DFT methods are well known and it is therefore important to

extend the applicability of CC response calculations to larger molecules.

The development of approximations to CC theory for the calculation of transition
properties has become more and more active in the past 15 years. In the next sections,
we briefly review some of those recent developments with emphasis on the LoFEx
strategy which is presented in detail in the articles attached in appendices B.6 to B.8.

4.2 A local framework for calculating excitation en-

ergies

In this section, we present a local framework for calculating excitation energies de-
noted LoFEx. The main strategy of LoFEx is to generate a reduced set of orthogonal
MOs designed for the description of a specific electronic transition. A standard CC
calculation carried out in that reduced space should then result in an accurate CC ex-
citation energy and oscillator strength. In LoFEx the reduction of the computational
effort thus follows straightforwardly from the reduction of the occupied and the virtual
orbital spaces.
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4.2.1 Mixed orbital space

As pointed out previously, one important issue encountered when designing reduced
scaling methods for calculating excitation energies is that the character of a given
transition is a priori unknown. However, this information can often be obtained from
low-level computational models such as CIS, and the concept of natural transition
orbitals (NTOs) can be used to compress that information. NTOs are obtained by
performing a singular-value-decomposition (SVD) of the one-particle transition density
matrix b,%9-100

bai - <\I/m| Eai ‘\I/0> 5 (41)

where ¥y and ¥, denote the electronic ground and excited states and are typically
obtained from the HF and CIS methods, respectively. The transformation matrices

from CMOs to NTOs are then given by the following eigenvalue problems,

CIS _ 0,CIS
D¢ U° = n°U° Dij = Zabaibaj

4.2
DUCSyUY  — U DZ;)CIS = > baibyi (42)

where the eigenvalues in the diagonal matrices n°® and n" give an estimation of the
importance of a given NTO to describe the transition associated with the matrix b.

In addition, the NTOs’ eigenvalues have the following properties,

nd = n;>0 1<p<N,

(4.3)
0 N, <p <N,

" WO

n

where N, (N,) denotes the number of occupied (virtual) orbitals and we have assumed
N, < N,. Most of the transitions of interest are dominated by single-electron replace-
ments and for such transitions, the eigenvalues corresponding to pairs of NTOs are
generally such that one of them is much larger than the others. In those cases, one
pair of NTOs is therefore describing most of the transition effects and we have,

N,
ny ~1 an < 1. (4.4)
p=2

NTOs have been almost exclusively used as a post-processing tool, i.e., to analyze
the character of electronic transitions described by a given wave-function (e.g., CIS or
TDDFT). 190193 Tn LoFEx however, we suggest to use CIS-NTOs to design a reduced
orbital space in which a conventional CC calculation of transition properties can be
performed. The CIS model, like HF, formally scales with the fourth power of the
system size, but by employing adequate screening techniques, it is possible to achieve
near linear-scaling, 14 and CIS-NTOs can therefore be generated for large systems.

CIS-NTOs provide the most compact description of the excitation described by the
CIS transition density matrix. However, they do not contain any information about
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Figure 4.1: Summary of the LoFEx algorithm. The matrices U° and U" transform the
occupied and virtual canonical molecular orbitals (CMOs in red) to natural transition orbitals
(NTOs in blue). The dominant pair of NTOs is preserved, while the remaining orbitals are
transformed to a local basis (LMOs in green) via the U° and U matrices. The mixed orbital
space is ordered according to 7p in eq. (4.5). Standard CC calculations are then performed on
reduced excitation energy spaces (XOSs) of increasing dimensions until the excitation energy

is converged.

correlation effects. For that reason, choosing a reduced set of orbitals for the correlated
CC calculation as a subset of CIS-NTOs is likely to result in large and unpredictable

€rrors.

In LoFEx, we therefore use the dominant pair of CIS-NTOs (the one with the
largest singular-value) to obtain information about the main character of the targeted
transition and the rest of the orbital space is localized, to enable an efficient description
of correlation effects. After the CIS eigenvalue problem has been solved for all the
transitions of interest, such a mixed orbital space (NTO/LMO) can be generated for
each transition as depicted in the left part of figure 4.1.

4.2.2 XOS optimization

The mixed orbital space detailed in the previous section constitutes a set of orthogonal
orbitals particularly well adapted to describe a specific transition. So far, the orbital
space has not been reduced and a standard CC calculation in that space would be
as expensive as in the complete canonical basis. In order to reduce the dimension of
the mixed orbital space, the orbitals are ordered based on an estimated measure of
their importance to describe the electronic transition of interest. Due to the locality
of correlation effects, we use the effective distance 7, between a given LMO p and the
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dominant pair of NTOs,

~ . TAp TAp
p = 1N ( CIS-NTO,0’ CIS—NTO,v) ) (4.5)
A A

where index A denotes atomic sites, 4, corresponds to the distance between the center
. . CIS-NTO,0 CIS-NTO,v

of charge of a local orbital p and atomic center A, and Q4 and Q4 are

the Lowdin atomic charges (with values between 0 and 1) of the dominating occupied

and virtual NTOs on center A, respectively. This effective distance is thus small if the

center of orbital p is close to an atom where one (or both) of the CIS-NTOs have a

large Lowdin charge. In other words, the smaller 7, is, the more important orbital p

is expected to be to describe the targeted transition.

It is now possible to select a subset of orbitals with the smallest values 7, and to
perform a standard CC calculation in that space to obtain the corresponding excitation
energy and oscillator strength. This reduced space is denoted the excitation orbital
space (XOS) and the CC response equations presented in section 2.5 and in appendix A
can be solved in the XOS without further complications. For the CC2 model, it is
however advantageous to move to a pseudo-canonical representation by diagonalizing
the Fock matrix in the XOS such that expressions with orbital energies remain valid.
In figure 4.2(b), we have plotted the convergence of the lowest CC2 excitation energy of
dodecanoic acid with the size of the XOS. We see that, as expected, increasing the size
of the XOS based on eq. (4.5) results in a smooth and fast convergence of the targeted
excitation energy. However, it is not possible to know in advance how many orbitals
should be included in the XOS to provide excitation energies with a controlled and
limited error. To circumvent this problem, an optimization of the XOS is performed
in which the XOS is increased iteratively until the variation in the excitation energy
is below an energy threshold 7, [see figure 4.1 (right)].

From figure 4.1, we note that the last CC calculation in the XOS optimization is
used to provide a reference value for the excitation energy w(»~1) calculated in the
previous step, i.e., w(®™Y can be considered converged to the desired accuracy. In
general, it is of course more appropriate to report the values corresponding to w(™
since they are expected to be more accurate. However, for the calculation of CCSD
excitation energies and CC2 oscillator strengths, the optimization of the XOS can be
performed based on the CC2 excitation energy only, while the more expensive parts
of the calculation (i.e., the response equations for the CC2 oscillator strength or the
solution of the CCSD eigenvalue problem) can be performed only once in the converged
space (XOS("_I)). Such a strategy will result in more important computational savings
with limited effects on the quantities of interest (see appendices B.7 and B.8 for more
details).
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Figure 4.2: Left: virtual (top) and occupied (bottom) dominant CIS natural transition or-
bitals for the lowest transition of dodecanoic acid. A contour value of 0.02 a.u. was used.
Right: Convergence of the lowest CC2 excitation energy of dodecanoic acid with the size of
the excitation energy space (XOS) using a mixed orbital space (CIS-NTOs/LMOs).

4.2.3 Numerical illustrations

In the articles in appendices B.6 to B.8, we have shown that LoFEx can indeed be
used to obtain accurate CC2 and CCSD excitation energies as well as CC2 oscillator
strengths at a reduced computational cost. For example, we have calculated the
lowest excitation energy and oscillator strength of the bivalirudin molecule (293 atoms
and 4255 basis functions) at the CC2 level. The targeted transition is localized to a
small part of the molecule and thus constitutes a best case scenario for LoFEx. In
fact, LoFEx proved to be faster than TDDFT in that particular case (see table 4.1
and appendix B.8). For the calculation of CCSD excitation energies, computational
savings are expected to be even more important due to the higher scaling of CCSD
compared to CC2.1° However, the errors in the CCSD excitation energies depend on
the quality of the CC2 optimized XOSs and larger errors are expected whenever the
CC2 and CCSD models differ significantly (e.g., for Rydberg states05:196),

In table 4.2, we have reported a few representative results obtained with LoFEx
when targeting CC2 excitation energies and oscillator strengths. In terms of accuracy,
the results presented in table 4.2 are very satisfactory and confirm the black-box
character of LoFEx with a strong error control. On the other hand, the computational
savings obtained with LoFEx compared to conventional CC2 calculations are very
system and transition dependent. Important speed-ups can be obtained (e.g., 34 for
met-enkephalin) but a reduction of the computational cost is not guaranteed. For
example, the 11-cis-retinal molecule has a strongly delocalized electronic-structure
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Table 4.1: Comparison of LoFEx and TDDFT/CAMB3LYP calculations of the lowest exci-
tation energy w and oscillator strength f of bivalirudin in an aug-cc-pVDZ’ basis (293 atoms
and 4255 basis functions). Timings are also reported. See appendix B.8 for computational
details.

Method w (eV) f Time (hours)
CC2-LoFEx 4.82 0.028 157
TDDFT/CAMB3LYP 5.01 0.029 205

Table 4.2: Lowest CC2 excitation energy w and oscillator strength f obtained from LoFEx
in an aug-cc-pVDZ’ basis. The errors § and speed-ups compared to conventional CC2 calcu-

lations are also reported. See appendix B.8 for computational details.

System w (eV) ow (eV) f of Speed-up
11-cis-retinal 2.14 0.00 1.384 0.000 0.61
Leupeptin 4.27 0.01 0.001 0.000 3.37
Latanoprost 5.08 0.00 0.001 0.000 16.8
Met-enkephalin 4.78 0.00 0.024 0.002 34.0

which leads to the delocalized electronic transition represented by the dominant pair of
CIS-NTOs in figure 4.3(a). In such a case, the complete set of LMOs has to be included
in the XOS to properly correlate the dominant pair of CIS-NTOs, which prevents any
computational savings with LoFEx (see table 4.2). This result is even more evident
from figure 4.3(b) (blue curve), where a calculation of the lowest excitation energy
of 11-cis-retinal is performed in a reduced mixed orbital space, which is progressively
increased by adding LMOs based on eq. (4.5).

4.2.4 Generalized NTOs

In order to obtain computational savings even for systems with delocalized electronic
transitions, such as 11-cis-retinal, we have investigated the possibility to generate
NTOs that include information about the electronic correlation effects. If the CC2
Jacobian eigenvalue problem has been solved for the entire molecule we can consider

a generalization of the CIS density matrices in eq. (4.2) as,

° 1
DgY? =3 " RaiRaj + 3 > RYR, (4.6a)
a abk

1
Dy =3 RaiRui+ 5 ) RIRE, (4.6b)
i

ijc
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Figure 4.3: Left: virtual (top) and occupied (bottom) dominant CIS natural transition or-
bitals for the lowest transition of 11-cis-retinal. A contour value of 0.02 a.u. was used.
Right: Convergence of the lowest CC2 excitation energy of 11-cis-retinal with the size of the
excitation energy space (XOS) using different sets of orbitals.

where R denotes the CC2 right excitation vector. The doubles part of the vector can
be computed on-the-fly as, 197

ab Jaibj

Ry = € — €q T € —]eb + wCC2’ (47)
where the two-electrons integrals are modified with the singles ground state and ex-
citation amplitudes (see appendix A for details). By solving an eigenvalue problem
for D*CC2 and D¥'““2 in analogy with eq. (4.2), we obtain generalized CC2-NTOs in
which correlation effects have been included through the doubles part of the excitation
vector. In figure 4.3(b) (green curve), we have calculated the lowest CC2 excitation
energy of 11-cis-retinal in an XOS composed of CC2-NTOs only, and where the size of
the XOS is increased progressively by including more CC2-NTOs based on their eigen-
values (the ones with the largest eigenvalues are included first). As we can see, those
generalized CC2-NTOs can be used to reduce the dimension of the orbital space with-
out introducing significant errors, even for the delocalized transition in 11-cis-retinal
and without relying on LMOs. The CC2-NTOs thus provide a much more compact
representation of the CC2 excitation process and the selection of the orbitals to be
included in the XOS can be directly based on the eigenvalues of the density matrices
in eq. (4.6). However, such a strategy will not result in any computational savings
for the calculation of CC2 excitation energies, since a solution of the CC2 eigenvalue
problem in the full space is required to obtain the CC2-NTOs.

In order to obtain computational savings also when CC2 excitation energies are
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targeted, we consider the following approximations to eq. (4.6),

0,CTS(D’ ocis | 1 SAB TS
DEIP) = DO 4 2N T RAPRAS, (4.82)
ABk
v,CIS(D’ v,CIS 1 Dac pbe
Dab ) = Dab + 5 Z RIJRII)‘” (48b)
IJc

CIS
o
In addition, the doubles excitation vector has been approximated in the spirit of the

CIS(D) model, 1%8

where capital indices run over a subset of CIS-NTOs with the largest eigenvalues n

JAiBj

RAB — , 4.9
Y & —Faa+e—Fpp+ws (4.92)
fﬁ?? _ YalbJs (4.9b)

Fri—ea+ Fry —ep +w©S’
where the two-electron integrals are now only transformed with the CIS excitation
vector and we have used diagonal elements of the Fock matrix instead of orbital ener-
gies when the CIS-NTO basis is used instead of canonical orbitals. The doubles vector
Euw can thus be generated directly from CIS information only.

The NTOs obtained by diagonalization of the matrices in eq. (4.8) are expected
to be a good approximation to the generalized CC2-NTOs and we denote them as
CIS(D’)-NTOs. In appendix B.9, we have shown that in the limit of large systems the
computation of the CIS(D’)-NTOs scales as O(N?) with the system size compared to
the generation of CC2-NTOs which scales as O(N®) and requires iterative procedures.
From figure 4.3(b) (red curve) we see that for the lowest state of 11-cis-retinal, the
CIS(D’)-NTOs provide a very good approximation to the CC2-NTOs, which indicates
that computational savings are also possible for transitions with a more delocalized
character.

In order to evaluate the quality of the CIS(D’)-NTOs we have performed a se-
ries of CC2 calculations of excitation energies in an XOS defined by considering a
subset of CIS(D’)-NTOs based on their eigenvalues, nE’CIS(DU and n;’CIS(D7). In ta-
ble 4.3, we present a statistical analysis of the results obtained with this new strategy
entitled SNOFLEx (Simplified Natural transition Orbital Framework for Large-scale
coupled-cluster Excitation energy calculations). Three types of calculations are re-
ported (loose, standard, and tight) corresponding to the different thresholds used to
select the CIS-NTOs included in eq. (4.8) and to select the CIS(D’)-NTOs to include
in the XOS. The SNOFLEx strategy is presented in more details in appendix B.9.
Even though the molecules used in our investigation are of limited sizes and often cor-
respond to delocalized transitions (similar to 11-cis-retinal) the results in table 4.3 and
appendix B.9 are very encouraging and indicate that the SNOFLEx strategy can be
used to obtain accurate CC excitation energies for all types of transitions at a reduced
computational cost. For example, when using the standard threshold, excitation en-
ergies with a mean absolute error of 0.01 eV are obtained compared to conventional
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Table 4.3: Statistical analysis of the errors and the speed-ups obtained with the SNOFLEx
strategy, compared to conventional CC2 calculations in an aug-cc-pVDZ’ basis. The loose,
standard, and tight thresholds have been used to determine the CIS(D’)-NTOs and the size
of the XOS. See appendix B.9 for further details.

Measure loose standard tight
Mean absolute error 0.11 0.01 0.00
Max. absolute error 0.28 0.02 0.01
Mean error 0.11 -0.00 -0.00
Standard deviation 0.07 0.01 0.00
Max. speed-up 96.2 54.7 33.5
Min. speed-up 1.5 1.0 0.8

Mean speed-up 6.7 3.9 2.6

CC2 calculations. Those calculations also correspond to a minimum and maximum
speed-up of 1.0 and 54.7, respectively. These large deviations in the speed-ups come
from the fact that the computational savings are very dependent on the size of the
systems considered and that more important savings are usually obtained for larger
molecules.

The use of correlated NTOs instead of the mixed orbital space used in LoFEx leads
to two major simplifications. First, it avoids the localization of orbitals, which can
become problematic or expensive when diffuse basis sets are used, as it is generally
required in excited state calculations. And second, the quality of the CIS(D’)-NTOs
and of their associated eigenvalues seem to be sufficient to select the relevant orbitals
to include in the XOS and the optimization of the XOS is no longer needed. More
importantly, the strategy used in SNOFLEx leads to computational savings for both
local and delocalized transitions and thus overcomes the main limitation of the LoFEx

scheme.

4.2.5 Treatment of multiple states

In a standard CC calculation of excitation energies, the CC Jacobian eigenvalue prob-
lem is solved in a common basis for all transitions of interest which ensure orthogo-
nality between the different states. In the LoFEx and SNOFLEx schemes however,
each excitation energy is obtained by solving a Jacobian eigenvalue problem in the
corresponding restricted XOS. The different XOSs are independent of each other and
can be overlapping or not. It thus becomes important to ensure that, (i) for a given
transition, the optimized eigenvalue corresponds to the targeted transition (the one
used to generate the NTOs), and (ii) the optimized excitation vectors obtained in
different XOSs are orthogonal to each other. In the LoFEx and SNOFLEx schemes,
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these two conditions are ensured by (i) targeting the Jacobian eigenvector that has
the largest overlap with the starting guess provided by the CIS excitation vector, and
(ii) projecting out previously optimized eigenvectors from the XOS of the transition
under consideration to ensure orthogonality between the optimized excitation vectors.

Such a strategy was (partly) introduced in Ref. 9 and enabled the determination of
multiple excitation energies. However, it is clear that the schemes presented here are
very dependent on the quality of the CIS solutions, and transitions that do not appear
in the CIS spectrum will not be recovered by higher level calculations. Improving
our methods for multiple states calculations will thus have to be considered in future
developments. We note however, that this dependence on the starting guess, is a

general problem also present (albeit to a lesser extent) in conventional CC algorithms.

4.3 Selected review of the state-of-the-art

In this section we summarize other local CC methods for electronic transitions, with
a focus on methods closely related to the LoFEx and SNOFLEx schemes. Some of
those methods are extensions of the models introduced in chapter 3 for ground state
calculations, and the details that are in common between the formulations for ground

states and electronic transitions are therefore not repeated here.

4.3.1 Direct local CC methods

Let us first look at two different extensions of the direct local CC methods to the
calculation of CC2 excitation energies. The first one is a multistate approach relying
on PAOs for the virtual orbitals, while the second method is state-specific and uses
PNOs to span the virtual space. The two methods will thus be denoted as PAO-CC2
and PNO-CC2, respectively.

The PAO-CC2 model was introduced in Ref. 109 as a multistate version of the local
CC2 algorithm presented in Ref. 110 (see also the pioneering work reported in Refs.
111-113). The method relies on the possibility to solve the CC2 Jacobian eigenvalue
problem in the singles space only (instead of singles and doubles), as introduced in
Ref. 107 and detailed in appendix A. The CC2 Jacobian eigenvalue problem is thus

formulated as,

K1V

> AT ()R, =wR,, (4.10)

where the effective Jacobian matrix AT is given by,

[S] A 1 2A 2V1
Aﬂfful (W) = Aoy — Z iviv

—w
2 72

(4.11)



64 CHAPTER 4. LOCAL CC METHODS FOR ELECTRONIC TRANSITIONS

and the doubles component of the excitation vector can be obtained directly from
eq. (4.7) in a canonical basis. In order to use the locality of correlation effects, a local
basis has to be used, as discussed in chapter 3, and the partitioning of the CC2 equa-
tions described above seems to be compromised. However, a Laplace transformation
of the orbital energy denominator in eq. (4.11) can be used to circumvent this problem
and preserve the partitioning of the CC2 equations in a general (i.e., non-canonical)
basis, 109,114

Using these mathematical tricks, it is then possible to solve the CC2 equations in
the complete singles space and to perform local approximations only in the generation
of the doubles quantities (which are time-dominating in conventional CC2 implementa-
tions). As in PAO methods for ground states, the local approximations are introduced
through orbital domains. However, to take into account the potential non-locality of
electronic transitions, the orbital domains need to be adapted to each transition of
interest. A reduced set of important local occupied orbitals is thus defined based on
the single excitations vectors (either from CIS in the first iteration or from CC2 in the
course of the optimization). Pair domains are then constructed from the union of sin-
gles domains with a reduced number of PAOs selected in the same way as for ground
state PAO-based methods (see chapter 3). Since no approximations are introduced in
the singles part of the excitation vector, the CC2 Jacobian eigenvalue problem can be
solved (in the complete singles space) for all transitions of interest at the same time,
which provides more flexibility and less dependence on the starting guess.

Test calculations revealed that the PAO-CC2 approach results in errors well be-
low 0.1 eV compared to conventional CC2 excitation energies. Unfortunately the
authors did not report calculations on systems that cannot be treated with a conven-
tional CC2 implementation and it is thus difficult to quantify the performance of the
method. 109,115,116

We now turn our attention to the generalization of PNO-based methods to the cal-
culation of excitation energies. The generation of PNOs as presented in chapter 3, i.e.,
based on approximated MP2 doubles amplitudes is not appropriate for a description
of electronic transitions. Excited states PNOs can however be generated in a similar
way, i.e., by considering the CIS(D) doubles excitation vector, as suggested in Refs.
117 and 118, which can be approximated by relying on an intermediate PAO or OSV
basis,

3 gaiéj ¥

R{) = V a,b € [ijlpao/osv, (4.12)
J Fii—Fdd‘f‘Fjj —FZ‘)E‘FWCIS /

where the two-electrons integrals are transformed with the CIS excitation vector. Once
the CC2 ground state equations have been solved in the ground state PNO basis,
the Jacobian eigenvalue problem can be solved by restricting the indices of doubles
quantities to the excited state PNO basis. Since the PNOs are specific to a given

transition, an optimization procedure is repeated for each transition of interest, and
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the Jacobian matrix is deflated, i.e., all previously determined states are used to shift
the corresponding eigenvalues in the spectrum and avoid collapsing to already known
transitions. ''® The excited state PNO basis is also updated whenever the overlap
between the starting guess for the singles vector and the current singles excitation
vector is too small.

Such a PNO-based CC2 model has shown promising results compared to a con-
ventional implementation, both in terms of accuracy and computational cost.''® We
note that, the algorithm is not specific to CC2 and can be extended to higher coupled

cluster models or alternative second-order approximations. ''?

4.3.2 The incremental scheme

The incremental scheme presented in chapter 3 for ground state energies has also
been applied to other properties, including first-order properties,'? and frequency-
dependent dipole polarizabilities.'?! In this section, we summarize the application of
the incremental scheme to the calculation of CCSD excitation energies as presented in
Ref. 122.

In the incremental scheme the canonical occupied HF orbitals are first transformed
to a mixed orbital space similar to the one used in LoFEx, i.e., CIS-NTOs are calcu-
lated and the dominant occupied NTO is kept unaltered, while the remaining occupied
orbitals are localized using the Pipek-Mezey method.*® The mixed orbital space used
in LoFEx was in fact inspired by Ref. 122. However, we note that in the incremental
scheme, the virtual space is spanned by CMOs.

Once the mixed occupied orbital space has been generated, it is divided into single
domains based on the distance between the orbitals’ center of charge, such that each
domain includes a predetermined number of occupied orbitals. The CC excitation

energy corresponding to the current NTO is then expanded in a many-body series as,

w:wg+2(wm—wg)+~~ (4.13)
D

where S denotes the single domain that includes the dominant occupied NTO, while
D denotes a pair domain built from the union of S with another single domain. The
excitation energy contributions wyx are then obtained by solving the CCSD eigenvalue
problem in the restricted domain X. We note that, since CMOs are used to span the
virtual space, the complete set of virtual orbitals is included in each domain. For
the calculation of several excitation energies, a root-homing strategy is employed to
track the eigenvector with the largest overlap with the CIS starting guess, ensuring

convergence to the correct state.
The incremental scheme with a two-body expansion has been tested on a set of
small and medium-sized photoactive systems and compared to conventional CCSD
results. Even though the complete set of virtual orbitals was included in each domain,
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Figure 4.4: Schematic representation of the orbital space partitioning and excitation mani-
folds in multilevel coupled cluster theory. White block: occupied orbitals. Grey block: virtual

orbitals. Blue arrow: excitations described by T . Red arrows: excitations described by T .
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the calculations presented in Ref. 122 resulted in some computational savings but
with an average and maximum absolute deviations from the standard CCSD results of
0.08 and 0.3 eV, respectively. No improvements or extensions of this implementation

have been reported so far.

4.3.3 Multilevel CC theory

In contrast with the direct local CC methods and the incremental scheme presented in
the previous sections, the multilevel CC (MLCC) models have been designed specifi-
cally for the calculation of size-intensive properties such as excitation energies.

The basic idea of MLCC is to split the orbital space into subspaces determined
based on their estimated importance to describe a given property. The cluster operator
T is then partitioned into components that affect only some of the orbital subspaces
and that can then be determined at different CC levels. For example, in the MLCC
model entitled extended CC2 (ECC2),'23 the orbital space is divided into two parts
({X} and {Y'}, where {X} is assumed to be more important than {Y} for describing
the targeted property) and the wave-function is written as,

|[ECC2) =exp(TX + TY)|HF), (4.14)

where TX performs excitations between orbitals included in {X}, while TY is allowed
to perform excitations between orbitals included in {Y'} and between the two spaces
{X} and {Y'}, as described in figure 4.4.

The MLCC amplitude equations are then defined by projecting the MLCC Schrédinger
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equation against the different excitation manifolds,

(X | exp(=T* — TY)H exp(T* 4+ TY) |HF) = 0, (4.15a)
(¥ |exp(=TX — TY)H exp(T* + TY) |HF) = 0, (4.15b)

where the first equation determines the CC amplitudes in 7%, while the second equa-
tion determines 7Y . In the ECC2 model, both operators TX and TY perform single
and double excitations from the HF reference state, but in TV the doubles are approx-
imated to be correct to first-order in the fluctuation potential, as in the CC2 model,
while the doubles in TX correspond to CCSD doubles.

Effectively, MLCC enables the description of different parts of a system at different
CC levels, while maintaining couplings between all CC amplitudes. Such a strategy
thus allows a high-level of description at a reduced computational cost. However,
the choice of the MO basis and the partitioning of the orbital space is not obvious
and usually relies on chemical intuition, which limits error control and the black-box
character of standard CC theory is lost. Two main orbital space partitionings have
been reported, (i) a selection based on orbital energies in the canonical basis (i.e.,
frontier orbitals are chosen for {X}, while {Y'} correspond to the remaining orbitals)
and (ii) a partitioning obtained from a Cholesky decomposition of the AO HF density
matrix. 124 Several applications have been reported so far, including ECC2 and MLCC3

123,125 26

excitation energies, as well as core excitation energies.

4.4 Conclusion and perspective

The development of approximated CC models for the calculation of excitation energies
and other frequency-dependent properties of large molecules is still in its infancy and
a lot of work remains to be done. However, as discussed in this chapter, some progress
has already been achieved and the combination of new computational models with
more efficient computers already extends the calculation of CC excitation energies to
larger molecules.

The LoFEx, SNOFLEx, and MLCC approaches have been designed specifically to
take advantage of the size-intensivity of transition properties which enables a compact
description of the transition effects and leads to important cost reductions. On the
other hand, methods that are based on local CC approximations for ground states
enable a more uniform description of size-intensive and size-extensive properties. This
generality is however limiting the potential savings that can be obtained in the calcula-
tion of transition properties. In addition, we note that transition properties generally
require larger orbital domains than ground state energies, leading to more expensive
computational models.

Several other approximated CC methods have also been reported for the calculation

of transition properties. We can for example mention the reduced virtual space 27128
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and the ONIOM '29:130 strategies, which provide a pragmatic way to reduce the com-
putational requirements of CC calculations.

In our perpetual quest for higher accuracy and lower computational cost, it will
become important to address a number of challenges, such as the description of tran-
sitions dominated by more than one-electron replacements, and the treatment of the
various kinds of frequency-dependent properties. More importantly, when targeting
large molecules the density of electronic states becomes so high that several hundred
states have to be computed to describe a significant part of the electronic spectrum.
A conventional approach (diagonalization of the Jacobian matrix) is obviously not
adapted in such cases and the state-specific algorithms often used in local approxima-
tions are even less appropriate. Alternative techniques which enable a description of
electronic spectra without computing each transition individually are clearly needed.
Such methods like damped response theory (also called complex polarization propaga-
tor (CPP) approach) 1317133 or explicitly time-dependent approaches,!3* are already
available, and a combination of those techniques with local approximations may be

required for a proper description of electronic transitions of large molecules.
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70 CHAPTER 5. SUMMARY

5.1 English

This thesis describes the development of local approximations to coupled cluster (CC)
theory for large molecules. Two different methods are presented, the divide-expand—
consolidate scheme (DEC), for the calculation of ground state energies, and a local
framework denoted LoFEx, for the calculation of electronic excitation energies and os-
cillator strengths. After an introduction to the relevant notions of electronic-structure
theory, the principal aspects of DEC and LoFEx are summarized. For comparison, a
selected review of the state-of-the-art is presented for each domain. This thesis should
serve as an introduction to the work developed and presented in the scientific articles
collected as appendices.

The DEC scheme has been applied successfully to the calculation of MP2, CCSD
and CCSD(T) ground state energies. The intrinsic structure of DEC allows for a
linear-scaling (with system size) and massively parallel implementation of CC theory.
Applications to large molecules have been reported at the DEC-MP2 level but some
limitations remain and prevent efficient and accurate large-scale applications of the
DEC-CCSD and DEC-CCSD(T) models.

Regarding the calculation of electronic transition properties of large molecules,
LoFEx has been introduced and applied to the CC2 and CCSD models. The black-box
character of LoFEx has been demonstrated on medium-sized molecules and significant
computational savings can be obtained depending on the character of the transition
and on the size of the system. LoFEx has also been applied to large molecules with a
computational cost competing with the most commonly used method (TDDFT), while
maintaining CC accuracy. Finally, a new strategy has been proposed to overcome the
main limitations of LoFEx and enable computational savings for all kinds of electronic
transitions.

The development of CC theory for large molecules is still in its infancy, especially
regarding the calculation of frequency-dependent molecular properties. Many chal-
lenges remain to be solved and some of the ideas presented in this thesis will hopefully

open the door to more innovative and creative solutions.
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5.2 Dansk

Denne athandling beskriver udviklingen af lokale approksimationer til coupled cluster
(CC) teori for store molekyler. To forskellige metoder er blevet praesenteret, i) divide—
expand—consolidate (DEC), til beregning af grundtilstanden korrelation energier, og
ii) LoFEx, et lokal framework til beregning af elektroniske eksitations energier og
oscillator styrker. Efter en introduktion af de relevante begreber i elektron-struktur
teori, er de vigtigste aspekter af DEC og LoFEx beskrevet. Til sammenligning, er en
gennemgang af state-of-the-art for hvert domaene praesenteret. Denne afhandling skal
tjene som en introduktion til arbejdet der er udviklet og praesenteret i de videnskabelige
artikler samlet i appendix.

DEC metoden blevet anvendt med succes til beregning af MP2, CCSD og CCSD(T)
grundtilstands energier. Strukturen af DEC giver mulighed for en linser-skalering
(med systemet stgrrelse) og massivt parallel gennemfgrelse af CC teori. Anvendelse
pa store molekyler er blevet rapporteret ved DEC-MP2 modeller, men der er stadig
nogle begraensninger der forhindrer en effektiv og praecis anvendelser af DEC-CCSD
og DEC-CCSD(T) modeller pa stor skala.

Til beregning af elektroniske overgangsegenskaber af store molekyler, er LoFEx
metoden blevet introduceret og udviklet for CC2 og CCSD modellerne. Black-box
karakteren af LoFEx er blevet demonstreret pa mellemstore molekyler og betydelige
beregningsmeessige besparelser kan opnas atheengigt af karakteren pa overgangen og
stgrrelsen af systemet. LoFEx er ogsa blevet anvendt pa store molekyler, og det er
vist at de beregningsmaessige omkostninger kan konkurrere med de mest almindeligt
anvendte fremgangsmader (TDDFT), under opretholdelse af CC ngjagtighed.

Udviklingen af CC teori for store molekyler er stadig i sin spaede begyndelse, iseer
med henblik pa beregning af frekvensafhengige molekyleere egenskaber. Der er stadig
mange udfordringer der skal lgses, og forhabentlig kan nogle af de ideer der praesenteres

i denne afhandling abne dgren til mere innovative og kreative lgsninger.
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A.1 Overview

In section 2.5 we arrived at a set of general equations for the calculation of excitation
energies and transition strengths using CC linear response theory. In this appendix
we go in more details about the form of the equations for the CCS and CC2 models
and derive working equations that can be directly implemented in quantum chemistry
programs. The original goal of this derivation was to recover the working equations
presented in Refs. 107, 135 and to implement them in the LSDALTON program. -2
In the following derivation we focus primarily on the CC2 equations from which
the CCS equations follow straightforwardly. A canonical basis of spin-free HF orbitals
is used throughout the derivations and we assume the ground state amplitudes to be

already optimized, i.e., the following non-linear equations have been solved,

Q¢ = (@ il + [, T3] |HF) =0 (A1)
QO = (& F + [F, Ty [HF) =0 (A2)
where the double cluster operator is given by
1 a
=3 > 8 EaiEy;. (A.3)
aibj

And the following biorthonormal basis is used,

(57| = (HF| Ejy i, (A.4a)
5) = EaiEy; |HF), (A.4b)
~ 1 1 1
abl — __— [ Z(abl 4 ~ (ab
<ZJ - 1+ 5[“,71)]4 (3 <’L] | + 6 <jz > ) (A4C)
<§;j’ icll> = daibj,ckdl- (A.4d)

Once the ground state amplitudes have been optimized the calculation of transition
strengths (and excitation energies) requires the determination of the following quan-

tities (see section 2.5).

e The zero-order (frequency-independent) Lagrange multipliers t,

tJ = —n, (A.5)

e the right Jacobian excitation vectors R,

JR=wR (A.6)

e the left Jacobian excitation vectors L

LJ = Lw (A.7)
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e and the transition moment Lagrange multipliers M
M(J+wl) =—(R)'F (A.8)
where we have dropped the indices denoting the targeted (excited) state. Eqs. (A.5)

and (A.6) must be solved before eq. (A.8) since the right-hand-side of eq. (A.8) depends
on t and R.

A.1.1 The CC2 effective Jacobian

The CC2 Jacobian can be obtained by differentiation of the CC2 vector function with
respect to the ground state amplitudes. To avoid § factors in the Jacobian we rewrite

the doubles cluster operator as,

1 ra
Ty =3 2—1;-(1 +01j0ab) I8 Boi By (A.9)
aibj
where ) ) ~
fab = tab — Jaiby (A.10)

J ] + 5ij6ab Y (1 =+ 6ij§ab> (ei — €q + €5 — Eb)
The CC2 Jacobian can then be defined as,

vy = 86?:‘ (A.11)

Jaiek = (¢|[H,Ea] + [[H, Ect,], To] |[HF) (A.12)

Jaisekat = (¢| [H, Eox Eq] [HF) (A.13)

Jaivs.ek = (| [H, Eex] [HF) (A.14)

Jaivj,ckdl = ( Jb| [F, Ec, Eq) HF) = Saivj,ckdi(€a — € + €6 — €5) (A.15)

Due to the diagonal form of the doubles-doubles block of the CC2 Jacobian, egs. (A.5)

to (A.8), can be formulated as effective singles equations in which the doubles quanti-
ties are computed on-the-fly. By anticipation, let us introduce the following effective

CC2 Jacobian matrix,

Jai,ckdl Jekdl bj
Jaz b]( ) = |;Lli,bj - Z J ‘| (A16)

€c— €L+ €4 —€ —w

ckdl
Z Jekdi,bj
_ + azckdl c J AT
lalb] delek—ec—i—el—ed—kw ( )

where the summation is not restricted and does not contain a factor half. We note
that egs. (A.5), (A.7) and (A.8) can be written in the following general form (see
table A.1),

XJ = awX — 3, (A.18)
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Table A.1: General form of the left equations for CC2 transition strengths.

XJ=awX -3 X Q@ B

tJ=-—n t 0 n

LJ =wL L 1 0

MJ = —wM — (R)TF M -1 (R)TF

which can be reformulated as,
Ji, I
(X1, Xo) [ M TP ) = aw(Xy, Xa) — (B1, Ba) (A.19)

Ja1, €21

where €5 corresponds to a linear combination of orbital energies such as €, —€;+€, —¢;.
From eq. (A.18) we get the following system of equations,

XiJi + Xodor = awXy — By

(A.20)
X1J12 + Xoeg = awXs — B2
From the second line we get,
XQ(GQ - aw) = —52 - X1J12 (A21)
The doubles can then be computed directly as,
XqJ
X, = P2t Xidn (A.22)
€2 — QW
Using X5 in the first line of eq. (A.20) we get,
X J
X1J11 — MJQl = awX; — B, (A.23)
€2 — QW
rearranging,
X1 [Jn St w} =- [51 - @}» (A.24)
€2 — QW €2 — QW
X1 [Jf{f(aw) - aw] = Bt (A.25)
Using table A.1, we finally obtain the following effective singles equations,
£,J51(0) = —nf", (A.26)
LiJ{f(w) = Liw, (A.27)

M, [Jgﬁf(—w) + wl} = —mef (A.28)



A.2. RIGHT-HAND-SIDE FOR THE GROUND STATE LAGRANGIAN MULTIPLIERS 85

where,
o nkl ckdl ,at A.29
ey = naz+§ e — €0+ € — g (A.29)
ckdl
mkl ckdl,ai
= Myi + A.30
%ek—ec—kel—ed— ( )

with m = (R)TF. A similar expression is easily obtained for the right eigenvalue
problem,

JH(W)R; = wRy. (A.31)

In order to solve the above equations in a standard quantum chemistry program
we need to obtain working equations for a trial vector by contracted with the effective

CC2 Jacobian matrix from the right,
Z ai b] bb]’ (A32)

or from the left,
Gai = by T (w). (A.33)

In addition we need explicit expressions for the effective right-hand-sides in egs. (A.29)
and (A.30). All those quantities are derived in details in the next sections. If the reader
is only interested in the working equations and not in the extremely boring derivations
that follows, we refer to appendix B.8. In the following sections the notation for two-

electrons integrals is extended such that,

pars = (Pqlrs) (A.34)
Lpgrs = 2(pqlrs) — (ps|rq). (A.35)
We also make extensive use of the notation and pre-derived quantities in appen-
dices A.8 and A.9 and in boxes 13.1 and 13.2 in page 688 of Ref. 13. Finally, in

appendix A.6 we also derive how all these quantities are used in the calculation of the

transition moments and transition strengths via one-particle density matrices.

A.2 Right-hand-side for the ground state Lagrangian
multipliers

The 1 matrix is defined as follows,

. 0Fcc2
=
o,

(A.36)



86 APPENDIX A. CCS AND CC2 WORKING EQUATIONS

where the CC2 correlation energy is introduced as,

Eccs =Y [t} + t¢7][2(ialjb) — (iblja)] (A.37)
aibj

=Y [t 4+ (1 + 6ai )57 [2(ialjb) — (ib]ja)] (A.38)
aibj

which leads to the following expressions,
0 =2 t][2(ialjb) — (iblja)] = 2Fa (A.39)
net =2[2(ialjb) — (iblja)] = 2Liugs. (A.40)
The right-hand-side has thus one contribution corresponding to n{ and a second con-

tribution that requires the contraction of nfjb with the doubles-singles block of the CC2

Jacobian. We introduce the following matrix,

20ialib) — (ibli
€ — €T € — €

and get the final working equation for the right-hand-side of the ground state La-

grangian multipliers as,

nkl ckdl ai
wi — Thickdlat A.42
el =n +26k766+6176d (A.42)
ckdl

:2F7La + Z ﬁ]?l:lJckdl,ai (A43)
ckdl

=2Fia + > 7 (541 [, Eus] [HF) (A.44)
ckdl

=2Fiq + ) iiff (cklda)d,; — Z 759 (cklil) 8 aa (A.45)
ckdl

=2Fi0 + Y _ 75t (cklda) — > ﬁ;;‘; cklil) (A.46)

ckd ckl

A.3 Right linear transformation

In this section we give the working equation for the right linear-transformed vector,

Z ai b] bb] (A47)
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A.3.1 Part A
= Z Jaibjbbj (A.48)
_Z [H, Eyj] + [[H, Ey;], To] [HF) by; (A.49)
_Z [H, Ey;) [HF) by; + > (7| [[H, Ey;), T3] [HF) by; (A.50)
bj
:o—a’L. —|—0‘ai' (A.51)
ot = (@1[H, Ey] [HF) by, (A.52)
J
= Z FEopby;6i — Z Fjiby;Sap + Z Laijoby; (A.53)
- Z Fabbbz Z szbaj + Z La”bbbj (A54)
—|—Z kc|az kz|ac)] ck (A.55)
=% 4o, (A.56)
Using the commutator relation in Eq. (A.323),
1 IO
=> 3 > 5 @ [[H, Byjl, Bk Eat] [HF) by, (A.57)
bj * ckdl
1 cd /3T
=> 3 > 5 @I [[H, Eojl, Eer), Ba] [HF) by;
bj * ckdl
+ Z > 54 (¢ Eal[H, Ey;], Ec) [HF) by,
bj ck:dl
+Z > 158 (7] Eck|[H, Byj), Ear) |[HF) by (A.58)
bj ckdl
1 cd /3
=> 3 > 5 GI[H, Byyl, Ecr), Eat) [HF) by
bj * ckdl
+ Z Zt (HF|[[H, Ey;], Ex] [HF) by;
(A.59)

+Z Zt (HF|[[H, Ey;], E4) [HF) by;
bj
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Z > i @I{[H, Eyy], Eek), Ear) |HF) by
bj ckdl

+ Y 53 (HF|[[H, Ey;), Eci] [HF) by,
bj ck

oAl | ;A22 (A.60)

where we have used the symmetry of the amplitudes and renaming of dummy indices.

out = Z > "t @, Ey;), Bek], Ea) [HF) by, (A.61)
bj ckdl
1 d et [+
==3 Z Z tby; Pl (chjd5ab5u) (A.62)
by chdl
1 - -
=75 Z Z 5 b; (chjd5ab5il + LigjcOabOir
bj chdl
+ Ljpkadactit + LiarsOacOij + LjbicOaddir + ikclb%d%) (A.63)
1 edi 7 1 cdy  F
=73 Z Ztkibaijcjd —3 Z Z ti1 baj Lidje
Jj ckd J  cdl
-3 Z Zf;ﬂbb] jbkd — Z Z £y Lians
b b kdl
~5 Z Dty Ly — 5 Z > t5ibyi Lieny (A.64)
j <l ckl
=- Z Z t9%baj Licja — Z Z t9%u; Ljpka — Z Z t80byi Liary  (A.65)
7 ckd b kdl
op®? =Y 158 (HF| [[H, Ey), Ect] [HF) by (A.66)
bj ck
=23 > 5 Libkebs, (A.67)
bj ck
02.2 A21+U(ﬁ22 (A68)
=23 it Lipkeby — D t54baj Licja
bj ck j ckd
- Z Z t3bv; L joka — Z Z 34 bpi Lians (A.69)
b b kdl

=> Z £t Livkebuy — > titbajLcja — Y > thibyiLiars (A.70)

bj ck j ckd b kdl
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= Z 9 Fre = 0> 159b0j Licja — Z > tiitoui Liaks (A.71)
j  ckd kdl
= Z b5 Fre — Z baj Y i3 (keljd) — Z by Y £ (1d]kb) (A.72)
ckd kdl

=a£f +ogi (A.73)

where we have introduced,
(oo =219 — ¢60 (A.74)
Z ijkcbb] > _[2(jblke) = (jelkb)]by; (A.T5)

bj

A.3.2 Part B

We now look at the other part of the linear-transformed vector and decompose it into

small elements that will be combined at the end.

Z Jazbj ckbck - Z <(;:l; [g Eck] |HF>
= Z albebesd =3 (ailk b
:Z GZ|bC cj — Z(al‘kj)bbk

k

Z Jekdi,bibvj = Z (5] [H, Ev;) [HF) by,
bj

bj

- Z ck|db)by;or; — > (ck]jl)by;6na

bj

- Z ck|db)by — Z(ckbl)bdj

Using the commutator relation in Eq. (A.319) we write,
Jaickar = (| [H, Eer, Eqi] |HF)

= (¢|[[H, Ecx) Eq] [HF)
+ (7| EalH, Ea) [HF)
+ (7| Ecx[H, Eq] |HF)

= - P (de5ac5iz + Liitabac — f/acld(sik)
+ Sas,ar (HF| [H, Ec,] [HF)
+ 8ai e, (HF| [H, Eq] [HF)

= — Frabacdit — Liitadac + Laciadin
— Fie6aadit — LiikcOad + Ladrci
+ 200i, a1 Fhe + 20ai,ckFla

(A.76)
(A.77)
(A.78)
(A.79)
(A.80)

(A.81)

(A.82)

(A.83)

(A.84)

(A.85)
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Z Jai,ckdl Z Jekdi,biby; =

ckdl
=Y 3 ck;|db Ybbr Fradacdis — Y > (ckldb)by Liiadac
ckdl b ckdl b
+ )0 (ckldb)by Lactadix — Y > (ck|db)by Fieaadin
ckdl b ckdl b
- Z Z(Ck|db)bbl£likc5ad + Z Z(Ck‘db)bblzadkcail
ckdl b ckdl b
+23 > (ckldb)bubaiaiFre +2 Y (ckldb)byidas cr Fia
ckdl b ckdl b
+ 30> (cklil)bai Fradactis + Y > (ckljl)baj Liitadac
ckdl ckdl
= >3 (ckljlbajLactadin + > D (ckljl)bai Frebaadi
ckdl ckdl
+ Z Z(Ckm)bdjilikc%d - Z Z(cijl)bdjiadkcéﬂ
ckdl ckdl
— 23S (kljDbaidaiaiFic =23 > (ck]jl)bgjdas,ck Fra (A.86)
ckdl ckdl

= — Z Z ak“db bszkd — Z Z Cbk?|db bblLkzld

kdl
+ ZZ (ci|db)bes Lacia — ZZ (cilab)by Fe
cdl
- ZZ cklab)by Liike + ZZ ck]db)by; Ladke
ckl ckd b

+ QZZ ckab)by; By + QZZ ai|db)by Fig
+ ZZ ak]ji)bg; Fra + ZZ ak]j1)ba; Lita

kdl j
- ZZ CZW bdj acld + ZZ cz|yl bajFlc
cdl j ;
+ ZZ ck[1)baj Liike — ZZ ckji)ba; Ladre
ckl j ckd j

—23 > (cklji)ba; Fic =2y D (ailjl)bys Fia (A.87)
ck j dl j
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=~ (ak|di)Frg = _(ak|dl)Lyia + Y _(cildl) Lacia — Y _(cilal) Fye
kd kdl cdl cl
— Z(ck{alf)f/“kc + Z(Cdeg)-z/adkc +2 Z(ckTaz)ch +2 Z(ade[)ﬁ'ld
ckl ckd ck dl
— (ak|di)Fra — > (akldl)Lyaa + Y _(cildl) Lacta — Y _(cilal) Fie
kd kdl cdl cl
- Z(CkTaZ)ElikC + Z(CkTJi)Eadkc +2 Z(CkT(_li)ch + 2 Z(CLZTCZZ)FM

ckl ckd ck dl

=2 "(cklai)Fre + 2 (ailck) Fye + 2 (cklai)Fre + 2 (ailek) Fie
ck ck ck
> (akfe) Foe — > (cilak) Fre — > (aklei) Fre — Y (cilak) Fre
ck ck ck ck
— Z(GZTC];‘)INJWW + Z(diTCE)i/adkc — Z(CkTai)ilikc + Z(Cdeg)EadkC

ckl cdk ckl cdk

— Z(alTék)-Z/likc =+ Z(diTék)Eadkc — Z(CkTal)f/likc + Z(CkTgi)I/adkrc

ckl cdk ckl cdk

—QZ az|ck: Fro — Z(ak{ci)ﬁkc
ck
+Z { dilck) + (ck|di) + (dilck) + (ckﬁi)} [2(ad1kc) - (achd)}
cdk

-3 [(aﬂci’c) + (ckal) + (al]ck) + (ckIaZ)] [2(zﬂkc) . (lchi)]

ckl

=2 (ailck)Fye — Y (aklci) Fe
ck

ck

+2 (dilck)(adlke) — > " (dilck)(aclkd)

cdk cdk

— 2 (allck)(li[ke) + Y " (allck)(ic]ki)

ckl ckl

= Z (ai|ck) — ak;Tci)] Fie
+ Z (dilck) — (dk|ei)] (ad|kc)
=" [2(allck) — (aklel)] (li]ke)
ckl
where we have introduced the barred transformed integrals,

(pQ|T5) =P} Z (Xapyﬁq + Xap?ﬂq)XWKSS(am’Vf;)
afvo

qu = Z(Xapyﬂq + XapYBq)haﬂ
ap

(A.88)

(A.89)

(A.90)

(A.91)

(A.92)

(A.93)

(A.94)
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Xai = 0 ona = - ; Caib{‘l
5 5 22 Cail (A.95)
Yoi = Za Caabg Youo = 0

with C being the canonical MO coefficients. Finally, we get the last contributions to

the linear-transformed vector,

(l'LC JC
=D et (4.96)
ckdl b kT €T T €aTW
7Zblkac+Zb (adlke) = b (lilke) (A.97)
cdk ckl
:aa; —l—am» —i—ag (A.98)

where we have introduced the doubles quantity,

2(ailbj) — (aj|bi)

hav — gpab _ pab — A.99
Y K T g —eate— et w ( )
A.3.3 Summary
Oai =0g; + 00; + 04 + 007 + o5t +og + o (A.100)
= Fapbvi — > Fjiba; (A.101)
b j
oy = _[2(kclai) — (kilac)]bex (A.102)
ck
0-(512 Z tk:z ch (A103)
Z baj Y _ 15t (keljd) — Z by Y £t (1d]kb) (A.104)
ckd kdl
Z b3 Fee (A.105)
Z b (adlke) (A.106)
cdk
== bf(lifke) (A.107)
ckl
After rearrangement we get,
Oui =00 + oS + ol 4ol 1+ 57, (A.108)
0% => |Fu—)_ fzf(ldkb)] bhi — Y | i+ Y 4 (keljd ] (A.109)
b kdl 7 ckd

0% =Y Bavbyi — Y Ejiba; (A.110)
b J
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Z bl (ad|ke) (A111)
cdk

== b (lilke) (A.112)
ckl
ok =3 [Bc e + H5 i (A.113)
ck
ol = [2(kclai) — (kilac)]bex (A.114)
ck
A.4 Left linear transformation
In this section we give the working equation for the left linear-transformed vector,
(A.115)

Oai = Z bijz?Jf,fai(W)
bj

The equations can be derived in the same way as for the right linear-transformed

vector and we thus give only the final equations here,
Gai =00 + 0o + 0ot + 5L +05;

5o, =Y |Foa— Y il kcla)] b — Z

b ckl

= b (cklda)

i+ Zt (kelid) 1

cdk

cdk
=— > b (cklil)
ckl
h; = _[2(kelia) — (kalic)|C§
ck
ol =Y _[2(cklia) — (calik)]b;
ck

where,

2(ialjb) — (ib]ja) + PEY[20¢ Fyy, — b3 Fy)

€ — €t € —€tw
abypb
-2

and the following integrals have been introduced,

7ab __

(pg|rs) =Py Z (Xapyﬁq + Xap}v/ﬁq)XW%S(am'Ws)
afvyo

Y oa Xaab? = 0
ai 0 aa — Ez Yazb?

< ><(
Q
S.

< N(
Q
B

(A.116)

(A.117)
(A.118)
(A.119)
(A.120)

(A.121)

(A.122)

(A.123)

(A.124)

(A.125)
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A.5 Right-hand-side of the transition Lagrangian mul-

tipliers

Following the derivations in Ref. 135, let us express the F matrix as,

0 _
F,, = 8t5 + ;thvuv’ (A.126)
where,
0Juw
vy = - A.12
Hry 8t~/ ( 7)

We can now express the right-hand-side of the transition Lagrangian multipliers in
eq. (A.30) as,

m = mh +mE +mS +ml + mE (A.128)

My, =y R (HF|[[H, By, Eoi] [HF) (A.129)
bj

mb = > 0 Buyjcr.aiRf (A.130)
bj,ck

mg; = Z Z 2% Byjek.di.ai Rf (A.131)
bjck dl
1 _

My = 3 Z Z t?Bbj,ckdl,aiRi‘li (A.132)

bj ckdl

= bc
M5 Jvjck,ai
_ kY bjck,ai
me = <’+ (A.133)
€; — € € — € — W
bjck J b k c

where the doubles right-hand-side vector is now given by,

mij = Z £ Bek,di,aivi R (A.134)
ck,dl
A.5.1 Part A
maAi = Z Rs <HF| HH7 Ebj]7 Eai] |HF> (A135)
bj
=2 RY[2(jblia) — (jalib)] (A.136)
bj

This term is denoted m?fi in our notes and corresponds to eq. (44) in Ref. 135 where

a factor 2 is missing.
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A.5.2 Part B
o ~
Bbj,ck,az 815“ < | [H Eck] + HH’ Eck]aTQ] |HF> (A137)
= <j| [H, Eai), Ec] [HF) + &I [[[H, Eail, Eci), To] [HF) (A.138)
= (|[[H, Eai), Eer] |HF) (A.139)
= — P2°[F;00pa0j1 + Z LitkeObadji — Z LakeObadii] (A.140)
1 d
= — FiOpaljn — Z LitkeObabji + Z LaakeOpadji
7 d
— Frabpedji — Z LitiaOpebj1 + Z Lcia®badjk (A.141)
! d
= — F;c0pa0;k — LijkeOba + Loancdji (A.142)
- Fka§bc§ji - Ekjia(sbc + Ebciaajk’ (A143)

where the second term is zero because of rank-reduction and the fact that the Hamil-

tonian is a two-electron operator (see Ref. 13 for details).

=3
= Z thbj,ck,aiRz

bj,ck
=> " (|[[H, Eqi), Ect] |HF) Rf
bj,ck
== Z E?RzFiC‘Sba‘sjk - Z EgRiLijkc(Sba + Z t_;’-RiLbakcéji
bj,ck bj,ck bj,ck
- Z tbRkaaébc ji Z tbRkijzaébc + Z RkLbcza(sjk
bj,ck bj,ck bj,ck
- Z B R Fie — ZE?R;‘LJM + Z%Rzzbakc
ck jrck b,ck

— > ER{Fa — > ER{Lijia + > R Licia
ck 7,ck b,ck

- _ Z & Z R?Eb + Z R§ Lije
j b ck
—+ fo 72R?Fja + ZRszakc
b J ck

— > ER{Lijia + > 1 R} Locia
7,ck b,ck

(A.144)

(A.145)

(A.146)

(A.147)

(A.148)
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——Zt"% +Y OF 2ZE§(aj\ia)—Zt’§(aa\z‘3)

b

+ 22% ia) — k(éam’s) (A.149)
moit + 2 Z 2 bﬂm + (bjlia)] — ;t_?[(l;aﬁj) + (balij)] (A.150)
1+ ZF” (bjlia) — (balij)] ] (A.151)
=m0} +mgi (A.152)

where all quantities have been defined implicitly and more details regarding the barred

Fock matrices is given in Appendix A.8.

A.5.3 Part C

0 ~ =~
Bbjck,dl,ai :% <;](];| [H7 Edl] |HF> (A153)
= (54| [, Eail, Ba] [HF) (A.154)
= — PAY(id|ck)Spab;1 + (if]cd)dpadni]
+ (i]Uk)6padca + (baled)d:0k (A.155)
(Zd|0k)5ba Gl (Zj|0d)5ba5kl
(la|0k)5 — (Ij]ca)padns
+ (iUk)nadca + (baled)d;i0k (A.156)
= Z Z 2 Byjen,at,ai B (A.157)
bjck dl
== > HieR](id]ck) — Zzt ¢ RA(i]ed)
ck dl e
=" R (lafck) — Zztchd (1f]ca)
ek dl e
+ 0> R (ijlik) + ZZ < R (balcd) (A.158)
jk dl be
== D_tifilleR) = > #55 il
ckl jel
+Zt da|ck —I—Zt dj|ca
ckd jed
=D Ui(ij|dk) + ) 15 (balel) (A.159)

jkd bel
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= Y Hel(illek) + (il|ek) + (il|ek)]
ckl
Zt (da|ék) + (dal|ck) + (da|ék)] (A.160)
ckd
=— Zfl (il]ck) + Zt (dalck) (A.161)
ckl ckd
== > e (cklil) + > i (ck|da) (A.162)
ckl ckd
=mi:? + mS:? (A.163)
A.5.4 Part D
0
B ckdl,ai _8t“ ( |[H, Ec;,Eq) |HF) (A.164)
= <]| [[H, Eai), Ecr, Eq)) [HF) (A.165)
Using the commutator in Eq. (A.323), we get,
Byj.ckdtai = ¢ [H, Eail, Ect], Eal] [HF)
+ (HF| [[H, B, Eck] [HF) 64401
+ (HF| [[H, Eqi], Eat] |HF) 65004 (A.166)
= — P35 Liciadvadi + 2LiakeObadji + 2Lia1adbed ik (A.167)
=2L;akc0padj1 + 2Lia1a0pc0 5k
— Lieia®badji — LidicOpadijn
— Liakadsedii — LiakaOpedii
Liatc60abjk — Licta0pad;i (A.168)
_ 1 _
M) =3 > Bujchaai REY (A.169)
bj ckdl
=Y R Liake + >t R Liata
ckdl ckdl
1 _ ~ _ - _ -
-3 (Z B R Livcia + Y TR Liase + Y tfRz?Liakd>
ckdl ckdl ckdl
1 _ -
-3 (Zt R Ligka + Y TR} Liate + Zt;lR;glLkda> (A.170)

ckdl ckdl ckdl
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1 _ 1 _
LS RS - R Lase + B CRY — B L

ckdl ckdl
= R Lkcia — Y ER; Liaka (A.171)
ckdl ckdl
= R Liake — > 17 R (kelid) — > 15 Ry (1d|ka) (A.172)
ckdl ckdl ckdl
=T + Mg (A.173)

A.5.5 Part E

o G Ba) + ([, Ea), T2) ) (A174

)

= (| [[H, Ea], Eai Ev;] [HF) (A.175)

Bk dt,aiv; =

We note that Byj ckdi,ai = Bbj,ai,ckar and write the doubles right-and-side as,

m?ll Z t; Bbj at, ckle (A176)

ai,bj

=2 #R Ligke +2 Y R Liata
— Y R Licia — Y 1R} Ligic
— > #R¢Liaka — Y tRY Liaka
- Z FlﬁR?Eialc - Z E?R?Ekcla (Al??)
ZQE?F]CC - szlc + 21?2}_’—‘[(1 - flchd
17a pa X Ia pa .
- Z t Rz Licia — Z thi Ligic
= BRI Ligka — Y 13 R} Licia (A.178)

=P (28 Fla — 17 Fra)

'O ER Licia + Y TR} Lyaa) (A.179)
—2(kelld) — (kdjlc) + PEA(2F Frg — T Fyg) (A.180)
where we have implicitly defined the integrals,
(ke|id) = — Pcd (Z BLRS (iclld) + Y t;Rg(kazd)) (A.181)
ai at
By anticipation we define the quantity,
mbs,

Fji = (A.182)

€j — €+ € —€c—W
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and write the E part of the right-hand-side as,
ml =3 Moo (A.183)
ai L € — €+ € — € —w ’
bjck
=3 FlfJyjck.ai (A.184)
bjck
L= F | [H, Eq;] [HF) (A.185)
bjck
=S F [ bjlca)dy; — (bﬂik)ém} (A.186)
bjck
Z FbC (bjlca) — Z o (bjlik) (A.187)
bjc bjk
=mSt 4 ikt (A.188)
A.5.6 Summary
et =mlt +mt + mi? 4+ G2 4+ ml, + mi?
+mSt +mLt 4 omX (A.189)
mll = Zt‘le + Zt Fa (A.190)
th (bjlia) — (balif)] (A.191)
mH2 4 Zt (cklil) —l—Zt (ck|da) (A.192)
ckl ckd
cIn = Z {ld %Liakc
ckdl
:Z (ia|ke) — (iclka)]|Cf (A.193)
md2 = Zt“ > Rb(1d)ib) — th > Rb(1d]ja) (A.194)
J bdl jdi
mS:t 4 mill = Z Fb° (bj|ca) — Z ¢ (bjlik) (A.195)
bjc bjk
(A.196)

=" Rbj2(jblia) — (jalib)]
bj
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After rearrangement we obtain,

met =m0, + m + ml +ml, +ml + 2mX (A.197)
mo; =Y 1 | Foa — Y RS (1d|ja) Z £ | Fij+ Y RU(idlid) ] (A.198)
b jdl bdl
=Y By — > tE; (A.199)
b j
mG =Y Fie(bjlea) + ) 4 (ck|da) (A.200)
bjc ckd
Z o (bjlik) — Zt (cklil) (A.201)
bjk ckl
My, =Y _[2(ialke) — (iclka)|Cy (A.202)
ck
ma; =Y B[2(bjlia) — (balij)] (A.203)
= Rb[2(jblia) — (jalib)] (A.204)

A.6 Transition strengths

Transition strengths for a transition from the ground state to the n-th excited state

for the two operators V7 and V5 can be calculated as (see section 2.5),
1
Sow"* = 5 (T T + (T2 T)") (A.205)

where the left and right transition moments are given by,

Too = Z L&y + ) Lifeun, (A.206)
i aibj
Ty, = Z nY. R + Z Ti; 3T
aibj
DO MPE D MPED,;. (A.207)
ai aibj

In the following we show how the expressions for the CC2 transition moments can be
reformulated to involve one-particle density matrices.

A.6.1 Introducing the ¢ one-particle CC2 density matrix

Let us consider a T1-transformed one electron operator as,

V=> VigEp (A.208)
prq
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First we derive expressions for the £} singles matrix,
=@V + [V, Ty |HF> (A.209)
= Z VogBapdiq + Z 1% (9 [V, Ey; Ey,] HF) (A.210)
bjck
T 4 €V (A.211)
Using the commutator relation in Eq. (A.319) we write,
1 ~
2’ =5 )tk GV, By Eex] [HF) (A.212)
bjck
th [V, Et), Eq) |HF)
ckdl
1 _
+5 > 154604 (HF| [V, Eei] [HF)
ckdl
+ = Zt SacOix (HF| [V, E4) [HF) (A.213)
2
:th [V, Eci), Eat] [HF) + > #5% (HF| [V, Ecy,] [HF) (A.214)
ckdl ck

We now use the relations for one-electron operators against the HF state in Eqgs. (A.342)

and (A.343) to write,

= — % Z tg‘l’ffkdéac&il — % Z tz(lif/lc(sadéik +2 Z fi?f/kc
ckdl ckdl ck

- %Ztﬁ?ffkd 3 2 Ve + 23tV

:_7th“ch—fZ ch+2zt ch

= Z ti?ch = Z ti‘Zch
ck ck

By contracting the singles £&]” matrix with a given singles vector X; =

get,

Z xee) Z XV + Z X Ve

aick

— Z XV + Y Xitse

aick

- Z {Dai(X)Vai + Dia (X)Vm

(A.215)
(A.216)

(A.217)

(A.218)

L; or My, we

(A.219)
(A.220)

(A.221)
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where we have implicitly introduced blocks of the one particle ¢ density matrix. We

now derive expressions for the £} doubles matrix,
Vs = (2 [V, To] [HF) = Zt [V, Ec Eal) [HF) (A.222)
ckdl

Using the commutator relation in Eq. (A.319) and the relations for one-electron oper-
ators against the HF state in Eqs. (A.342) and (A.343), we write,

azbj Zt V ECk] Edl] |HF>
ckdl
+ )t |Edl [V, E.] [HF) (A.223)
ckdl

L oy o
2 Z ti3 (22| P ViqEc [HF)

ckdl
+ ) 1@ Ba Y VeeEer [HF) = #5122 Bt > Vin Eorn [HF)  (A.224)
ckdl e ckdl m
= Z 59V, Oaibj.dick — Z t 9 Vembaibj.diem (A.225)
ckdle ckdlm
= Z#“Vbc A (A.226)
k

By contracting the doubles £} matrix with a given doubles vector Xy = Ly or My,

we get,

> Xy = ZX“bZtC“VbC >oxy Zti‘iVm (A.227)

aibj aibj aibj
= Z Vap 3 Xpethe — Z Vi Y Xopeeh (A.228)
ijc abk
:ZvabDab X) + ZVijDij (X) (A.229)
ab i

where we have implicitly introduced two other blocks of the one-particle ¢ density

matrix.

A.6.2 Introducing the n one-particle CC2 density matrix

We now derive expressions for the 1} singles matrix,

770,1 <HF‘ [V Eal] |HF + Ztk V Eal] |HF>
ck

+ 35 G [V, B [HE) + Y654 (4] [V, T), Eai [HF) (A.230)
ckdl ckdl
=i+ i F i+ i (A.231)
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et = (HF| [V, Eq] [HF) = 2V, = 2Vi, (A.232)
nY:? Ztc |V, E,;] [HF) (A.233)
:Ztk > Voo (5l Evs [HF) = > 1> Vij (7] Eay [HF) (A.234)

ck b ck 7
= Ve — > B Vi (A.235)

c k
e =Yt () [V, o) [HF) =0 (A.236)
ckdl

Using the commutator relation in Eq. (A.330), we write,

nyA = Z ty >t GV, Ewriv By o], Eoi] [HF) (A.237)
a’i’'b’ 5’ ckdl

= > Sy (4] B[V, By 1), Eag) |JHF) (A.238)

a’i’b’j’! ckdl

Sty HIPL Vi (9] By By; [HF) (A.239)
a’i’b’j’! ckdl

Z tz/J/ Ztkl ‘/j a(sckdl a'i'bi T Vzb/fsckdl ,a'i’aj’ ) (A24O)
a’i’b’j’ ckdl

== > V= Yt Vay (A.241)

ckdj’ ckb’l
- Z (Z tdge ) Via — Z (Z t5d C“) (A.242)
ckd ckl

By contracting the singles 17" matrix with the right singles excitation vector R; we

get,
> Ring; —2ZR VZG+ZRGZ# a ZRaZtk ik
-3 (Z ti‘fti‘f) Vie RS — ZZ (Z ti‘fti‘;) ViaR$  (A.243)
ai 1

ckd ckl
-Svi o - 3 (St - X (et
+ 3 VY BR -DV Zt;ng
ab 1 7

l ckd ckl
= ViaDLE'R)+ > VD! Z ViDL (A.245)
ai ab

(A.244)
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where we have implicitly introduced blocks of the one-particle n density matrix. Note

that those blocks are not complete yet. We now derive expressions for the ny doubles

matrix,
by = Ztc (11V, EaiBy;] [HF) + > #7 (4] [V, Eai By [HF) (A.246)
ckdl
_Ztc CEV, Eail, Eyj] |HF) —i—Ztk | By; [V, E,) HF)
ck
—i—Zt‘ | EaiV, Eyj] [HF) + Y £ ( cd| [V, Eyi], Eyy] |HF)
ckdl
+Zt (54| By, [V, Eq;] [HF) )Y T <d| B[V, By,] |HF) (A.247)
ckdl ckdl
72150 (GIV, Eai], Evj] [HF) + " #.000; (HF| [V, Eq;] [HF)
ck

Z tk(sca(ski <HF| [‘77 Ebj] |HF>

+ Zt ¢d| B[V, Eq] [HF) + > (4] Eoi[V, Eyy] [HF) (A.248)
ckdl ckdl

=5 GV B B ) + PP |28+ S 5 §| [V Eus][HE)

ckdl
(A.249)
=P | = B Viybeadij + 205Via + D 157 (5] Eny [V, i) [HF) (A.250)
L ck ckdl
=P 1 280Via — 13Vip + Y 13 (54| EvglV, Eai] [HF) (A.251)
L ckdl
:Pi(}b 2 za ta zb + Z t Z Veaéckdl ,bjei — Z t?il Z ‘/zm(sckdl Jbjam
ckdl e ckdl
(A.252)
:Pi(;'b 2 m ta 7b + Z 17dVda Z F;? ~1l (A253)
l

By contracting the doubles 3 matrix with the right doubles excitation vector Ry we

get,

(A.254)

5 2 Ry = 3R 20V, — 3V Viok 2 5iVaa = 3 i Vi
l

aibj aibj
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2 Z R?jbn;/zbj Z Via Z Rub Rab tb
azb]
+ Z Vab Z RYESS — Z Vi Z RebeLe (A.255)
e abk

=3 VmDZf )+ > VaDILA(R) + Z Vi D ( (A.256)

where we have implicitly introduced blocks of the one-particle n density matrix. Note

that those blocks are not complete yet.

A.6.3 Summary

The CC2 transition moments can now be expressed in terms of one-particle density

matrices contracted with one-electron T1-transformed integrals,

Ty, = Z[D” (R) + D5, (M)]V,q (A.257)
" = Z DS, (A.258)

where the one-particle density matrices are given by,

== Xty (A.259)
abk

= Xl (A.260)

ck
D},(X) = Xai (A.261)
D,(X) =) Xpetbe (A.262)

ijc
D(R) == tajRai — ) IRRY (A.263)

a abk
DL =20+ Sl -3 (Zt )Rbi By (Zt )  (A26)
ck kjc 7 cbk

DZi(R) =0 (A.265)
,(R) Ztmsz + ) HeRY (A.266)

ijc

A.7 CCS equations for transition strengths

The CCS equations are obtained directly from the CC2 equations derived in the pre-
vious sections by setting all doubles quantities equal to zero.
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A.7.1 Ground state equations

Let us first consider the ground state equations.
| H [HF) =0 (A.267)

i =0 (A.268)

Qai

—~

which is solve trivially for ¢{ = 0. Note that this means no 7j-transformation and

Eccs = Eur.

A.7.2 CCS Jacobian

00y
otb

J

Jaibj = = (7| [H, Ey;] |HF) (A.269)
= (€a — €i)0ab0ij + Lijia (A.270)

where we have assumed canonical orbitals. The equation for a right or left linear-

transformed vector is trivially obtain by considering,

Oai = Z Jaibjboj (A.271)
bj

and because the CCS Jacobian is symmetric, the right and left eigenvalue problem

will lead to the same eigenvectors,
R} =L7. (A.272)

Note that, the CCS and CIS models are equivalent for ground state and excitation

energies but differ for transition strengths.

A.7.3 The CCS ground state multipliers

Let us now consider the CCS equation for the ground state multipliers,

> B dyjai = -0, (A.273)
bj

where,
77? = <HF| [H, Eai] |HF> (A274)

which is equal to zero for a HF reference by virtue of the Brillouin theorem. Therefore,

as for the ground state amplitudes, the ground state multipliers are trivially zero,

=0 (A.275)
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A.7.4 The CCS transition moment multipliers

The transition moment multipliers are obtain by solving,

Z M} (w8abbij + Jbjai) = — Z RS Fyj i, (A.276)
bj bj

where the F matrix is given by,

Fyj.ai = (HF|[[H, Evj], Eq;) [HF) = 2L;q; (A.277)

and all the other quantities are already known.

A.7.5 The CCS transition moments

We now give explicit expression of the CCS transition density matrices and transition
moments by extrapolation of the corresponding CC2 equations. By setting all doubles

quantities to zero as well as,

t0 =0 (A.278)
=0 (A.279)
R =LY (A.280)
we obtain,
D},(R) = 2R} (A.281)
D§,(X) = X (A.282)

which leads to the following equation for the CCS transition moments,

Ty; = > [D,(R) + D5, (M)]V;, (A.283)
= [2R! + MV, (A.284)

ai

where we have used that the dipole integrals are symmetric without the 77 transfor-

mation, V,; = Vi,.
Tio =Y D5,(L)Vpg (A.285)
pPq

— Z ROV, (A.286)
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A.8 Expressions for Fock matrices

The standard inactive Fock matrix is defined as,

qu :hpq + 2[2@(1‘”) - (mllq)]
=Y CaphapCsq+ > CapCpq Y _[2(aflii) — (ailif)]
af af i

= Z CapFozBCBq
af

which for Hartree-Fock canonical orbitals can be re-written as,

Fij =€idij
Fia =0
Fui =0

Fab :ea(sab
We now introduce the T1-transformed inactive Fock matrix,

Fpq —hpq + Z pq|” (pszq)]

= Z XaphapYsq + Z XapYsq 2[2(0‘6”5) - (aﬂzﬁﬂ

af af %
:ZXaph 8Ysq + ZXapYﬂq Z[Q(aﬁlm — (ailip)]
ap i

+ ZXalegq Zt (aflia) — (aalif)]
= Z XapFa5Yﬂq + ZXangq Zt (aflia) — (aalif)]

—ZXapFaﬁYﬁq+Zt (pqlia) — (palig)]

which for Hartree-Fock canonical orbitals can be re-written as,

= CaiFas(Cpy + Zcﬂbt + >t [2(ijlke) — (iclkj))
ck

ab
=€i0ij + 3 _ t5[2(ij]ke) — (iclky)]

ck

(A.287)

(A.288)

(A.289)

(A.296)
(A.297)

(A.298)

(A.299)

(A.300)
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Fiq = Z t¢[2(ialke) — (ic|ka)) (A.301)

Fu; :Z oa ZCaJ D Fap(Ci+ ) Cpot?)
+ Z t5[2 az\kc (ac|ki)] b (A.302)
=Fui— Y t0Fi+ Y Fut) = > 2 Ft! (A.303)

J b bj

+ Y t5[2(ailke) — (aclki)] (A.304)
=(ea — €)t? + Y _ t5[2(ailke) — (aclki)] (A.305)
Fup =) (Coq — Z Cajt?) FagCpp + zk: t¢[2(ablke) — (aclkb)) (A.306)
:ea;b + Xk: tg [2(ablkc) — (ac|kb)] (A.307)

We now introduce the inactive Fock matrix transformed with excitation amplitudes,
Foq =hpq +Y_[2(palii) - (piliq)]- (A.308)

Using the definition of the barred integrals we get,

Fij=> R
b

hiv + Y _[2(iblkk) — (ik]kb)]
k

+ZRC (ijlke) — (iclkj)]  (A.309)

=Y "RVFy + > Ri[2(ijlke) — (iclkj)] (A.310)
b kc
F,, = ZR; [2(ialke) — (iclka)) (A.311)
ke

Fui=Y R
b
_ZR?
J

+ > R§[2(ailke) — (aclki)] (A.312)

hap + Y _[2(ablkk) — (akab)]}
k

s+ Dl20lkh) ~ jkkm]

ke
=Y "RVFu— > RF;+ > Rf[2ailke) — (aclki)] (A.313)
b 7 ke
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Fuy == R |hjp + 3 _[2(jblkk) — (jk[kb)]
j k
+3 " Rg[2(abke) — (aclkb)]

ke
=— > RFy+ Y Ri[2(ablkc) — (aclkb)]
J kc

A.9 Commutator relations

A.9.1 Relation 1

[H, ExEq) =[H, Eck|Eai + Eer[H, Eg)]
[H, Eet], Ea]) =[H, Ect)Eat — Ea[H, Eo]
(H, Ex)|Eq =([H, Ect], Ea) + Ea[H, Ect]

[H, EEq) =[[H, Eet], Eat] + Eq[H, Ec] + Ecx[H, Eg]
A.9.2 Relation 2

[H, Eail, Eck Eal] =[[H, Eai), Eck|Eai + Eck[[H, Eai), Eal]
([[H, Eai), Eck), Eat) =[[H, Eui), Eet)Eat — Eat[[H, Eas], Eci)
((H, Eui], Ecr)Eat =[[[H, Eui), Ecr,), Eat) + Ea[[H, Eui), Ecr]

=[[H,
=[H,
[[H, Eui], Ect Eqt) =[[[H, Eai), Eet), Eai]

+ Eql[H, Eui, Eex]
+ B [[H, Euil, Eai]

A.9.3 Relation 3

For a given one electron operator,

V= Z VoaEpq

[V, Bai Bej), Eex] =[[[V. Eail, Evjl, Ee] + P ([EailV, Evjl, Eai))

[EailV, Evjl, Eai) =Eai[V, Ebjl, Eck] + [Eai, Eck|[V, Eb;]

[‘/a Ebj]v Eck] + (Eakéci - Ecidak)[v} Ebj}

[ ] | + Ear[V, Epjloci — Eci[V, Ey;ldan
[ s Eex]

(A.314)

(A.315)

(A.316)
(A.317)
(A.318)

(A.319)

(A.320)
(A.321)
(A.322)

(A.323)
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Using the cluster commutation relation for one electron operators we get only,

[V, Eai Evj), Eck] =P Eai[[V, Ey;], Eer] (A.330)

A.9.4 Relation 4

For a given one electron operator,

V=> ViyEy (A.331)
pq

we have the following non-zero commutators with single-excitation operators,

[Va Eai] = Z Vg [qu, Eai} = Z VogEpidaq — Z VogEaqOpi (A-332)
Pq Pq Pq
= Z VpaEpi - Z ‘/inaq (A333)
P q
V. Eas], Ev;] =Y _ VigllEpg, Eail, Ev;] (A.334)
Pq
= Z Vi [Epiy Ebj](saq - Z Via [anv Ebj]5pi (A.335)
Pq Pq
= VoalEBpjdni — Euidps) — > Vig(Eajoog — Bugdaj)  (A.336)
P q
= - Z ‘/;)aEbi(Spj - Z ‘/inaj(sbq (A337)
p q
= - ‘/}aEbi - V;JbEaj (A338)
=— PV E,j (A.339)

When the commutators are projected against the HF ket state we obtain,

[V, Eqi] [HF) = " Vpo By [HF) =Y VigE,q [HF) (A.340)
P q
= ViaEji [HF) + Y ViaEpi [HF) — Y Vi, E,; |HF) (A.341)
J b J
=2Viq [HF) + > ViaEyi [HF) — > Vi;E,; [HF) (A.342)
b J

([V, Ea), Evj] HF) = — Pi‘;-bVibEaj |HF) (A.343)
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The Divide-Expand-Consolidate (DEC) scheme is a linear-scaling and massively parallel framework for high
accuracy coupled cluster (CC) calculations on large molecular systems. It is designed as a black-box method,

which ensures error control in the correlation energy and molecular properties.

DEC is combined with

a massively parallel implementation to fully utilize modern manycore architectures providing a fast time to
solution. The implementation ensures performance portability and will thus easily benefit from new hardware
developments. The DEC scheme has been applied to several levels of CC theory and extended the range of

application of those methods.

INTRODUCTION

Coupled-cluster (CC) theory® has proven very success-
ful for the calculation of energies and molecular prop-
erties of small molecular systems dominated by a sin-
gle configuration. However, conventional CC calcula-
tions exhibit a high computational scaling with system
size. Even the lowest rung of the CC hierarchy, second-
order Mpller-Plesset perturbation theory (MP2), scales
as O(N?), while the highly successful CC singles and
doubles with perturbed triples (CCSD(T)) model scales
as O(N”) where N is a measure of the system size.
This scaling behavior prohibits CC calculations on large
systems of interest in, e.g., biochemistry or materials
science. For example, one of the largest conventional
CCSD(T) calculations was performed on a cluster of 20
water molecules? (1020 basis functions), while, for the
MP2 model, a calculation was reported on two graphene
sheets (C150Hz0)2* (9840 basis functions).

The scaling problems of the conventional CC algo-
rithms originate from the use of delocalized canonical
Hartree—Fock (HF) molecular orbitals to describe elec-
tron correlation effects which are local by nature. Local
electron correlation effects include short-range electron-
electron interactions (the so-called Coulomb holes in the
wave function) and dispersion forces, which decay as R~6
with the distance between induced dipoles. It is thus nec-
essary to abandon the canonical basis and devise local
correlation methods that enable an efficient description
of correlation effects to bypass the scaling wall of con-
ventional CC formulations. We present a brief review of
local correlation methods in the next section.

CC calculations face another problem in addition to
the computational scaling. Conventional CC algorithms
are hard to parallelize and the vast majority of CC cal-
culations today are carried out on laptop computers or
local clusters with a few hundred cores. However, dur-
ing the last decade, the speed of a single computer core
has remained virtually unchanged, while the number of

a)tkjaergaard@chem.au.dk

cores on a typical local cluster has increased dramati-
cally and will continue to do so. The importance of de-
veloping massively parallel algorithms has thus increased
immensely over the last decade, and this development
will accelerate over the next decade where new local
clusters with millions of cores becomes available at uni-
versities and private research institutions. Various mas-
sively parallel conventional CC implementations based on
distributed-memory tensor contraction frameworks have
been presented at substantial implementation effort.>?
In spite of these impressive implementations the under-
lying scaling of the CC models prohibits large scale CC
calculations.

In order to enable CC calculations for large molecu-
lar systems, the CC algorithms must thus not only ex-
ploit the locality of electron correlation to bypass the
scaling wall of conventional implementations but also ex-
ploit the technological advances of the manycore com-
puter architectures. In other words, the next generation
of CC methods must be both linear-scaling and massively
parallel. For proper utilization of large manycore archi-
tectures the algorithms must be embarrassingly parallel
in the sense that little or no effort is needed to sepa-
rate the problem into a number of parallel tasks. The
Divide-Expand-Consolidate (DEC) scheme, %23 which is
the subject of this review, is a linear-scaling, massively
parallel, and task-based local correlation method suited
for highly accurate CC calculations on contemporary and
future manycore architectures.

LOCAL CORRELATION METHODS

In this section we briefly review existing local corre-
lation methods for calculating CC energies. A common
feature of local correlation methods is that the corre-
lated calculation is expressed in a local basis and that ap-
proximations are introduced in order to reduce the com-
putational complexity compared to a conventional CC
implementation without introducing unacceptable errors
in the calculated energy. The key to success is to use
a highly local orbital basis and to find a proper bal-
ance between cost and accuracy. We may divide local



correlation approaches into two subcategories—the wave
function-based approximations and the fragment-based
approximations.

The main philosophy of the wave function-based ap-
proximations is to express the standard CC wave func-
tion W with a reduced set of parameters,

\IJCC — \ilcc. (1)

The approximations in Voo typically involve that the
virtual excitation domain for each pair of occupied lo-
calized molecular orbitals (LMOs) is restricted and that
pair correlation contributions between well separated oc-
cupied LMOs are neglected or approximated in some way.
Given a set of approximations the full molecular CC am-
plitude equations are solved for the approximate wave
function Wee to yield the CC amplitudes and correla-
tion energy.

In contrast, for fragmentation-based approximations,
the CC amplitude equations are not solved for the full
molecular system in terms of a single calculation. Rather,
the energy E is divided into fragment energy contribu-
tions Ey,

E— Y Ey, (2)
f

and a calculation on a large molecular system is parti-
tioned into many small and (usually) independent frag-
ment calculations. A set of reduced CC amplitude equa-
tions is solved for each fragment to obtain the fragment
energy Ey, and the fragment energies are added up to
yield the total energy.

The main drawback of the fragment-based approxi-
mations compared to the wave function-based approxi-
mations is that the fragments generally overlap, which
leads to recalculations of many integrals and CC am-
plitudes. On the other hand, the fragment-based ap-
proaches are by design easy to parallelize and therefore
better suited for modern manycore architectures than the
wave function-based approaches. Furthermore, the stor-
age requirements become independent of system size for
fragment-based approaches, while they grow (at least lin-
early) with system size for the wave-function based ap-
proaches, which leads to limitations in the system sizes
than can be treated. Clearly, there are pros and cons of
each approach, and in the following subsections we dis-
cuss the most prominent examples of wave function-based
and fragment-based approximations along with the local
basis employed.

Wave function-based local CC approximations

The wave function-based local CC approximations
originate from the work of Pulay and Saebg where the CC
calculation was expressed in terms of a set of occupied
LMOs and a set of projected atomic orbitals (PAOs) for
the virtual space.2427 The method was later refined and

also extended to gradients.?® 43 For each pair of occupied
LMOs a local correlation domain containing a subset of
PAOs is assigned. The PAOs constitute a nonorthog-
onal and redundant basis for the virtual orbital space,
and the standard (canonical) CC algorithms must thus
be modified to take this into account.

While the PAO basis allows for significant reductions
in terms of the number of CC amplitudes to consider, the
virtual parameter space may be further compressed using
pair natural orbitals (PNOs),44 which are constructed
from (an approximation to) the MP2 correlation density
matrix for each electron pair. For example, the domain
based local PNO (DLPNO) CCSD(T) method*$*® have
been used successfully for many applications within com-
putational chemistry.?*%* Local CC methods relying on
orbital-specific virtuals (OSVs)35%6 have also been devel-
oped and are closely related to PNOs.

Fragmentation-based local CC approximations

The fragmentation-based approaches may be further
subdivided into methods that partition both the HF and
correlated parts of the CC calculation and methods that
partition only the correlated calculation.

Fragment-based HF and correlation approaches

One example of such methods is the divide-and-
conquer (DC) approach, which was originally devel-
oped for HF and density-functional-theory (DFT)3759
and later extended to CC methods.%%%2 In the DC
formalism,®® the one-electron density matrix is con-
structed from subsystem density matrices, thus avoiding
the O(N?) scaling solution of the Roothaan-Hall equa-
tions. The correlated treatment in DC approaches makes
use of subsystem orbitals obtained in the DC variant of
the HF method.

Another contribution to this category is the Fragment
Molecular Orbital (FMO) approach,® in which a physi-
cal fragmentation of the molecular system is performed.
The fragmentation is done such that bond electron pairs
are preserved when electrons are assigned to fragments.
The FMO approach effectively eliminates memory bot-
tlenecks and have been applied to very large systems.54:6°
The algorithm is embarrassingly parallel but the physi-
cal fragmentation puts a limit on the accuracy that may
be achieved.% Similar physical fragmentation approaches
with (capped) fragments have also been reported.5” 7

Fragment-based correlation approaches

As for the wave function-based approximations, the
fragment-based correlation methods rely on a conven-
tional HF calculation. Three main schemes have been de-
veloped in this category. In the incremental scheme, 67



the correlation energy is expressed as a many-body ex-
pansion. The molecular orbitals are thus divided into sin-
gle fragments (one-body) and the accuracy is controlled
by the size of the fragments as well as the order of the ex-
pansion (usually using a two-body or three-body expan-
sion). In the Cluster-in-Molecule (CIM)8° ! approach,
occupied LMOs are used to partition the calculation of
the correlation energy into small and independent frag-
ment calculations that each uses a subset of the total
orbital space. We note that the original formulation of
the CIM method®® employed a partitioning approach in
terms of single and pair orbital clusters, while this ap-
proach has been abandoned in favor of having only sin-
gle clusters.®! Some of the pairs were later reintroduced
for improved accuracy.6 The original formulation of the
CIM method®® also employed localized virtual orbitals,
which was later abandoned in favour of a set of local vir-
tual orbitals constructed for each fragment from PAOs.8!

Finally, the DEC scheme also belongs to this category
and is closely related to the CIM approach. DEC differs
from CIM, since the correlation energy is partitioned into
atomic fragments and pair fragments, rather than single
orbital clusters, and the DEC fragments are determined
dynamically in order to ensure error control in the final
correlation energy. The DEC scheme is reviewed in detail
below.

Local orbital basis

A large variety of local occupied and local virtual or-
bitals have been used in the different local correlation
methods. The wave function-based CC approximations
and the fragmentation-based correlation approaches use
local occupied orbitals that most often have been deter-
mined using Boys“? or Pipek-Mezey®® localization func-
tions. Recently, advanced orbital localization functions,
such as the square of the fourth central moment local-
ization function,* have been introduced where the lo-
calized orbitals are less system dependent than the Boys
or Pipek-Mezey localized orbitals. The more advanced
localization functions combined with a robust optimiza-
tion strategy®® makes it possible to determine localized
virtual orbitals, even for systems that are traditionally
considered to have delocalized electronic structure.?-97
The localized virtual orbitals constitute an orthogonal
and non-redundant set, and are very convenient for a
straightforward application of standard CC implementa-
tions in local correlation methods.

PAOs have played a central role in the development
of local correlation methods. However, they constitute
a nonorthogonal and redundant set of virtual orbitals
which often complicates the algorithmic expressions. In
wave function-based approximations, PAOs can be used
as a basis for expanding PNOs* or OSVs,”® which fur-
ther complicates the CC algorithms but lead to a very
compact representation of the CC amplitudes.”® On the
other hand, it has also been shown that localized virtual

orbitals obtained using advanced localization functions
are more spatially local than PAOs.?697 Clearly, the op-
timal choice of orbitals in local correlation methods is
still a very active research field.

THE DIVIDE-EXPAND-CONSOLIDATE SCHEME

The DEC scheme is designed to be a linear-scaling,
highly accurate, and massively parallel CC method appli-
cable to very large molecular systems. It is implemented
in the LSDalton program,®® which is a part of the Dalton
suite.'00

The three most important features of the DEC scheme
compared to other local correlation methods are the fol-
lowing:

e The sizes of the fragments are determined dynami-
cally in a black-box manner to ensure error control.

e The DEC scheme is combined with a massively
parallel implementation, with three levels of par-
allelism.

e The virtual space is described using localized vir-
tual orbitals.94:95:97,101,102

The theoretical foundation for the DEC scheme and its
implementation will be detailed in the following sections.

The Divide-Expand-Consolidate energy expression

In CC theory the total energy of a molecular system
may be written as a sum of a HF and a correlation con-
tribution

Ecc = Eur + Ecorr ) (3)

where the CC correlation energy for a closed-shell system
is defined as

COI‘I‘ - Z Z tab + ta

ij ab

zgazbj - gbm]) (4)

Here, gqip; are the electron repulsion integrals (ERIs) us-
ing the Mulliken notation, ¢{ and t;-l;’ denote singles and
doubles CC amplitudes, and indices i, j, ... refer to oc-
cupied HF orbitals, while a, b, ... refer to virtual HF or-
bitals.

In a DEC calculation we initially determine a set
of localized occupied and virtual HF molecular orbitals
(MOs) and assign these to the atomic site nearest to the
MO’s center of charge. The CC correlation energy Ecory
may then be expressed as

Nirag Ntrag

> |Er+ ) AEpq (5)

P Q<P

Eeorr =



where Niag is the number of the atomic fragments and
the atomic fragment energy Ep and the pair fragment
interaction energy AFEpq are defined according to,

Ep = Z Z (t8) + t817)(29aibj — Gbias) » (6)

ijeP ab

YRR
i€P ab
Jj€eQ

+ ZZ tab +ta
i€Q ab
Jjer

AE’PQ 29(111)] gbiaj)

2gmbj gbiaj)7 (7)

where the MOs are now assumed to be local and P de-
notes the set of local occupied orbitals assigned to atomic
site P.

The correlation energy in Eq. (5), (6), and (7) does
not contain any approximations and using these equa-
tions yield the exact correlation energy. In DEC we have
thus divided the calculation of the correlation energy into
Nirag +1/2- Nivag (Nirag — 1) independent fragment calcu-
lations. The computational savings arise when screening
techniques are used on each fragment calculation. The
screening used to reduce the computational effort arises
from the locality of the MOs. The integral gq,; vanishes
when the molecular orbital ¢, is spatially far from ¢; and
the summation over the virtual orbitals in Eq. (6) and
Eq. (7) may therefore be restricted. The set of virtual
orbitals that are important for atomic site P is denoted
[P].

The summation restrictions in the fragment energy cal-
culations are determined in a black-box manner (see next
subsection) and allow us to write atomic fragment and
pair fragment interaction energies as

Ep = Z Z tab + tat 29aibj - gbiaj) 3 (8)

JEP qbe[P)
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The set of virtual orbitals used for the pair fragment
interaction energies are chosen as the union of consti-
tuting atomic fragment spaces, justified through a lo-
cality analysis.'1''? Note that the definition of AEpg
have changed since the original expression'® had an in-
herent error similar to the basis set superposition error
(BSSE).!!

The CCSD(T) model is often described as the gold
standard of quantum chemistry and it is therefore of ut-
most importance to enable CCSD(T) calculation with
the DEC scheme. However, the conventional formulation

of the (T) correction to the CCSD correlation energy'®3
cannot easily be partitioned into atomic fragment and
pair fragment energy contributions. In Ref. 23 it was
shown how the (T) correction could be expressed in an
alternative form which only requires an additional o3v*
scaling step compared to a conventional CCSD(T) im-
plementation but can be partitioned in analogy with the
standard CC correlation energy (see Ref. 23 for further
details),

Nirag - Nirag -
T T T
EM=3"1Ey+ > ABpg (10)
P Q<P
with
B =23 S (oo 93 Y g
ijeP abe[ﬁ] i€l 4P

(11)
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The 71-‘_17-17 and T} intermediates are defined as:104
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where, by analogy with the virtual spaces, [P] denotes
the set of occupied orbitals assigned to atomic sites in
the vicinity of center P. The triples amplitudes fablg are
obtained from the CCSD doubles amplitudes (see Ref 23
for further details) and Laib; = 29aibj — Gbiag-

The energy partitioning presented in Eq. (8) and (9)
is based on the assignment of local occupied orbitals
to atomic sites and is denoted the occupied partition-
ing scheme. However, since in DEC we use both local
occupied and local virtual orbitals we may also formu-
late a virtual and a Lagrangian partitioning scheme.!3
The three partitioning schemes yield independent ways
of evaluating the correlation energy and may therefore be
used to estimate the error associated with a DEC calcula-
tion. Virtual orbitals are usually less local than occupied
orbitals?” and larger fragments occur in the virtual and
Lagrangian partitioning scheme than in the occupied par-
titioning scheme which is therefore generally preferred.
However, the virtual partitioning scheme is necessary in
DEC calculations of molecular gradients.!418



The atomic fragment optimization

In the previous section we described how the correla-
tion energy may be partitioned into atomic fragment and
pair fragment interaction energies. In this section we de-
scribe how the occupied and virtual orbital spaces [P]
and [P] can be optimized for atomic fragment P to give
a fragment energy Ep with an error determined by the
fragment optimization threshold (FOT).

The atomic fragment energy Ep in Eq. (8) may be de-
termined from the energy orbital space (EOS), Pros =
P U [P]. However, due to the coupling between the CC
amplitudes it is not possible to simply solve the CC am-
plitude equation in Pgos. The coupling can be taken
into account by solving the CC amplitude equations in an
extended orbital space, which includes additional occu-
pied buffer orbitals denoted the amplitude orbital space
(AOS), Paos = [P]U[P]. Note that the occupied orbitals
in the EOS (i € P) are fixed by the orbital assignment
and that the virtual orbital space is the same for the
EOS and the AOS. Assuming [P] and [P] to be known,
the calculation of the atomic fragment energy Ep can be
performed as follows:

1. Solve the CC amplitude equations in Paos.

2. Extract the CC amplitudes from Paopgs to Pros.
3. Calculate the two-electron integrals in Pros.
4

. Use the CC amplitudes and integrals in Pgos to
calculate the atomic fragment energy as in Eq. (8).

The strategy used in DEC to determine the spaces
[P] and [P] that give atomic fragment energies to the
FOT accuracy can be divided into two steps, a fragment
expansion step followed by a fragment reduction step.
In the fragment expansion we generate a priority list I’
that describe the importance of each local orbital for the
fragment energy Ep. Due to the locality of correlation
effects, the distance between the center of charge of a
given orbital and the atomic site P has been used to gen-
erate the list I, but other lists, for example, based on
the numerical overlap of the orbitals or the Fock matrix
elements have also been tested and led to similar results.

The fragment expansion starts by selecting an initial
space ([P] and [P]) from the priority list and calculat-
ing the fragment energy according to the recipe outlined
above. The orbital spaces may then be expanded based
on the priority list and an improved fragment energy is
calculated. This process is repeated until the difference
between the last two fragment energies is below the FOT.
The fragment expansion procedure is illustrated in the
left part of Figure 1. Note that at each expansion step
we have to make sure that a sufficient number of orbitals
is added to avoid false convergence.

Pair fragment interaction energies AEpg, are cal-
culated in the union of the atomic fragment spaces
PQaos = ProsUQaos. However, it is clear that the pair
fragment orbital spaces may become much larger than

the atomic fragment spaces, and that many more pair
fragments than atomic fragments have to be calculated.
As a consequence, any reduction in the size of the AOS
for the atomic fragments will lead to important compu-
tational savings for the pair fragments. For that reason,
we have introduced a fragment reduction procedure for
the expanded AOS where a binary search is carried out
to remove orbitals without introducing errors larger than
the FOT in the atomic fragment energy. The determi-
nation of the fragment orbital spaces is summarized in
Figure 1 and is considered in greater details in Ref. 12.
The error control of the atomic fragment optimization
comes with an overhead, and an improved fragment op-
timization procedure is an ongoing research direction in
optimizing the DEC scheme.

Finally, we note that for DEC-CCSD or DEC-
CCSD(T) calculations, the fragment optimization proce-
dure may be performed at a lower lever of theory. In Ref.
23 the fragment optimization procedure was performed
at the DEC-MP2 level of theory, instead of the targeted
DEC-CCSD and DEC-CCSD(T) models.

The locality of electron correlation is system depen-
dent and the aim of the fragment optimization procedure
is to obtain a method that provides the same recovery of
the correlation energy for all systems, independently of
the complexity of the electronic structure. The fragment
spaces tend to be bigger for systems characterized by a
delocalized electronic-structure such as graphene than for
systems containing only non-conjugated covalent bonds.
In particular for systems with a delocalized electronic-
structure it is important to use the most advanced or-
bital localization functions, such as the squared fourth
moment localization function,* since these localization
functions are capable of giving localized sets of orbitals
that are very little system dependent.®”

The pseudo-canonical basis and the DEC amplitude
equations

In the fragment energy calculations of the DEC scheme
the CC amplitude equations must be solved in the AOS.
This is done by transforming the set of local orbitals into
a pseudo-canonical basis, which is defined by diagonaliz-
ing the local Fock matrix blocks F;; (ij € [P]) and Fgy
(ab € [P]). The pseudo-canonical basis is traditionally
denoted using capital letters I, J.

The CC amplitude equations are better conditioned in
the pseudo-canonical basis and the MP2 amplitudes'®
and (T) intermediates?® can be obtained in a non-
iterative fashion using standard canonical CC algorithms.
Once the amplitude equations have been solved in the
AOS, the amplitudes must be transformed back to the
local basis (t{8 — t?]b) in order to extract the EOS am-
plitudes and calculate the fragment energy. A similar
operation is performed for the (T) intermediates (Tl‘;b
and T in Eq. (13)).
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FIG. 1. Illustration of the fragment optimization procedure, Ep is the atomic fragment energy associated to atomic site P,
Paos denotes the space in which the CC amplitude equations are solved and FOT is a user-defined threshold.
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FIG. 2. Decay of the MP2 pair fragment interaction ener-
gies |AEpg| with the pair distance Rpq for a reduced titin
protein'® (392 atoms) using a cc-pVDZ basis set (3772 basis
functions). The expected R;% pair decay is also plotted. The
pair fragment interaction energies are separated into the cal-
culated “final” pairs (in green) and the pairs screened away
by the pair screening procedure (in blue).

The Pair Fragment calculations

The DEC scheme is only linear-scaling provided that
the number of pair fragments scales linearly with the sys-
tem size. Due to the decay of dispersion interactions, the
pair fragment interaction energy AEpg decay as R;g
with the distance Rpg between atomic sites P and Q. A
real-space cut-off Rsereen may therefore be used to screen
away pairs with a distance greater than the distance
screening threshold, e.g. Rpg > Rgcreen, leading to a
linear-scaling algorithm. This procedure was used in Ref.
10,13-16,106-108. Two issues arise with such a strategy:
(i) the number of pair fragment interaction energies cal-
culated becomes independent of the FOT and in order to
converge to the standard CC correlation energy both the
FOT and Rscreen would have to be adjusted, (ii) the pair
fragment interaction energies for a given pair distance

can spread over several orders of magnitude (see Figure
2), hence, a significant number of the pairs included with
a distance screening threshold are less important than
some of the pairs screened away. Those issues can be ad-
dressed by considering a pair screening strategy based on
an estimation of the pair fragment interaction energies.
To introduce such a strategy we rewrite the correlation
energy in Eq. (5) in terms of a sum of effective atomic
fragment energies ep

Ntrag

Ecorr = § €p.

P

(14)

where the effective atomic fragment energy for atomic
fragment P is a sum of the atomic fragment energy Ep
and an average pair fragment interaction energy K%’ that
describes the interaction between the atomic site P and
the other atomic sites

ep=Ep + E. (15)
where
, 1
Ep =3 > AEpq. (16)

Q#P

In a previous section we described how an atomic frag-
ment energy Fp may be determined to the FOT accu-
racy. In the rest of this section we describe how a pair
fragment screening may be applied to ensure that the av-
erage pair fragment interaction energy is also determined
to the FOT accuracy.

To obtain such a pair fragment screening we calculate
pair energy estimates at the MP2 level, using minimal
orbital spaces, chosen based on the priority list I”, such
that we obtain pair energy estimates AE}’DSS which re-
cover 80-95% of the ”exact” MP2 pair fragment interac-
tion energies while being very cheap in terms of compu-
tational resources. A very conservative real-space cut-off



Recreen = 30A ensures a linear-scaling number of pair
energy estimates.

Once the pair energy estimates have been calculated,
the screening strategy proceeds as follows,

1. Order all pair energy estimates associated with a
given site P,

|AES]| < |AERS|--- < |AEBN,..|; (17)

where Niag is the total number of atomic sites in
the molecule.

2. Sum up the estimated contributions in the list
starting with the smallest values until it adds up

to the FOT,
1 &
- esti <
rr}z;x(Z ; |AEPQ|> < FOT (18)

3. All pairs AEI%SS in the ordered list for which Q <
Ip are then screened away and not calculated, at
the target CC level.

4. Repeat Step 1-3 for all atomic sites.

In Figure 2, we have plotted the decay of MP2 pair frag-
ment interaction energies with the pair distance Rpq for
a reduced titin protein (FOT= 10~* a.u.), see Ref. 105
for molecular structure. The plot shows which pairs are
kept and which are screened away by the procedure out-
lined above. In the reduced titin example only about
15% of the pair fragment interaction energies have to be
calculated.

The procedure presented in this section has been
applied to supramolecular wires comprising up to 40
monomers of 1-aza-adamantane-trione (AAT) molecules
(2440 atoms and 24440 basis functions)?® in order
to demonstrate the linear-scaling feature of the DEC
scheme. This is shown in Figure 3.

Error Estimates

The atomic fragment optimization and the pair screen-
ing procedures described in the previous sections have
been designed to ensure an error of the order of the FOT
in both the atomic fragment energy Ep and the average
pair fragment interaction energy E%’. In total the error
of a DEC calculation thus contains a correlation error

6 Fcory A 2NgragFOT (19)

The absolute error in the DEC correlation energy there-
fore increase linearly with the number of sites in the
system, while the error in the individual atomic frag-
ment energies is size-intensive. The electronic structure
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FIG. 3. Computational scaling with system size for AAT
molecular wires of increasing lengths using 14952 Titan
nodes.?° The blue line displays the ideal linear-scaling be-
havior. A molecular wire containing 10 AAT monomers and
one of the localized molecular orbitals are also shown.

is therefore described with a uniform accuracy for the to-
tal molecular system and size-intensive molecular prop-
erties, such as molecular gradients, may therefore be de-
termined to the FOT precision. The recovery of the full
correlation energy

EDEC

Apgc = “Forr

(20)
is also size-intensive, and for the array of calculations pre-
sented so far,'%17:19.20:22 Table I gives typical recoveries
for several FOTs. In summary, the FOT determines the
accuracy of both the individual atomic fragment energies
and the total correlation energy. This is an important
feature of the DEC scheme.

TABLE I. Typical recoveries for several FOTs.

FOT Apgc(%)
1073 98.2

107 99.8

107° 99.985
1076 99.998

The Divide-Expand-Consolidate parallelization

The DEC algorithm presented so far, scales linearly
with the system size for large enough systems, i.e. when
the orbital spaces are saturated for a given FOT and
when the number of pair fragments that survive the



screening procedure grows linearly. However, the linear-
scaling feature of DEC comes with a large prefactor and
the crossover with conventional algorithm occurs for large
systems. Nonetheless, the DEC scheme can be extended
to a wider range of molecules by realizing that the atomic
and pair fragment calculations are independent of each
other and can therefore be performed in parallel. This
significantly reduces the time-to-solution compared to a
conventional calculation. This feature is common to all
fragmentation approaches and makes the DEC algorithm
well suited for supercomputers and future architectures
with a large number of cores.

The DEC algorithm has been designed with three
levels of parallelization:'62° Coarse, medium, and fine-
grained. The coarse-grained parallelization takes advan-
tage of the independence of the fragment energy calcu-
lations, which can therefore be performed in parallel on
different computing units. The medium and fine-grained
level of parallelizations are not specific to DEC and are
designed to parallelize the solution of the CC amplitude
equations for each fragment. The fragment CC ampli-
tude equations are standard CC amplitude equations and
standard methods can be used for the parallelization of
each model. In the following, we therefore focus on dis-
cussing the coarse-grained level of parallelization.

At the coarse-grained level, the available computing
units are divided into a global master, driving the DEC
calculation through a set of local masters that each is
in command of a set of local slaves to execute the indi-
vidual fragment calculations. The global master starts
by constructing a job list where each job (an atomic or
pair fragment interaction energy calculation) is ordered
based on an estimation of the workload (the size of the
fragment orbital space). The global master then commu-
nicates to each local master the information necessary
to calculate a given fragment energy, starting with the
largest fragments. Once every local master has been as-
signed a fragment calculation, the global master waits for
the results from the local masters, and distributes the re-
maining fragment calculations on the joblist as the local
masters become available. When all the jobs have been
distributed, the global master waits for all the local mas-
ters to finish. Finally the global master calculates the
correlation energy based on Eq. (5). The parallelization
of the DEC scheme is illustrated in Figure 4.

Regarding the medium-grained parallelization, the
number of local slaves allocated to each local master is
determined on-the-fly, based on the workload of the cur-
rent job. Due to the steep scaling with fragment sizes
there is a huge difference in the computational cost of
the smallest and largest fragments. The medium-grained
parallelism ensures that more computational resources
are used for the more expensive jobs and thereby offsets
this difference to some extent. In practice each local mas-
ter starts with a large number of local slaves and during
the calculation each local master will be requested to per-
form smaller and smaller calculations (due to the ordered
job list). Omnce the number of slaves is too large com-
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FIG. 4. Schematic representation of the coarse and medium-
grained parallelization of the DEC scheme for a 12 fragment
calculation on 9 nodes. Node 0 corresponds to the global
master while each light green block correspond to a frag-
ment calculation. The red and grey lines denote local mas-
ter and slaves, respectively. Finally, the dashes inside the
fragments correspond to idle time during the medium-grained
parallelization, while the wiggles denote idle time during the
coarse-grained parallelization.

pared to the workload the local master appoints a new
local master from its set of slaves and divides the slaves
among the two local masters. This dynamic scheduling
is important in order to minimize the idling time of all
the computing units (see Figure 4). Such a parallelism
strategy allows the DEC algorithm to efficiently utilize
several thousands computer nodes as demonstrated in
Ref. 16 and 20. The strong scaling behavior with up to
18400 nodes has been demonstrated for 10 monomers of
AATSs,?0 see Figure 5.

In the atomic fragment optimization, the workload
associated with a given fragment varies and cannot be
known in advance. In that part of the calculation, we
therefore assign a fixed number of nodes to all fragments.
This can lead to significant idle time which is reduced
by distributing the calculation of the many pair energy
estimates to the nodes that are already done with the
fragment optimization.

Using CC methodologies that require large amounts
of I/O could result in a situation where all nodes read
or write to the file system simultaneously and this pose
a problem for parallel distributed file systems. Further-
more, the future of file systems are unknown, and op-
timal I/O behavior often hinders portability. Thus, in
the DEC scheme integral direct algorithms and parallel
distributed-memory storage have been exploited to avoid
I/O altogether.
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Overview of DEC developments

The DEC scheme was first introduced in Ref. 10 to-
gether with proof-of-concept calculations at the MP2 and
CCSD levels. A locality analysis of the MP2 and CCSD
amplitude equations was then presented!'! and refined!?
along with a practical implementation of the DEC al-
gorithm. The virtual and Lagrangian DEC partition-
ing schemes were introduced in Ref. 13 to provide an
internal consistency check of the calculated correlation
energy. These partitioning schemes were also central
for developing the DEC-MP2 molecular gradient.!* As
a first real application, we performed DEC-MP2 calcu-
lations on a single insulin monomer (787 atoms, 7604
basis functions) and reported the correlation energy and
the electrostatic potential of the molecule in a cc-pVDZ
basis.'®> The DEC-MP2 results were then used to bench-
mark DFT functionals for large molecular systems!07:108
as described in Figure 6. The three-level parallelism
strategy of DEC was detailed in Ref. 16 with calcu-
lations on two molecular systems containing 528 and
1056 atoms (4278 and 8556 basis functions) and using
47,120 and 94,240 cores. To reduce the computational
requirements of the DEC-MP2 model we applied the
resolution-of-the-identity (RI) approximation to the two-
electron integrals,!”1® ported parts of the code to gen-
eral purpose graphics processing units (GPGPUs),® and
applied the resulting code to supramolecular wires con-
taining up to 40 monomers of AATs (2440 atoms and
24440 basis functions).?? The DEC-RI-MP2 method has
also been extended with explicitly correlated (Fi2) tech-
niques to provide faster convergence to the complete ba-
sis set limit,?! and it has been augmented with a Laplace
transformation®? (DEC-LT-RIMP2), which offers signif-

icant speedup. Finally, the DEC-CCSD(T) model was
recently introduced along with proof-of-concept calcula-
tions on medium-sized molecules.??

DISCUSSION AND OUTLOOK

We have presented the DEC scheme as summarized
in Figure 7, which is a linear-scaling and massively par-
allel framework for CC calculations that ensures error
control in a black-box manner. These features enables
DEC-CC calculations that are outside the scope of stan-
dard CC algorithms.>16:19.20 Although DEC is a linear-
scaling method, its prefactor is very high since the orbital
spaces for the different fragments overlap, leading to re-
calculations of integrals and amplitudes. For calculations
on a single compute node, the cross-over point in terms
of computational effort between DEC and a conventional
(canonical) calculation therefore occurs for rather large
molecular systems, and if a canonical calculation is fea-
sible it is likely faster than the DEC calculation.!” How-
ever, if many compute nodes are available, the massively
parallel attributes of the DEC algorithm will lead to a
shorter time-to-solution than a canonical calculation. In
the future the floating point operations will likely con-
tinue to become cheaper and the number of cores on a
compute node will continue to increase. In such an en-
vironment, parallelization is crucial and a large amount
of recalculation is acceptable if it allows for a massively
parallel computational strategy.

The large-scale DEC calculations performed so far have
been carried out using the MP2 model,!%16:19:20 and at
this stage the redundancy in a DEC-LT-RIMP2?2 calcu-
lation is so limited that it is poised to become a main-
stream method, applicable on all computational architec-
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FIG. 6. Benchmarking DFT functionals against DEC-MP2
electrostatic potential. Top: difference between the MP2
and B3LYP electrostatic potential. Bottom: difference be-
tween the MP2 and CAMB3LYP electrostatic potential. It
was demonstrated'®” that B3LYP incorrectly predict partial
electron transfer from anionic to cationic sites due to a com-
bination of self-interaction errors and an incorrect distance
dependencies of the B3LYP functional. On the other hand,
the range-separated CAMB3LYP functional performs much
better because of the elimination of self-interaction errors at
long distances.

tures. The DEC-LT-RIMP2 method is effectively limited
by the preliminary HF calculation and orbital localiza-
tion.

In principle, the DEC scheme provides the framework
for a linear-scaling and massively parallel implementa-
tions of any CC model, but some technical challenges
remain to be solved before DEC becomes a mainstream
tool for the more accurate CC models. For example,
while the error control of the DEC-CCSD(T) method
has been demonstrated,?? the current DEC-CCSD(T) al-
gorithm can only be applied to large molecules for loose
FOT values, due to the sizes of the fragments encoun-
tered. For large compact molecules and using basis sets
of triple-¢ quality, the fragments often contain more than
1000 basis functions.'® Such dimensions are out of reach
even for massively parallel CCSD(T) implementations
and thus prevent high-accuracy DEC-CCSD(T) applica-
tions. However, the large pair fragments are often asso-
ciated with a minor energy contributions and it may be

10

Local HF orbitals

Atomic fragment optimization

Y Y Y
P Q R
[ [ [

1

Pair fragments
4

PQ ){ - | QR

4 4

1

Collect fragment energies

Pair estimates

Ecorrzz EP+ Z AE‘PQ
P

P>Q

FIG. 7. Overview of a typical DEC calculation. The HF or-
bitals are localized and assigned to atomic sites. The atomic
fragment optimization is then performed as described in Fig-
ure 1 along with the calculation of pair energy estimates used
for the pair screening procedure. The pairs that have not
been screened away are then calculated (usually the time-
dominating part). Finally, the fragment energies are collected
and added to obtain the total correlation energy.

possible to reduce the pair orbital spaces further without
compromising the precision of the final correlation en-
ergy. Alternatively, it may also be possible to reduce the
scaling of the high-level CC fragment calculations by con-
sidering tensor factorization techniques, PNOs, or other
fragment specific orbitals. For example, the DEC scheme
could be combined with PNO-based local CC methods
to fully exploit the sparsity of correlation effects in each
fragment calculation. Such a combination would allow
for CC calculations on systems of unprecedented sizes
where all bottlenecks of wave function-based approxima-
tions are removed through the DEC scheme.

Finally we note that the implementation of the DEC
scheme ensures performance portability and the DEC
scheme will thus automatically benefit from new hard-
ware developments and automatically extend its appli-
cation range as computational resources become more
affordable.
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The theoretical foundation for solving coupled cluster singles and doubles (CCSD) amplitude
equations to a desired precision in terms of independent fragment calculations using restricted
local orbital spaces is reinvestigated with focus on the individual error sources. Four different
error sources are identified theoretically and numerically and it is demonstrated that, for practical
purposes, local orbital spaces for CCSD calculations can be identified from calculations at the MP2
level. The development establishes a solid theoretical foundation for local CCSD calculations for
the independent fragments, and thus for divide—expand—consolidate coupled cluster calculations for
large molecular systems with rigorous error control. Based on this theoretical foundation, we have
developed an algorithm for determining the orbital spaces needed for obtaining the single fragment
energies to a requested precision and numerically demonstrated the robustness and precision of this
algorithm. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4947019]

I. INTRODUCTION

Highly accurate calculations of molecular energies and
properties have been feasible for many years using coupled
cluster (CC) theory. While it is possible to achieve accuracies
challenging experiment,! the CC hierarchy of methods in a
conventional formulation is restricted to small molecules due
to an inherent high-polynomial scaling. With the increasing
experimental possibilities and general interest in life and
material sciences to address more and more complex chemical
systems, the need for highly accurate electronic structure
calculations for large molecules is growing rapidly. Since the
steep scaling of the CC methods is a direct consequence of
the nonlocal nature of the routinely used canonical Hartree-
Fock (HF) orbitals, it was realized early that local orbitals
would allow for an accurate linear-scaling description of the
electronic correlation effects in large molecules and several
local CC methods have been developed since.

Local correlation methods were pioneered by Pulay and
Saebo,>* and an early prominent contribution is the local
coupled cluster (LCC) method of Werner and coworkers.*>
Many other local CC methods have been proposed, e.g.,
the atomic orbital (AO)-based CC,%’ the natural linear
scaling approach,® the cluster—in—a—molecule approach,’!!
the divide-and-conquer approach,'>!3 the fragment molecular
orbital (MO) approach,'*!3 and the incremental scheme.!'®!7
Linear scaling has also been achieved in second order
Moller-Plesset perturbation theory (MP2) calculations using
a Laplace-transformation of the energy denominator'® with
an effective integral screening.'®? In recent years the highly
successful pair natural orbitals>'~2* and orbital specific virtual
orbitals’* have been used in order to achieve linear scaling

DElectronic mail: pettenhuber @ gmail.com

0021-9606/2016/144(16)/164116/16/$30.00

144, 164116-1

for CC methods. In local CC methods, ad hoc approximations
have often been introduced, for example, by assigning fixed
virtual correlating orbital spaces to local occupied orbitals, or
by a physical fragmentation of the molecule. The precision of a
local correlated calculation compared to a standard calculation
is in general made unclear by these approximations.

In the standard CC methods, the precision of a calculation
is determined by the residual norm threshold for the cluster
amplitude equations. The precision is thus defined prior to a
calculation. This a priori knowledge of the precision is an
important feature and one of the reasons for the success
of CC calculations on small molecular systems. In the
recently introduced divide—expand—consolidate (DEC) local
CC method,?=3? the precision is similarly defined prior to
a calculation. In the DEC method, a calculation on a full
molecular system is divided into a sequence of single fragment
and pair fragment calculations referencing small parts of the
orbital space of the full molecular system and the precision
is defined by the fragment optimization threshold (FOT) that
is imposed on the single fragment energy calculations. The
FOT is used to identify the orbital spaces where the cluster
amplitude equations have to be solved to give the single
fragment energies to the FOT precision. Using unions of single
fragment orbital spaces in the pair fragment calculations, the
precision of the total energy is ultimately determined by the
FOT value as demonstrated numerically in Refs. 25-27, 31,
and 32. In this paper, we describe how these orbital spaces for
the single fragment calculations may be determined for the
MP2 and CC with singles and doubles excitations (CCSD)
models. The screening of pair fragments that is necessary
to obtain a linear-scaling algorithm for determining the total
correlation energy with rigorous error control will be described
in a forthcoming publication.

A DEC calculation may be described both in terms of
an occupied and a virtual partitioning of the CC correlation

Published by AIP Publishing.
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energy,?’ which provide two alternative ways of partitioning
the correlation energy for the full molecular system into
fragment calculations using subsets of the complete molecular
orbital space. These two partitioning schemes therefore
provide an internal consistency check of the precision” and
both schemes have been required for calculating molecular
gradients.?® We have previously carried out a locality analysis
for the occupied partitioning scheme, which demonstrates
how orbital spaces may be selected for evaluating the single
fragment energies.’® In this paper, we improve and generalize
this locality analysis to include the virtual partitioning
scheme. We analyze the general coupling mechanisms in
the MP2 and CCSD amplitude equations theoretically as
well as numerically, and we investigate the resulting errors
when the amplitude equations are solved in a restricted
local orbital space. For MP2, the only coupling mechanism
is caused by short-ranged Fock matrix terms in the MP2
amplitude equations, while for the CCSD model, orbital space
extensions may also occur via a mechanism involving long-
range interactions originating from two-electron integrals in
the CCSD amplitude equations. We demonstrate that both the
MP2 and CCSD equations may be solved in local restricted
orbital spaces with rigorous error control in the single fragment
energy.

In Section II we summarize the DEC algorithm. In
Section III we analyze the locality of the MP2 and CCSD
amplitude equations and identify the coupling mechanisms in
the amplitude equations. In Section IV we use this information
to develop a practical black-box algorithm that may be used to
determine the single fragment energies to the FOT precision.
In Section V we analyze the efficiency of the single fragment
optimization algorithm numerically and in Section VI we give
some concluding remarks.

Il. THE DEC ALGORITHM SUMMARIZED

In this section we briefly summarize the DEC-CC method
with emphasis on giving the background that is required for
determining the local orbital spaces needed to solve cluster
amplitude equations and obtain the single fragment energies
to the predefined FOT tolerance.

The CC correlation energy for a closed-shell molecular
system may be expressed as

wrr Z(l +t t; )(2gza/b gibja)

iajb

= > T8 Liajn, (1)

iajb

where ¢ and t“ﬁ" are the singles and doubles cluster
amplitudes, respectively, g;4 5 are two-electron integrals in the
Mulliken notation, and we have introduced 72" = 1/ + 117
and Liqjp = 2iajb — gibja- Indices i, j (a,b) refer to occupled
(unoccupied) HF molecular orbitals (MOs) {¢} and indices
p,q,r,s,t denote MO indices of unspecified occupation. For
simplicity we assume real MOs throughout the paper.

For a set of local HF orbitals, each orbital may be assigned
to a site (e.g., an orbital, a collection of neighboring orbitals,
an atom, or a collection thereof) P,Q,. . .. Each site P thus gets

J. Chem. Phys. 144, 164116 (2016)

assigned a set of occupied P and unoccupied P orbital indices.
For local orbitals a charge distribution w,, = ¢, ¢, is nonzero
only if the MOs ¢,, and ¢, are close in space. An integral g;q i,
is thus non-negligible only if the charge distributions w;, and
wjy, are non-negligible, i.e., orbitals ¢; and ¢, are assigned to
sites that are close to each other and similarly for orbitals ¢;
and ¢;,. If ¢; and ¢; (¢, and ¢;,) are both assigned to site P, we
will write i,j € P (a,b € P), and Jiajb is non-negligible and
contributes to the energy only if a,b € [P] (i,j € [P]), where
the bracket denotes the set of orbitals spatially close to site
P, including P itself. For compactness we will collectively
refer to the local occupied [P] and virtual [P] orbital spaces
as [P].

Replacing the summations in Eq. (1) by summations over
sites and pairs of sites and using that some of the two-electron
integrals may be neglected (to a given precision), we may
write the correlation energy as®>?

E<x0n = Z Ex QZPE;)Q] (2)

where x refers to either the occupied (x = o) or the virtual
(x = v) partitioning scheme. The occupied single fragment
energy Ef for site P and occupied pair interaction energy
Ep, between sites P and Q may be expressed as

Ep= > > ' Liap 3)

L,J€P a4, be[P)
and
Epo= 20, 2, TlLam @
;ES {:5 a,be[P)U[Q]

The virtual single fragment energy E}, and pair interaction
energy Ep,, may similarly be calculated according to

Ey= > > 1%L )

a,beP i,j€[P]
and
Ero= 2,2, D, TlLup  (©
acP  beP i,j€[P]U[Q]
bsQ asQ

If all orbitals are included in [P] and [P] for all sites P then
Egs. (1) and (2) are identical for both the occupied and the
virtual partitioning schemes.

The evaluation of the occupied single fragment energy £
requires the amplitudes of the occupied energy orbital space
(EOS) in Eq. (3). To indicate that a four-index quantity, le‘jb,
is restricted to the occupied EOS, we write

X{P e Ploss @)

where $PFq refers to a collection of four orbital indices with
i,j € P and a,b € [P]. We will use the following compact

o0 .
notation for Pg¢:

P x [P]x[P]

Plos = P x =P x [P (8)

Similarly, £}, requires the amplitudes of the virtual EOS from
Eq. (5), which can be written as

0o = [P X P ©)
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FIG. 1. Schematic illustration where the upper and lower rows of squares
symbolize the sets of virtual and occupied orbitals assigned to a center,
respectively. The orbitals assigned to site P are shown as red squares. The
space outside P where the integrals L;,p entering the fragment energy Ey,
are non-negligible is shown in magenta for the occupied (a) and virtual (b)
partitioning schemes. (a) Schematic drawing of $g. (b) Schematic drawing

of Plos-

Plos and PL are depicted schematically in Fig. 1. We
henceforth use the generic Pgos’ Ej, and E;‘,Q to refer
to one of the partitioning schemes. In order to obtain the
single fragment and pair interaction energies to the predefined
precision, the amplitudes of P74 have to be known, and the
accurate determination of these is the focus of the following
discussion.

When evaluating fragment energies Ey in local orbital
spaces, two primary error types arise. To illustrate these two
error types, we consider the evaluation of a fragment energy
E¢ of the occupied partitioning scheme. The two error types
may be summarized as follows:

1. the summation restriction ab € [P] in Eq. (3) in the
evaluation of Eg;

2. the amplitudes used for evaluating Ef, are obtained by
solving the amplitude equations in a restricted orbital
space.

Note that in the limit where the amplitudes are obtained from
a calculation that includes the total orbital space, only error
type 1 is present. To schematically illustrate how the two error
types affect the size of the orbital space, we have plotted the
errors in EJ in Fig. 2 for a typical system. The errors in

Fragment energy error

Distance

FIG. 2. Schematic illustration of the different error types that are present
when fragment energies E3, are evaluated. Each point represents the fragment
energy error when orbitals within a certain distance cutoff from site P are
included. Magenta, solid line: error type 1; green, dashed line: error types 1
and 2; black arrow: error type 2. See text for details.
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E7 are then given for two cases where the orbital space is
truncated at a given distance from site P. For the solid magenta
line, amplitudes have been obtained from a calculation that
includes the total molecular orbital space and the summation
(Eq. (3)) has been truncated. The magenta line therefore only
displays the decay of errors of type 1. For the green dashed
line, amplitudes are used where the amplitude equations have
been solved in an orbital space that has been truncated at the
same distance from P as used for the EOS. Thus, the dashed
line contains errors of both types 1 and 2. The difference
between the dashed and solid lines therefore represents errors
of type 2. In order to evaluate E} to the requested FOT
precision in a practical calculation, it is therefore necessary to
include the coupling space, denoted by the arrow, in addition
to the EOS. The mechanisms which define the coupling space
in MP2 and CCSD calculations are identified in Section III.

lll. THEORETICAL ANALYSIS: ORBITAL SPACES
IN DEC-CC FRAGMENT ENERGY CALCULATIONS

In this section we carry out a theoretical locality analysis
to identify the mechanisms that are responsible for introducing
the coupling between the amplitudes of the EOS and the
amplitudes of the neighboring orbital spaces. After these
mechanisms have been established, we discuss how the
coupling may be included in a fragment energy calculation to
obtain EOS amplitudes giving the single fragment energy to a
predefined precision. In Sections III A and III B we describe
the MP2 and CCSD models, respectively, while Section III C
contains numerical support for the theoretical analysis. Note
that the following discussion is a theoretical analysis, while
the practical implementation is described in Section IV.

A. Space extensions in MP2 fragment calculations

The MP2 amplitude equations constitute a set of linear
equations with a positive definite coefficient matrix

Z’;}kFac + Zl?f‘Fbc - Z[Z})Fki - Zl?kthj = ~Gaibj-
c c k k
(10)

If a canonical HF basis is used, the Fock matrix is diagonal
and Eq. (10) is solved in one iteration. If a basis of local
orbitals is used, the Fock matrix is diagonally dominant®> and
Eq. (10) may be solved in a few iterations using standard
iterative algorithms, such as the conjugate gradient or the
conjugate residual methods.>*33 In this section, we will use
the conjugate residual method as an analysis tool for solving
the MP2 amplitude equations in a restricted orbital space. For
the locality analysis we assume that Eq. (10) is expressed in
terms of a set of local HF orbitals and that the Fock matrix
and the two-electron integrals are local. These assumptions are
backed up numerically in Appendix A for a set of molecules.

1. Ilterative solution of the MP2 amplitude equations

When solving Eq. (10) using the conjugate residual
algorithm, the amplitudes of iteration (n + 1) are determined
from the amplitudes of iteration n,
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b _ .ab b
t;‘jwl tf‘, '+ aR:‘J i (11)

where the residual R;lj”n of iteration n

ab _ chb ac
le n = ~Yaibj — Z tij,nFaC - Z [ij,thC
c (&
ab ab
+ Ztkj’an,- + Z 13 Fi (12)
k k

is used as a search direction. In the conjugate residual method,
a line search is performed along the residual direction by
optimizing the « parameter. The line search affects the
convergence rate of the algorithm, but it does not influence how
new orbital spaces are introduced in the iterative algorithm.
For simplicity, we therefore set @ =1 in the rest of this
analysis.

In iteration n, the single fragment energy for fragment P
is

Eﬁ n Z tl_/ n “Ub’ (13)
EO§

where the summation over P} ¢ indicates a summation with
tu »Liajb € Plos as defined by Egs. (8) and (9), i.e., for
the occupied partitioning scheme (x = 0), the indices will
be restricted as i,j € P and a,b € [F], while, for the virtual
partitioning scheme (x = v), i,j € [P] and a,b € P. Using
Eqs. (11) and (13) the energy change in iteration n, AE}, |, is
given by

AE;C’n = EIX’n E;CJ n-1
Z R, \Liajb, (14)
EOS

where Ej ; = 0. The converged single fragment energy may
then be written as
Nit

Ej= ) AE},, (15)
=1

where we have used Egs. (13) and (14) and where E} = E} s
and n;, is the total number of iterations in the iterative scheme.
The residual R, € P approaches zero with increasing n and
AEy , therefore becomes negligible. In Sec. III A 2, we will
apply the iterative procedure defined by Eqs. (11) and (12) and
analyse the propagation of the orbital space throughout the
iterative procedure to identify the target orbital space required

for determining E7, to the predefined precision.

2. Propagation of orbital spaces during
the iterative procedure

The EOS amplitudes are defined in the g, and Pgq
spaces for the occupied and virtual partitioning schemes,
respectively, see Fig. 1. However, it is convenient to extend
these spaces slightly to put the locality analysis for the
occupied and virtual partitioning schemes on an equal footing.
We therefore introduce the target space, P,

=[PP x[PP, (16)

which includes the EOS for both the occupied and virtual
partitioning schemes, (Pgoq U Plos) € Pi-

J. Chem. Phys. 144, 164116 (2016)

In the first iteration of the iterative procedure described
in Egs. (11) and (12), all amplitudes are set to zero,

1h =0, a7

and therefore Ej, | = AE}, P1= = 0. The single fragment energy
is defined by the EOS amphtudes and we therefore restrict
the residual of the first iteration to the target space #;. Using
Eq. (12), we thus obtain

R,a, | = ~Gaivj € P1- (18)

Using Egs. (11) and (17), the amplitudes of the second iteration
become

198, = R e Py, (19)

The energy difference between the first and second iterations
is thus

AES = ) R&\Liab, (20)

X
PEOS

where we have used Eq. (14). The EOS amplitudes in Eq. (19)
relax through the iterations and we now identify the coupling
mechanism leading to this relaxation.

In the second iteration, the amplitudes in #; couple
directly to sites in the proximity of [P] through summations
with non-negligible Fock matrix elements in the residual of
Eq. (12). The total (extended) coupling environment of the
EOS amplitudes in iteration 2 is denoted [P], ([P] C [P]»).
For example, the following terms of Eq. (12) for the second
iteration illustrate space extensions of the occupied and virtual
spaces, respectively,

Sty @ eP. jelPh @l
ke[P]
S i Fe  ieP ae[Ph  (2lb)
ce[P]

where we have used Eq. (19) to restrict the summations in
k and c. The residual of the second iteration is therefore
extended to the space

P, = [P]; % [P]3. (22)

which is illustrated by Fig. 3 and may be written as

ab  _ ch ac ab
R[j,z = —Yaibj — Zt,'jggFuc - Zt,‘j,zFbc + Ztkj,ZFki
c c k
+ thk 23

For the following analysis, it is convenient to generalize the
notation of Egs. (16) and (22) and introduce the space #,,,

P, =PI, x [P], (24)

RYY, € Potily € P (23)

OO NN EEECC 0]
HEEmae ]| (e

FIG. 3. Iteration 2: The % space is symbolized by the squares in red and
magenta. The residual is generated in the P, space (all colored boxes) where
the cyan squares symbolize the space extension P\ P in iteration 2. This
space interacts directly with the orbitals of the target space P.
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where [P], ([P],) is the set of occupied (virtual) orbitals
which have non-negligible Fock matrix elements with at least
one of the orbitals in [P],_; ([P],—1) and where [P], = [P]
([P]; = [P]). We also note that P,_; c P, and we will denote
the space components of #, which are not contained in $,_;
as P\ Po-1.

The amplitudes of the third iteration t"”3 will be generated
in $, according to Eqgs. (11) and (21) giving the residual
Rff3 € 3, such that more, yet untouched components, of the
environment of P enters the residual through the coupling
mechanism described in Eq. (21). The new space components
will not be coupled to P; directly as the Fock matrix elements
between these spaces are negligible, see Fig. 4. The amplitudes
of the P53\ P space thus interact directly with the amplitudes
of the P, \ P; space which in turn couples with the amplitudes
in the P, space. Hence, the relaxation effects of the P53\ >
space on the EOS amplitudes will be small and indirect,
and these effects will therefore be referred to as secondary
coupling effects.

For the fourth and following iterations, these mechanisms
are preserved, i.e., additional couplings are introduced in the
already considered space and new spaces are introduced which
indirectly couple to the #; space through other spaces. The
effects on the EOS amplitudes from the newly introduced
spaces thus become more indirect and smaller for each
successive iteration.

The above developments may be summarized as follows.
To evaluate the fragment energies, we need the amplitudes of
the PJ g C P1 space that were introduced in iteration 1. In the
second iteration, direct coupling to the outside space 5 \ Pjq
is introduced which affects the EOS amplitudes significantly.
The relaxation of the EOS amplitudes through the additional
components in the P, \ P7g space is therefore important for
the evaluation of the single fragment energy. The effects of the
additional spaces introduced in the following iterations affect
the EOS amplitudes only indirectly. The requested precision
will consequently define how much of the environment of P
has to be considered. Thus, we may introduce an effective
coupling space Pgrr Where the MP2 equations are solved to
give the EOS amplitudes to the requested (FOT) precision.
This effective space may be defined as

Perr = [E]]ZEFF X [F]éFp (25)

When calculating the single fragment energy, we may
correspondingly replace [P] and [P] in Egs. (3) and (5)
by [Plerr and [ P]ggr, giving the occupied and virtual effective
EOS

F,~0 F,#0

EnEEE [ ] 1 ] enks
DDDDDDIIIIDDDD

F#O

FIG. 4. Iteration 3: The residual is generated in the %3 space (all colored
boxes) where the orbitals of sites with light yellow squares ($3\ $2) symbol-
ize the orbitals which interact directly with the orbitals of the #»\ #; space
(cyan) through non-negligible Fock matrix elements, but not directly with the
orbitals of the ¥ space (red and magenta).

J. Chem. Phys. 144, 164116 (2016)

PO = P2 x [Plp (26)
Proet = [Pl % 7, 7

which will be generically referred to as PE(ESF ¥ while [Plerr
and [ﬁ]EFF will be collectively referred to as [P]grr. The
extent [ P]ggr therefore defines both Pggr (Where the amplitude
equations are solved) and P=EF (where the single fragment

r EOS
energy is evaluated).

B. Space extension in CCSD fragment calculations

The CCSD amplitude equations may be viewed as
a nonlinear extension of the MP2 amplitude equations
where the additional terms are of higher order in a
Mgller-Plesset perturbation analysis.! Thus, the energetically
largest contributions leading to a space extension have been
considered in Section III A 2. The focus of this section
is to analyze the space extensions that may be introduced
in the residual of Eq. (11) by the additional terms of the
CCSD amplitude equations. The CCSD singles residual in the
Ty-transformed formulation may be expressed as'

CCSDRS — Al 4 B! 4 €1 4+ QP! (28)
and the CCSD doubles residual reads
CCSDRD _ A2 | B2 4 0C2 4 P2 4 OF?, (29)

where the individual terms are given in Table 1. The T)-
transformed integrals (denoted by a tilde in Table I) are given
by!

Jgrst = Z Ap Ah A Aarguvpm (30)

uvpo

TABLE 1. The CCSD residual equations as given in Ref. 1. Tildes denote
T-transformed integrals, see Eqgs. (30)-(33).

Doubles terms:

Q:::Zb, = -‘7aibj+2cdl,?'j‘l(]acbd
Qufb/ Zkltltcllb(‘]kilj+ch’f}dl]kc1d)
QG = PeP U+ L Pi-Zetls Grjac =3 Sartfs
Qf?tzbf IPub[ZU»” k>(]:"ikv+%2m“,«, dek(-)]
QFL, 1= PEPIS et (Foe = Sakiugf Graxe)

- rab (Fk)+2(d1u

YGraic)l

Garc)]

Singles terms:

Q4! =Searufdgaare
QB! = =% criugs drite
QS =3 ude Fre
QPI=F,;

ai

Definitions:

Pi Xl = X3P

PEbx el =X b+ xbe

ugh=@-Pipgb

Luibj=Q2=Pij)daib;

qu = ﬁpq + Z (2(.71)qii ’(jpiiq) = h~pq + Zp(r Ep(r(z.(qupo' *gpprrq)

p:r*Z AP Ah

pi'toi
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where p, v, p, and o are atomic orbital (AO) indices, and the
particle A? and hole A" transformation matrices are defined
via the MO coefficient matrix C as

A? = C(1-t)), 3D
A" =CA +1ty), (32)

and the t; matrix is
t? if p virtual and ¢ occupied
ti],, =14 7 . 33
[t { 0 otherwise 33)

When the singles amplitudes are neglected, ““SPRP
becomes the nonlinear CCD residual ““PR (removing the
tildes in the doubles terms in Table I). The starting point for
analyzing orbital space extensions for CCSD single fragment
energy calculations will be an analysis of the CCD residual
in Section III B 1, while we consider the effect of the CCSD
singles amplitudes in Section III B 2.

For the MP2 analysis in Section III A 2, we have
encountered the space extension mechanism caused by non-
negligible Fock matrix elements. For the CCD and CCSD
analysis, additional space extension mechanisms can be
identified. We will consider the following four mechanisms
which collectively represent error type 2 of Section II:

1. Propagation due to non-negligible Fock matrix elements
(identified in Section IIT A 2).

2. Propagation due to non-negligible charge distributions in
two-electron integrals.

3. Propagation due to long-range interactions between charge
distributions (dipole—dipole effects).

4. Propagation due to the Fock matrix constructed from a
T)-transformed density (charge-polarization effects).

Mechanisms 1, 2, and 3 are present for CCD and will be
discussed in Section III B 1, while mechanism 4 is present
only for CCSD and will be discussed in Section III B 2.

1. Space extension mechanisms in the CCD model

To analyse the space extension process in a CCD context,
we use the framework established for MP2 in Section IIT A
with the only modification that, when solving the nonlinear
CCD equations using the conjugate residual method, the
residual R[‘.‘j"’n defined in Eq. (12) is replaced by the residual
CCDpab

"ll“Jhg MP2 amplitude equations (Eq. (12)) correspond to
Gaipj in QA% and the Fock matrix terms of QF? in the
CCD amplitude equations. The CCD equations thus contain
additional terms where two-electron integrals are contracted
linearly or quadratically with cluster amplitudes. The quadratic
terms do not contribute to the space extension of the residual
since all indices entering these contributions are fixed by
the amplitudes of the previous iteration. For example, in
the second part of the QF term, Y5 Yeatfy 151, Gretas the
integral indices are fixed to the space of the cluster amplitudes
of iteration n and therefore no space extension is introduced
by this component of the residual.

J. Chem. Phys. 144, 164116 (2016)

As an example for the space propagation according to

mechanism 2, we consider the second term of Ql’j‘fbi e,
A22 cd
Qaibj,n - Z [ij.ngavbd- (34)
cd

At iteration n the amplitudes are defined in #,_;, and the
dummy indices ¢ and d are therefore restricted to this space.
Hence, the free indices a, b of the integrals g, .54 are restricted
by the locality of the charge distributions w,. and wpg.

All terms of CCD doubles residual may be grouped into
the categories following mechanism 1 or 2 except for one of
the terms in QP2 denoted as QP2!, which follows mechanism
3,

D2.1  _ b
Qaib_i,n - Z tj/f,ng”ikc’ (35)
ck

Any additional space components P, \ $,-; of iteration n
contribute via this term to the single fragment energy as
dipole—dipole interactions with an inverse sixth power decay
with the distance between center P and the charge distribution
wie. This may be understood from the perspective of a
residual component in the EOS, ngb'jl.!" € Pgos’ which enters
the single fragment energy in Eq. (14). The contribution
of the new space components P, \ P,-; where the charge
distribution wy. may be located decays with its distance from
Plos 1n an inverse sixth order manner because wy.. occurs in
Eq. (35) in both the two-electron integral and the amplitudes,
both of which decay with the inverse third power?’ of the
distance between wy. and P. Furthermore, the contribution
from this direct long-range modification is expected to be
small since it only slightly modifies one of many residual
contributions Qﬁi}’n +--+ € P entering Eq. (14). Based
on this discussion, we expect that mechanism 3 has a small
effect on the single fragment energy which becomes important
only when very high precision is requested, which will be
substantiated numerically in Section III C and Appendix A.

2. Space extension mechanisms in the CCSD
model with focus on the effect of singles

In Section III B 1, we have described the progression
of the space extension for the cluster amplitudes in a CCD
calculation. In this section we examine the space progression
for CCSD with focus on the singles amplitudes. As for the
doubles amplitudes, the singles EOS amplitudes are defined
by Egs. (3) and (5). We note from Table I that the indices i
and a of the singles amplitude equations are coupled only by
mechanisms 1 and 2, and their distance decay will thus be
similar to the Fock matrix and two-electron integral decays
(see Appendix A). Furthermore, since the singles amplitudes
enter quadratically in Egs. (3) and (5), their direct effect on the
single fragment energy is expected to be significantly smaller
than the effect of the doubles amplitudes. However we need
to evaluate the coupling effects introduced by the singles into
the CCSD residual. For this reason, we first consider how
the 7'-transformation introduces coupling effects through the
two-electron integrals. After this, special attention is given to
the T;-transformed Fock matrix.
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As an illustrative example of the effect of the T7)-
transformation on the two-electron integrals, we consider
the integral contribution §g;;; from Table I for the occupied
EOS, i.e., Jainj € Pfog in an analogous argument as for the
QP21 term. Using Eq. (30) Jaipj may be written as

Jaibj = Gaibj + Z gy + -+ 0@, (36)
3

where one example of a linear term is given and the
dots indicate further linear contributions. Terms, which are
quadratic and higher order in the singles amplitudes, are
very small and may be neglected for the purpose of this
analysis. Since we consider Juip; € Pgg, the linear term in
Eq. (36) will only couple to the space outside g g through
non-negligible charge distributions wy;, where the k index
expands through mechanism 2 and its effect on the single
fragment energy quickly becomes negligible beyond $,. This
analysis thus suggests that the space extensions associated
with the Tj-transformed two-electron integrals are captured by
the same mechanisms that describe the CCD space extension.
The QF2, QC!, and QP! terms have Fock matrix
contributions constructed from a T7j-transformed density
matrix which, using Egs. (31) and (32), can be written as

F‘po’ = hpo' + Z Dyv(zgpayv - gpvp(r)s (37)
nv

Dyy = Dy + ) CuitCras (38)
ia

where D, is the HF density matrix for the full system.
The singles polarized part of the density matrix in Eq. (38)
introduces long-range charge-polarization effects into the AO
Fock matrix in Eq. (37). In a practical DEC calculation, only
the singles polarization effects within the [P|grr space are
captured. This error type was denoted mechanism 4 in the
beginning of Section III B and it is only important for high
precision calculations. One possible strategy for including
long-range charge-polarization effects is to do as follows:

e Carry out all single fragment calculations and store
the (short-ranged) singles amplitudes ¢ withi € P and
a € [P]ggg for each fragment P.

o Collect all these contributions in a matrix tﬁ““ with full
molecular dimensions.

e Construct an approximate 77 transformed density
matrix using t?‘” in Eq. (38) (full molecule).

e Construct an approximate 7} transformed Fock matrix
F,,,, according to Eq. (37) (full molecule).

e A second round of single (and pair) fragment
calculations is carried out where the constructed Fock
matrix £, is used (using a different subset of AO
indices {yu,v} for each fragment as described in
Appendix B). In each fragment calculation F, is
kept fixed throughout the local CC iterations.

We illustrate the effect of using a long-range corrected 7}
transformed Fock matrix numerically in Section III C.

J. Chem. Phys. 144, 164116 (2016)

3. Summary for the space extension
in a fragment CCSD calculation

In summary, the theoretical analysis of the present
section demonstrates that, for both the MP2 and CCSD
models, calculations may be carried out where the amplitude
equations are solved in a subspace of the total orbital
space. For the MP2 model, coupling is introduced through
non-negligible Fock matrix elements (mechanism 1). For
the CCD and CCSD models, which include terms of
higher order in the fluctuation potential, additional coupling
mechanisms have been identified. Coupling through non-
negligible charge distributions in the two-electron integrals
(mechanism 2) concerns all terms in the CCSD amplitude
equations except the QP! term in Eq. (35) (mechanism 3).
Since the distance decay of coupling mechanism 2 is usually
faster than the distance decay of the Fock matrix (see
Appendix A), mechanism 2 is in general taken into account
when mechanism 1 is considered. The coupling effects via
long-range dipole—dipole interactions (mechanism 3) and the
long-range polarization of the Fock matrix (mechanisms 4)
are expected to contribute to the coupling error only to a small
extent. We may therefore, in general, redefine the square
bracket notation [ P]ggr as the orbital space that interacts with
P through any of the mechanisms 1-4, and conclude that the
amplitude equations may be solved in the associated subspace
Prrr of Eq. (25). The occupied (x = o) or virtual (x = v)
fragment energies E7, are then evaluated in Pé’(fsp F of Eq. (26)
or (27) to within the predefined precision. Furthermore, we
can conclude that it may suffice to determine the fragment
space [P]grr for a CCSD calculation using the MP2 model,
unless high precision is requested. Numerical results will be
given in Section III C to substantiate this point. We also note
that the perturbative triples correction to the CCSD energy,
CCSD(T), may be evaluated using the same fragment spaces
as for the DEC-CCSD calculation.’!

Here, we have carried out the analysis of the fragment
sizes for the fragments referencing a single site in Egs. (3)
and (5). We note that for the fragments referencing pairs of
sites in Eqgs. (4) and (6), an analogous analysis results in the
same extensions due to the identical mechanisms in the MP2
and CCSD equations. The pair fragment spaces can thus be
obtained as unions of single fragment spaces.

C. Numerical support for the theoretical
developments

In this section we investigate the assumptions and
conclusions from Sections III A and III B for three
representative molecules with different chemical properties,
(i) palmitic acid (semi-linear molecule), (ii) a glycine
a-helix (bulky molecule), and (iii) Hexadeca-1,3,5,7,9,11,13,
15-octaene (conjugated system), see Table II. The structures
of these molecules are given as supplementary material.>® All
calculations in this section were performed with Dunning’s
cc-pVDZ basis set®® using the frozen core approximation in
order to have molecules with a reasonable spatial extent where
it is still possible to carry out the reference calculations for the
full system. The orbitals have been localized using the second
power of the second moment orbitals. 3”38
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TABLE II. Test set of molecules for the single fragment optimization algo-
rithm. See supplementary material® for the atomic coordinates.

System label Chemical compound Basis set
(i) Palmitic acid cc-pVDZ
(i1) gly, a-helix cc-pVDZ
(iii) Hexadeca-1,3,5,7,9,11,13,15-octaene cc-pVDZ
(iv) Lauric acid cc-pVTZ
v) glys a-helix cc-pVTZ
(vi) Dodeca-1,3,5,7,9,11-hexene cc-pVTZ

The prerequisite for the theoretical fragment analysis of
Section III was the distance decay of the two-electron integrals
and the Fock matrix elements from a specific center P in the
molecule. This prerequisite is confirmed in Appendix A for
the set of test molecules and the single fragment energies
E may therefore be determined to a predefined tolerance by
solving the amplitude equations in a restricted orbital space
Prrr.

In the following we will exemplify the sizes of coupling
spaces that are necessary in actual calculations to determine
the fragment energy E} for a set of selected atomic sites P.
Specifically we choose as site P the protonated oxygen of
system (i), the @-carbon of the N-terminal glycine of system
(ii), and one of the terminal carbons of system (iii). All sites
were chosen at the rim of the molecules to better expose the
distance decay behaviors of the fragment energy errors.

J. Chem. Phys. 144, 164116 (2016)

In Fig. 2 we have schematically illustrated how the
coupling space can be identified. Below, we describe a
practical realization of Fig. 2. To obtain the magenta line
of Fig. 2, the absolute errors in E}, |AER| are plotted for
calculations where the amplitude equations have been solved
in the full orbital space Pp,; (all orbitals of the molecular
system are included) and [P]ggr in Pé’(f; ¥ is truncated at a
given distance Rp from center P (denoted Approach A). For
the green line in Fig. 2, a practical realization is obtained by
plotting errors in E, where [P]gpr is truncated at a given
distance Rp in both the space where the amplitude equations
are solved Pggr and in the EOS Pé’gsF F (denoted Approach B).
The practical errors in E} for both the occupied (x = 0) and
virtual (x = v) partitioning schemes are given in Fig. 5 for
the three selected fragments in the upper and lower rows,
respectively.

For approach A (magenta curves), the error in the single
fragment energy converges rapidly and with a very similar
rate with the distance Rp for both models (MP2* or CCSD?)
and both partitioning schemes. For approach B (green curves),
larger spaces are needed for both MP2® (circles) and CCSDP
(triangles) models. The MP2B fragment energy errors are
always positive and converge smoothly to the correct result,
whereas the CCSDP fragment energy errors have a somewhat
more erratic behavior as well as occasional artificially low
errors due to changes in the sign of the CCSD® fragment
energy errors when increasing the fragment orbital space.
The sign of the fragment energy errors for MP2® may be
understood from the MP2 correlation energy expression in

MP2A ) o
CCSD”i) o
MP28 i) o
CCSDBi) o

DRI

|AEp|[a.ul]

MP2Aii) o @ MP2%iii)o
CCSD*ii) o V-V CCSDAiii) o
MP28 ii) o A - MP28ii)o
CCSDB i) o ¥-V CCSDEiii) o

0 2 4 6 8 10 12 14 160 2

4 6 8 1
Distance Rp[A)

) 12 14 160

MP2A i) v
CCSDAi) v
MP28 i) v
CCSDB i) v

IR

|AEp|[a.u]

oo MP27i)v e MP27ii)v
V-V CCSDAii)v V-V CCSDAiii) v
oo MP2Bi)v oo MP28ii)v
V-V CCSDBii)v V-V CCSD8 iii) v

1 6
Distan:

8§ 10 12 14 160 2 4 6 8 10 12 14 16
ce Rp[A]

FIG. 5. Decay of the MP2 and CCSD fragment energy errors, upon increasing the orbital space for the three test systems (i), (ii), and (iii) and both the occupied
(o) and virtual (v) partitioning schemes, given in the upper and lower rows, respectively. The amplitude equations have been solved in the full space (only error
type 1, magenta, superscript A) and in a restricted orbital space (error type 142, green, superscript B).
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FIG. 6. Effect of the singles polarization in the Fock matrix (mechanism 4) for the three test systems (i), (ii), and (iii) for both the occupied (o) and virtual (v)
partitionings, given in the upper and lower rows, respectively. The green curves (CCSDP) include the error introduced by mechanism 4, which has been removed
for the yellow curves (CCSDC) by using the exact singles polarized Fock matrix.

the canonical basis, which effectively contains a summation
over squared two-electron integrals divided by negative orbital
energy differences. Hence, any truncation of this expression
would lead to an energy that is less negative than the true
canonical MP2 energy. Although the fragment energies are
evaluated in the local basis, this feature carries over to the
MP2 fragment energies, i.e., any truncation leads to MP2®
fragment energies that are not negative enough. No such
simple expression exists for the standard CCSD energy,
which requires the solution of the non-linear CCSD amplitude
equations, and the sign of the CCSD® fragment errors can
therefore alternate as the fragment is expanded due to changes
in the coupling environment in the CCSD fragment amplitude
equations.

The horizontal difference between the green and magenta
curves in Fig. 5 displays the size of the coupling space needed
for a given precision. We note that the size of the coupling
space depends on the model, the molecule, and the partitioning
scheme. For |AEF| values larger than 10 a.u., the coupling
spaces are of similar size for the three test fragments. For
smaller |AE7| values, the conjugated system (iii) requires
larger coupling spaces than systems (i) and (ii), in particular
for the virtual partitioning scheme.

In order to study the effect of the polarization of the
Fock matrix by the singles amplitudes (mechanism 4, in
Section III B 2), we introduce the CCSDC model where we
eliminate errors from coupling mechanism 4 by using a singles
polarized Fock matrix F (see Table I) constructed from the
converged singles amplitudes (no approximations in Eq. (38)).

In Fig. 6, we report calculations for the three test
fragments for the models CCSD® and CCSD®. From Fig. 6 it is
evident that eliminating mechanism 4 in general decreases the
CCSD fragment energy error. In particular, for the conjugated
system, correcting for coupling mechanism 4 leads to reduced
fragment sizes in the high-precision regime.

In summary, the calculations of the current section support
the general conclusion of Sections III A and III B. Fragment
energies to a given precision can be obtained by solving the CC
amplitude equations in a restricted space when local orbitals
are used, and unless high precision is requested, the fragment
orbital spaces obtained at the MP2 level may be sufficient
for CCSD calculations. For high-precision calculations, it was
shown that it may be beneficial to account for the singles
polarization of the Fock matrix in order to obtain smaller
fragments. However, the investigation also shows that the
coupling spaces depend on the model, the partitioning scheme,
and the molecule and, in particular, that larger spaces may be
necessary for the virtual partitioning scheme. In Section IV
we develop a black box algorithm for determining the local
fragment orbital spaces.

IV. PRACTICAL IMPLEMENTATION: DETERMINING
SINGLE FRAGMENT ORBITAL SPACES

In the theoretical locality analysis of Section III, we
have identified the various coupling mechanisms that arise
when MP2 and CCSD amplitude equations are solved in a
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restricted orbital space. In this section we describe a practical
implementation for the determination of single fragment
orbital spaces such that the single fragment energy error
is of the requested (FOT) precision.

The single fragment optimization algorithm for the single
fragment energy Ej includes two main steps: the single
fragment expansion procedure where [ P]ggr is increased until
the energy difference between the last two expansion steps is
lower than the FOT, and the reduction procedure where [ P]grr
is fine tuned (reduced) without compromising the precision of
the single fragment energy.

For the discussion of the single fragment optimization
procedure, it is convenient to introduce the reference single
fragment energies Ef,’f , evaluated from Pégg” (all orbitals
included in Eqgs. (26) and (27))

Epf = 3 3 7 Liaj, (39)
i,jeP ab

Byl =3 3w Liap, (40)
ij a,beP

b.f

where the amplitudes ‘r[.aj " are obtained from Prull-

A. Expansion of the orbital space

In the first step of the single fragment expansion
algorithm, the local orbitals are ordered according to a
measure that estimates their contribution to the single fragment
energy E. Based on the analysis in Section III, a simple yet
reasonable measure is the distance between the orbital’s center
of charge and the center P of the single fragment. In each
expansion step a predefined number of orbitals (vide infra)
is added to the single fragment orbital space [P]grr. The
single fragment expansion is illustrated in Fig. 7 (left). In each
expansion step, the energy is evaluated at the requested level
of theory using Eqs. (3) and (5), and the energy difference
between two subsequent steps i and i + 1 is calculated,

0 Ep(i) = |Ep(i) — Ep(i + D). (41

The expansion procedure continues until §,E}(n — 1) < FOT,
and the energy contribution from orbitals not included in
[Plgrr of step n is therefore assumed to be below the
requested precision. In the following, we consider the space

Fragment expansion

ORI > Reductionlis
n-2 n+l
3.Ei(n=2)=FOT
n-1 n+2

8, Ehin

[Plug=[PLx

1)<FOT
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of expansion step n, [Plggp as the reference space [Plrer
and its associated energy, E(n), as the reference energy EREF
for the single fragment reduction procedure. Thus, for the
requested (FOT) precision, we assume |EREF — E;’f | < FOT,
which is a reasonable assumption due to the rapid decay of
the single fragment energy with respect to the inclusion of
additional orbitals provided enough orbitals are included in
each step, see, e.g., Fig. 5. In order for |EREF — E;’f| < FOT
to hold, the number of orbitals added in each expansion step
needs to be large enough to avoid false convergence, but
also small enough to avoid that the expanded orbital space
[P]rer becomes unacceptably large. In practice we include
5+ Norb/Natoms Orbitals in each expansion step, where nyoms is
the number of atoms and ny, is the number of orbitals in the
molecule. Extensive testing has shown that this choice is a
reasonable compromise between accuracy and computational
cost.

B. Reduction of the orbital space

The reduction step defines the final single fragment orbital
spaces and thus the pair fragment orbital spaces which are
obtained as unions of single fragment spaces. Since the pair
fragment calculations dominate the total DEC calculation, it is
crucial to reduce the single fragment sizes as much as possible
within the chosen FOT precision to reduce the cost of the total
calculation. To achieve this, a binary search algorithm is used
in connection with a priority list of orbitals where the energy
of the expanded single fragment, EXFF, serves as a reference.
For the calculations presented in Section V, we have chosen
the same distance ordered list as in the expansion procedure.
This is an obvious choice but other lists that produce similar
results have also been tested (e.g., a list based on orbital
contributions to the single fragment energy, or the absolute
size of Fock matrix elements). The priority list is used to
remove the least important orbitals of the [ P]rgr orbital space
in the reduction procedure, see Fig. 7 (right). After each step
Jj in the binary search algorithm, the energy is evaluated and
compared to the energy of the reference single fragment,

8, Ex(n+ j) = |Ex(n+ j)— EREF|. (42)
The step is accepted if
6,Ep(n+ j) < FOT, (43)

Fragment reduction — Binary search

FIG. 7. The general single fragment
optimization algorithm consists of two
steps. In the single fragment expan-
| sion procedure (left), a reference orbital
space is determined based on Eq. (41).
In the reduction procedure (right), this
reference orbital space is fine-tuned us-
| ing a binary search algorithm where the
step direction is based on Eq. (42). Red:
Orbitals included in the current single
fragment. Blue: Expansion priority list
of orbitals. Green: Reduction priority
list of orbitals. Grey: Discarded orbitals.

8 Euln+l)=FOT
8, Epln+2)<FOT

8 EL(n+3)=FOT
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and in this case the next step is chosen to further decrease
the single fragment size. On the other hand, if 6E > FOT,
the next step is chosen to increase the single fragment size,
see Fig. 7. This process is repeated until the orbital space
[ P]grr does not change significantly, e.g., if the difference in
the number of orbitals between two subsequent steps is less
than 5% of the number of orbitals in [P]rgp. The final single
fragment orbital space is the one that corresponds to the last
accepted step of the reduction procedure.

C. Summary and cost reduction considerations

The single fragment optimization algorithm in Fig. 7 is by
no means unique but it is a model- and molecule-independent
and easily programmable black-box approach, which ensures
that each single fragment energy has a precision corresponding
to the input FOT and thus ultimately defines the precision of
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the total calculation. We also note, that the single fragment
optimization may be performed for x = 0, x = v, or both
simultaneously.

In order to reduce the cost of the single fragment
optimization, it can be performed at a lower level of theory
than that of the target model. For example, for a DEC-CCSD
calculation, it may be possible to determine the single fragment
orbital spaces by applying the procedure in Fig. 7 to the MP2
model. As will be described in Section V, this is a feasible
approach for a typical FOT (e.g., FOT = 10~* a.u.), while for
high-precision work, a reliable DEC-CCSD energy requires
that the CCSD model is also used for the single fragment
optimization algorithm in Fig. 7, in particular if the virtual
partitioning scheme is used. In this case, the convergence of
the single fragment optimization procedure is evaluated based
on both the CCSD and the MP2 single fragment energies
(MP2/CCSD) in order to avoid false convergence that might

45 ‘ . . . -
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42 | [ MP2 B MP2
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FIG. 8. Distribution of the absolute single fragment energy errors [AE| with respect to calculations in the full orbital spaces for both occupied (x =0, left
column) and virtual (x = v, right column) partitioning schemes. The DEC single fragment orbital spaces have been optimized at the MP2 and MP2/CCSD levels
of theory to obtain the MP2 and CCSD single fragment energy errors, respectively. Top panel: FOT = 1073 a.u.; middle panel: FOT = 10~* a.u.; bottom panel:

FOT =107 a.u.
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occur because the sign of the CCSD errors might alternate
during the expansion/reduction procedure (MP2 errors are in
general positive). It is also possible to further reduce the cost
by invoking, e.g., the resolution—of-the—identity (RI) in the
single fragment optimization algorithm.3?

Finally, we note that in each fragment calculation, the
AO space is truncated by fitting the MOs as described in
Appendix B. This reduces the number of AO integrals that
need to be evaluated.

V. NUMERICAL ILLUSTRATIONS

The algorithm devised in Fig. 7 is a black-box method that
operates based on the locality considerations of Section III.
In this section we numerically demonstrate that this algorithm
leads to single fragment energies with the requested precision.

J. Chem. Phys. 144, 164116 (2016)

We have performed a series of calculations on six different
systems using Dunning’s correlation consistent cc-pVDZ
and cc-pVTZ basis sets®® (see Table IT and supplementary
material®® for the atomic coordinates), and for the orbital
localization, we have used the second power of the second
moment localized orbitals.>”-3® For all calculations, the single
fragment optimization in Fig. 7 was carried out for both
partitioning schemes simultaneously. The calculations used
the frozen core approximation and were carried out using
a local version of the program.**#! For the CCSD
calculations, we have not used the long-range corrected Fock
matrix.

In Fig. 8, we have plotted the distributions of the
numerical values of the single fragment energy errors
|AEF| = |Ef — E;‘fl, where Ef; is given by Egs. (39) and (40)
and requires calculations on the full molecular systems. This
investigation is therefore limited to molecules for which the

45 . . . . :

a0t

350

30

251

Number of fragments

Number of fragments

Number of fragments

-5 —a -3

-6
log|AE? | [a.u.]

-2 -8 -7

-5 —4 -3 -2

3
log|AER | [a.u.]

FIG. 9. Distribution of the absolute single fragment energy errors |AE| with respect to calculations in the full orbital spaces for both occupied (x =0, left
column) and virtual (x = v, right column) partitioning schemes. The DEC single fragment orbital spaces have been optimized at the MP2 level of theory to
obtain the MP2 and CCSD single fragment energy errors. Top panel: FOT = 1073 a.u.; middle panel: FOT = 10~* a.u.; bottom panel: FOT = 107> a.u.
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full calculation is feasible at the MP2 and CCSD levels
of theory. The orbital spaces ([P]grr) for the calculations
presented in Fig. 8 were optimized at the MP2 level of
theory for the MP2 single fragment energy errors, and at the
combined MP2/CCSD level of theory for the CCSD single
fragment energy errors using the algorithm in Fig. 7 and for
decreasing values of the FOT (top panels 107 a.u., middle
panels 10~ a.u., lower panels 107> a.u.). In general, the single
fragment optimization procedure leads to errors that are of the
requested precision, but errors slightly larger than the FOT
may occur, because the single fragment reduction procedure
in Fig. 7 relies on the assumption |EREF — Ef,’fl < FOT, see
Section IV A. However, in general Fig. 8 shows that when the
FOT is specified, the expansion-reduction procedure in Fig. 7
gives single fragment energies that are of the size of the FOT
(or smaller).

In Fig. 9, we have plotted the distributions of the
numerical values of the single fragment energy errors
|AES| = |Ef — E;(,’f | when the orbital spaces [ P]grr have been
optimized at the MP2 level of theory to obtain both the MP2
and CCSD single fragment energy errors using the algorithm
in Fig. 7 and for decreasing values of the FOT. The MP2
single fragment energy errors are of course the same as in
Fig. 8. However, the CCSD single fragment energy errors
are not as well-behaved as in Fig. 8. For example, for the
virtual partitioning scheme, the CCSD errors are in general
below the requested precision for FOT = 107 a.u., while
single fragment energy errors of 5- 107 (1 - 10~#) a.u. occur
for a FOT of 107 (107>) a.u. For the occupied partitioning
scheme, the single fragment energy errors are surprisingly
well-behaved and the CCSD single fragment energy errors
are in general of the size of the FOT. From a pragmatic
point of view, an important implication is that for the FOTs
of practical interest considered here, the local orbital spaces
determined at the MP2 level of theory can also be used for
CCSD calculations, if only the occupied partitioning is used.
This leads to significant savings compared to carrying out
the single fragment optimization at the CCSD level of theory,
particularly for the largest single fragment calculation (the
nth step in Fig. 7). It is, however, important to emphasize
that a DEC-CCSD calculation with rigorous error control
requires that the single fragment optimization is carried out at
the combined MP2/CCSD level of theory. This becomes
especially important when both partitioning schemes are
needed in order to calculate molecular gradients.?®

As a last point of this section, we would like to emphasize
the importance of the second part of the single fragment
optimization algorithm in Fig. 7, the single fragment reduction
procedure. A comparison of the size of the orbital space before
and after the single fragment reduction shows a reduction of
the occupied space by 28% on average, while the virtual
space is typically reduced by 35% to 40%. In terms of a
V40? scaling CCSD algorithm, that corresponds to a mean
cost reduction of each fragment calculation by more than one
order of magnitude. Such savings are crucial to reduce the
computational cost for the pair fragments (unions of single
fragment spaces) which dominate the calculation.

In conclusion, the numerical data provided in this section
support the theoretical analysis in Section III and show that
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the algorithm in Fig. 7 is a useful practical implementation
for determining local orbital spaces.

VI. CONCLUSION

In this article we have carried out a theoretical locality
analysis and a subsequent practical implementation to
demonstrate how the nonlinear set of CCSD amplitude
equations for DEC fragment calculations may be solved
to within a desired precision using a restricted set of
local HF orbitals. A practical algorithm for determining the
local orbital spaces needed to obtain the single fragment
(and hence pair fragment) energies to within the requested
precision has been implemented based on the principles
identified in the theoretical analysis. The practical algorithm is
focused on determining the smallest possible single fragment
spaces (within the desired precision) in order to reduce
the cost for the time-dominating pair fragment calculations
as much as possible. We have finally demonstrated the
numerical effectiveness and robustness of the single fragment
optimization algorithm. In short, a solid theoretical foundation
for local CCSD calculations and the identification of local
orbital spaces has been established.

With the theoretical analysis, we have identified two error
sources that are present when the single fragment energy is
evaluated in a restricted orbital space, i.e., (a) the direct energy
contribution of omitted orbitals and (b) the relaxation effects
of omitted space components when solving the amplitude
equations. When solving the CCSD amplitude equations in a
restricted orbital space, four distinct relaxation mechanisms
have been identified, i.e., a relaxation through (1) non-
vanishing Fock matrix elements, (2) non-vanishing charge
distributions in the two-electron integrals, (3) long-range
(dipole—dipole) contributions in the two-electron integrals,
and (4) long-range (charge-polarization) contributions from
the T;-transformed Fock matrix. Mechanism (1) was found to
be the dominant mechanism, and only when higher precision
is requested (FOT < 10~* a.u.) mechanisms (2)-(4) become
important. It was demonstrated that the effects of mechanisms
(2) and (3) had a similar spatial extent as mechanism (1), while
the effects of mechanism (4) could be partially remedied
by constructing an approximate long-range 7; transformed
density matrix with singles amplitude contributions from all
single fragments. For the occupied partitioning scheme, the
single fragment orbital spaces may be determined at the MP2
level for a DEC-CCSD calculation, while, for the virtual
partitioning scheme, it is in general necessary to determine
the single fragment orbital spaces at the CCSD level to
ensure robustness of the results. In general, the theoretical
and numerical results thus demonstrate that the local orbital
spaces are model- and molecule-dependent, underlining the
importance of using a black-box algorithm for determining
the local orbital spaces.

ACKNOWLEDGMENTS

The research leading to these results has received
funding from the European Research Council under the



164116-14 Ettenhuber et al.

European Union’s Seventh Framework Programme (FP/2007-
2013)/ERC Grant Agreement No. 291371.

This research used resources of the Oak Ridge Leadership
Computing Facility at Oak Ridge National Laboratory, which
is supported by the Office of Science of the Department of
Energy under Contract No. DE-AC05-000R22725.

‘We also acknowledge the PRACE Research Infrastructure
resource Curie at the Trés Grand Centre de Calcul (TGCC)
operated by CEA near Paris, France.

APPENDIX A: CHECKING THE INITIAL CONDITIONS
OF THE FRAGMENT ANALYSIS

The prerequisites for the theoretical fragment analysis in
Section III were that the two-electron integrals and the Fock
matrix decay with the distance seen from a specific center
P in the molecule. In this appendix, we numerically verify
this assumption. In Fig. 10, we display the decay of the Fock
matrix and the two-electron integrals from the perspective of
the centers used in Section III C. For simplifying the plots,
only the maximum value within intervals of 1.3 A is given.

From Fig. 10, it is evident that the initial assumptions
of Section III hold for all three chosen fragments, although
there are minimal differences for the systems. Note that for
all three systems, the virtual-virtual block (blue circles) of
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the Fock matrix (mechanism 1) has the largest contributions
at a given distance. The observed difference between the
charge distribution decay (red pluses, mechanism 2) and the
long-range dipole—dipole decay (cyan triangles, mechanism
3) of the two-electron integrals for the three fragments under
investigation is minimal.

In Fig. 11 we compare the (charge distribution) decay of
the singles (blue circles) and doubles (green x) amplitudes
for the three fragments under investigation. As expected, the
doubles amplitude decays roughly follow the decay behaviours
of the corresponding two-electron integrals (mechanism 2) in
Fig. 10 and thus the decay is slowest for system (iii).

APPENDIX B: DEFINING LOCALITY OF MOLECULAR
ORBITALS AND SINGLE FRAGMENT EXTENTS

In a DEC calculation, a localized HF MO ¢7 is assigned
to the atomic site P where its Lowdin atomic charge Q..
is largest. In case two atoms have similar Lowdin atomic
charges, it is not important which atom a local orbital
is assigned to, since the fragment optimization procedure
ensures that the local orbital spaces are adapted to the specific
orbital assignment, such that the atomic fragment energy is
determined to the requested precision. Even though the bulk
of ¢ is confined to a small volume of space, ¢¥ has small
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expansion coefficients on AOs located some distance away
from P. In this appendix we describe how this tail region may
be treated without considering explicitly the AOs at which the
small expansion coefficients are situated. This development is
used to reduce the number of AOs and thereby the number
of AO integrals which have to be evaluated. The procedure
described here is very similar to the one described in Section
6.1 of Ref. 26. However, there are subtle differences, and for
completeness the current implementation of the procedure is
summarized here.

The HF orbital ¢F,

¢f = Z /\/#Cﬁr’
M
may be approximated in the following way:
¢ = Z XaChys
A

where the f-summation is restricted to AOs which in some
sense are neighboring the atomic site P (to be detailed below).
The expansion coefficients of ¢” may be determined from a
least squares fit, i.e., by minimizing the function f(&"),

F@) =l ¢F - oF 1= (BF — oFIBF — o7,

with respect to the ¢ coefficients. This gives the expansion
coeflicients

(BI)

(B2)

(B3)

N Fr A (B4)
vn

where the dimensions of the overlap matrices are defined by

the restrictions that are imposed on the AO indices, i.e.,

(B5)

(B6)

5;1& = (Xp|)(v>»
Sﬁ); = <X\7|X77>'

For each MO ¢F, a prioritized list of AOs may be generated
by quantifying the importance of each AO y, according to
its Lowdin charge Q!,, noting that the sum over all Lowdin
charges for MO ¢ equals one. We include AOs from this list
until one minus the sum of Lowdin charges is smaller than a
given threshold d,

- Z 0, <6, (B7)

f
where ¢ is a small prefixed number. This procedure defines
a set of AOs for each MO ¢”, which we denote the orbital
extent {¢F}. The union of orbital extents for all MOs in the
effective orbital space [P]grr is denoted the atomic fragment
extent {P}. The {P} space defines the set of AOs used to
describe the MOs in single fragment P, i.e., it defines the
restriction on the fi-summation in Eq. (B2). Thus, all MOs in
the fragment are fitted using the same set of AOs to ensure
a uniform description. We note that a screening of atomic
centers in accordance with Eq. (B7) was used by Boughton
and Pulay*? for the occupied HF orbitals as a completeness
criteria for the assignment of local excitation spaces.

In practice we use ¢ = 0.05 to define the orbital extents.
This might appear to be a very crude value; however, the effect
of approximating the MOs is minor because they are fitted
using the union of all orbital extents. In particular, for the MOs
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close to site P (large single fragment energy contributions),
the fitting procedure has virtually no effect, while it slightly
modifies the MOs far from P (small single fragment energy
contributions). The fitting procedure therefore has a very
minor effect on the single fragment energy. Furthermore,
each step of the fragment expansion in Fig. 7 not only
includes new energy contributions and new coupling effects
by including more MOs, but it also improves the description
of the MOs already included in the previous fragment ({ P} is
enlarged). The effect of the approximation in Eq. (B2) is thus
automatically taken into account by the fragment optimization
procedure.
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The Resolution of the Identity second-order Mgller-Plesset perturbation theory (RI-MP2) method
is implemented within the linear-scaling Divide-Expand-Consolidate (DEC) framework. In a DEC
calculation, the full molecular correlated calculation is replaced by a set of independent fragment
calculations each using a subset of the total orbital space. The number of independent fragment calcu-
lations scales linearly with the system size, rendering the method linear-scaling and massively paral-
lel. The DEC-RI-MP2 method can be viewed as an approximation to the DEC-MP2 method where the
RI approximation is utilized in each fragment calculation. The individual fragment calculations scale
with the fifth power of the fragment size for both methods. However, the DEC-RI-MP2 method has a
reduced prefactor compared to DEC-MP2 and is well-suited for implementation on massively parallel
supercomputers, as demonstrated by test calculations on a set of medium-sized molecules. The DEC
error control ensures that the standard RI-MP2 energy can be obtained to the predefined precision. The
errors associated with the RI and DEC approximations are compared, and it is shown that the DEC-
RI-MP2 method can be applied to systems far beyond the ones that can be treated with a conventional
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. INTRODUCTION

The resolution-of-the-identity (RI) approximation'= has
emerged as an important tool to reduce the computational
cost of second-order Mgller-Plesset perturbation theory®
(MP2) and related methods. The RI approximation was
first applied to MP2 by Feyereisen et al.,” and subsequently
implemented by different groups.®~'® For reviews, the reader is
referred to Refs. 19 and 20. In RI-MP2, also denoted density-
fitting MP2 (DF-MP2), the four-center electron repulsion
integrals (ERIs) are decomposed into a sum involving only
two-center and three-center ERIs. The RI technique reduces
the computational cost as well as the required memory
considerably by removing the linear dependencies of the
original atomic orbital (AO) product basis while maintaining
reliable accuracies for practical chemical applications. The
development of optimized auxiliary basis sets>' 2 has reduced
the error introduced by the RI approximation, and the
error is often judged to be so small that RI-MP2 is
the recommended method for calculating energies of MP2
quality. It should also be noted that MP2 with Cholesky
decomposition of the ERIs is in many ways similar to
RI-MP2.26-28

For large molecular systems, conventional RI-MP2
implementations encounter a scaling wall, both memory- and
time-wise. The correlation effects described by the RI-MP2
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144, 054102-1

method are local, and the steep scaling of the method with the
system size — O(N®) where N is a measure of the system
size — is therefore unphysical. In the last decades, many
groups have been developing alternative implementations of
RI-MP2 in order to reduce the fifth order scaling using the
locality of correlation effects (see Ref. 20 for a review of new
developments within MP2 theory). One approach consists
in compressing the number of wave function parameters
required to describe the correlation energy by using projected
atomic orbitals (PAOs) and pair natural orbitals (PNOs)!>%
or orbital specific virtual orbitals (OSVs).*® Ochsenfeld
and co-workers have developed an AO-MP2 algorithm,
where the orbital energy denominator is eliminated from
the conventional molecular orbital (MO)-based MP2 energy
expression by means of a Laplace transformation®'? to
obtain a formulation in terms of AO integrals. Since AOs
are local by construction, efficient integral screening may
be performed.’*3> Pioneer work in that direction was done
by Ayala and Scuseria.*® Another commonly used approach
for carrying out approximations in a MP2 calculation relies
on a physical fragmentation of the molecular system and
performing standard canonical calculations for each of the
fragments before collecting the information for the full
system. This category of methods includes the divide and
conquer (DC),” the Fragment Molecular Orbital (FMO)
methods,>** the Molecular Tailoring Approach (MTA),*
and the systematic molecular fragmentation approach.*?

Yet another category of methods for obtaining linear-
scaling MP2 energies relies on a partitioning of the orbital

©2016 AIP Publishing LLC
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space rather than on a physical fragmentation of the
molecule. This category contains the cluster in a molecule
(CIM) method,*** the incremental scheme,*® and our recently
proposed local correlation method, the Divide-Expand-
Consolidate (DEC) scheme.*’2 In a DEC calculation, the
correlation energy is expressed in terms of local molecular
orbitals,>*%* and the full molecular calculation is replaced
by a set of independent fragment calculations. The number
of fragments scales linearly with the system size, rendering
the method linear-scaling and massively parallel. The linear-
scaling and parallel performance of the DEC-MP2 model has
been demonstrated recently.®

In this paper, the DEC scheme is applied in connection
with the RI-MP2 method. The overall linear-scaling properties
of the DEC-MP2 scheme are not affected when the RI approx-
imation is applied in the fragment calculations. However,
the DEC-RI-MP2 method has a reduced computational cost
as well as reduced memory requirements compared to the
DEC-MP2 method. The resulting DEC-RI-MP2 method thus
provides an efficient linear-scaling and massively parallel
algorithm for the calculation of MP2 energies with rigorous
error control.

In a DEC-MP2 calculation, the error introduced compared
to a canonical MP2 calculation is controlled by the fragment
optimization threshold (FOT).#’*8 The canonical MP2 result
is thus systematically approached when the FOT is tightened.
Compared to the canonical MP2 energy, the DEC-RI-MP2
model contains an intrinsic DEC error governed by the FOT
as well as an error associated with the RI approximation.
In this work, we compare these two errors to analyze the
performance of the DEC-RI-MP2 model. We also show that
the DEC-RI-MP2 algorithm can be applied to systems that are
much larger than the ones that can be treated using a standard
RI-MP2 implementation.

The paper is organized as follows. In Section II, we
present the basic equations of the DEC model and introduce
the RI approximation. In Section III, we present numerical
results and perform a detailed error and performance analysis
for the DEC-RI-MP2 model. The parallel performance is
discussed in Section IV, while Section V contains some
conclusive remarks.

Il. THEORY
A. The divide-expand-consolidate energy expression

The MP2 correlation energy EMP? for a closed shell
molecule may be expressed as®®

Eyy = Z t;}h (29aib — biaj) - D
ijab

where tl‘.‘.b are the MP2 doubles amplitudes. In this article, the
indices i, j (a,b) refer to occupied (virtual) localized real HF
orbitals, and g, is a 4-center ERI in the local molecular
orbital (MO) basis using the Mulliken notation. Assigning
each orbital to an atomic site (given by the nuclear positions
P,Q,...), the summation over two occupied orbitals in Eq. (1)
may be replaced by a summation over atomic sites and pair
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sites,
EMP2 — Z Ep+ Z AEpg. 2)
P P>0

The atomic fragment energy Ep and the pair interaction energy
AEpg are defined according to

Ep = Z Z t;;'h(zgaibj = Gbiaj)» 3)
ijeP ab
AEpg = Z Z [?fb(zgaibj = Gbiaj) + Z Z f?,-b(z%ibj — Gbiaj)»
ieP  ab i€Q ab
jc0 jeP
)

where P denotes the set of occupied orbitals assigned to
atomic site P.

Using a local HF orbital basis, the free summations over
virtual orbitals ab in the atomic fragment energy Ep may be
restricted. This is justified by the fact that the integrals gy
(with ij € P) vanish for virtual orbitals spatially far from the
atomic site P. We introduce the notation [P] for the set of
virtual orbitals spatially close to atomic site P in the sense that
the integrals g,;,; are non-vanishing (to the desired precision),
and the virtual summations in Eq. (3) may thus be restricted
to the [P] space. A similar replacement leading to the union
of orbital spaces is introduced for the pair interaction energy
AEPQ,48 and Eqgs. (3) and (4) may thus be written as

Ep= Z Z l;b(zgaibj - gbi“i)’ )

iJE€P ape[P]

AEpg = Z Z t?jb(zgaibj = Gbiaj)

abe[P]U[Q] ,'25

+ Z [,'ajb(zgaih/'_ Ibia) - (6)
i€Q
Jjep

The details on how each local molecular orbital is assigned
to atomic sites and how the [P] space is obtained is not the
subject of this paper, and the reader is referred to Ref. 48. Here
we just note that the [P] space is determined in a black box
manner such that the error of Ep is smaller than the FOT, which
is the central threshold that defines the precision of a DEC
calculation. Naturally, in the limit where the space [P] includes
all virtual orbitals for all atomic sites P, the conventional
MP2 correlation energy is recovered. The approximations
introduced in Egs. (5) and (6) are summarized in Section II C
along with other approximations of the DEC-RI-MP2 scheme.
The set of orbitals used to evaluate the fragment energy
is denoted the energy orbital space (EOS), i.e., for atomic
fragment P in Eq. (5) this corresponds to P U [P]. In order to
describe coupling effects between the amplitudes in the EOS
and the amplitudes outside the EOS, the MP2 equations
(Eq. (7)) have to be solved in an extended space, and
[P]U [P] denoted the amplitude orbital space (AOS), where
[P] includes P as well as additional occupied orbitals involved
in the coupling mechanism. As for the [P] space, the practical

determination of [P] is described in Ref. 48.
Equation (5) requires amplitudes and integrals in the
local basis. However, in practice, the solution of the amplitude
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equation in the AOS is simplified by transforming the subset
of localized HF orbitals to a pseudocanonical basis,®” which
is defined by diagonalizing the local Fock matrix blocks
Fj (ij € [P]) and Fy (ab e [P]). The amplitudes are then
constructed directly in a pseudocanonical basis according to

AB -1
ty = —gami(€a+€ep— €1 — €))7, @)

where I,J (A, B) are occupied (virtual) MO indices in the
pseudocanonical basis, and €, €, €4, and € are the diagonal
Fock matrix elements in the pseudocanonical basis. The
amplitudes are later transformed to the local basis where
the energy is evaluated using Eq. (5). This transformation is
necessary since the occupied summation restriction in Eq. (5)
is only defined in the local basis.

The DEC algorithm described above scales quadratically
with system size due to the number of pair calculations
in Eq. (2). However, the pair energies describe dispersion
interactions decaying with the inverse pair distance to the
sixth power. Distant pairs with small energy contributions
may therefore be neglected without affecting the precision of
the total correlation energy, which already contains an error of
size FOT for each atomic fragment. In the simplest approach,
a distance-based cutoff can be used to determine which pairs
to include.*® A more elaborate scheme based on approximate
pair energy contributions will be described in a forthcoming
paper.

The DEC-MP2 algorithm may be summarized as follows:

1. Determine localized occupied and virtual HF molecular
orbitals.

2. For each atomic fragment P, determine the optimized
orbital spaces [P] and [P] (the AOS) as detailed in Ref. 48.
This step also provides all atomic fragment energies Ep.
Each fragment calculation is carried out using the following
procedure:

(a) Transform the local HF orbitals of the AOS into a
pseudocanonical basis in order to generate the doubles
amplitudes using Eq. (7).

(b) Transform the integrals and amplitudes back to the
local HF basis and extract their EOS contributions.

(c) Evaluate the fragment energy using Eq. (5).

3. Pair screening: Use pair energy estimates to screen

away pairs with negligible contributions (detailed in a
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forthcoming paper) to get a list of the important pair
fragments.

4. For each important pair fragment PQ, calculate AEpg
according to steps 2(a)-2(c) above, where Eq. (6) is used
in step 2(c).

5. Add up the fragment energies to obtain the total DEC-MP2
energy using Eq. (2).

B. The resolution of the identity
within a DEC framework

The resolution of the identity can be expressed
in its standard V approximation® using the symmetric
decomposition,(’X

G ~ ) (aile)(@lB) ™ (BIbj),
ap

ganj ~ ) (aila)aly) P17 (Blb) = Y CLCY, ®)

apy Y

where (ai|@) is a 3-center ERI, («|B) is a 2-center ERI, and
CY = Y(aila)(aly)™" 2. We let {a,B,y} refer to auxiliary
AO indices, while {u,v} are used for standard AO indices.
We can directly apply the DEC-MP2 algorithm summarized
in Section II A to the DEC-RI-MP2 model by calculating
2-electron integrals using Eq. (8).

Algorithm 1 shows in detail how the EOS amplitudes
and EOS integrals entering Eqs. (5) and (6) are determined
in the DEC-RI-MP2 method. Here, the i, j,a,b indices refer
to localized HF orbitals in the EOS, while the I,J,A,B
indices label pseudocanonical orbitals in the AOS. We use
Cu1 (Cua) to denote elements of the transformation matrix
from the AOs to the occupied (virtual) pseudocanonical
orbitals, while Uy; (Ua,) represents a transformation from the
occupied (virtual) pseudocanonical orbitals to the occupied
(virtual) local orbitals. The cost of the fragment calculation
is determined by the number of occupied MOs in the EOS
(Oxos), occupied MOs in the AOS (Oaps), virtual MOs in
the AOS (Vaos), standard AOs (Naop,a0s), and auxiliary AOs
(Naux,a0s)- Note that these dimensions all refer to a fragment
(EOS or AOS subscript), not the full molecular system. The
determination of Nap aos and Ny aos is discussed below.
The scaling of each step is shown in Algorithm 1.

ALGORITHM 1. DEC-RI-MP2 algorithm for calculating EOS amplitudes t;” and EOS integrals ggp. The
scaling with the fragment size of the time-dominating step is given in parentheses for each term. Bold: Done
by local master using OpenMP parallelization. Normal font: MPI-parallelized across n nodes, where each MPI
process utilizes OpenMP parallelization. The notation is described in the text.

Calculate (a|uv)

Calculate (|8)

Construct (|8 )'%

(BIAD =3, Cpa[ 2, Cri(Bluv)]
Csi=Spl@lB) (Bl

1 =0 e entey

tf}b =Y AU ZpUps Z1Uu(ZsUptiP)]
Ce=YAUaa(X1UiICY)

aitj= La CyiCyy

N=le S =) N T S SR S

(Naux, 08N 30, 0s)
2
(Naux, AOS)

3
(Naux,AOS)
(Naux, A0sN io, A0sOA0S)

(N2, A0sVA05005)
(Naux, 408V 2050205)
(OEosvﬁosOios)
(Naux, A0sVA0sO A0s)
(Naux,a0sV205)
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The memory requirements of the standard RI-MP2
method are very small, since the method does not require the
storage of the full doubles amplitudes, but only requires the
fitting coefficients (N2,VO) for the full molecular system.
However, the DEC-RI-MP2 method additionally requires
a transformation from the pseudocanonical basis to the
local basis. In practice, pseudocanonical amplitudes tij are
generated and immediately transformed to the local EOS (first
transformation in step 7 in Algorithm 1), t;‘f - tl*.‘JB, and the
tf]B amplitudes are stored before they are fully transformed
to the local basis (117 — tg,”). The memory requirements are
therefore VzOSOAosogos in addition to the NL‘ZUX’AOSVAosoAQS
requirements for the fitting coefficients. Thus, although the
memory requirements of the DEC-RI-MP2 scheme are slightly
more involved than for the conventional RI-MP2 method, the
storage of doubles amplitudes with four AOS indices (tff‘) is
avoided in the DEC-RI-MP2 scheme, which also does not use
any I/O. We also note that, since the doubles amplitudes are
stored in the local basis (t,’.}”), it is also possible to construct the
MP2 density, molecular gradient, electrostatic potential, etc.,
within the DEC framework.*>1% Once the EOS amplitudes
and EOS integrals have been determined, the actual evaluation
of the fragment energy (Eq. (5) or (6)) is a minor task, which
is not shown in Algorithm 1.

The parallelization of the DEC-RI-MP2 scheme is
discussed in detail in Section IV. For now, we just note
that each fragment calculation is parallelized over n compute
nodes, where one of the nodes is assigned to be the local
master. In Algorithm 1, the steps that are performed only by
the local master are shown in bold, while the steps which
are parallelized across the n nodes using the message passing
interface (MPI) are shown in regular font.

The number of occupied (Oxps) and virtual (Vaps) orbitals
assigned to a fragment is defined by the fragment optimization
procedure.*® To determine the number of AOs in a fragment,
Nao,a0s, we need to consider the expansion of a localized MO
assigned to atomic site P, ¢, in terms of atomic orbitals Xu
and MO coefficients cﬁ,,

OF = D XuChr ©
M

where r is a general MO label which may refer to either an
occupied or a virtual orbital. Even though the bulk of the
localized MO ¢? is confined to a small volume of space, the
localized MO has small tail coefficients far from P. To reduce
the number of 4-center AO integrals to be determined, we
therefore introduce an approximate MO ¢F,

8= D Xubhr (10)
ue{P}
where {P} is the so-called atomic extent (AE) which is a
subset of atomic orbitals close to atomic site P, and the
&P coefficients are determined such that 7 resembles ¢
as much as possible in a least squares sense. The practical
determination of {P} and 65, is detailed in Ref. 48. The
number of AOs (Nao,a0s) thus corresponds to the number of
atomic basis functions included in {P}.
Concerning the set of auxiliary AOs used in the RI
approximation, we investigate two choices:
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A: Include the full auxiliary AO basis set in all fragment
calculations.

B: Include auxiliary AO basis functions on atoms of the
atomic extent (e.g., for atomic fragment P, include
auxiliary AOs on atoms in the { P} space, see Eq. (10)).

Option A is only interesting for analysis purposes, since
it would destroy the linear-scaling of the DEC-RI-MP2
algorithm (Nyux, aos in Algorithm 1 would be the full molecular
system). Option B is the practical choice and is appealing due
to its simplicity and since it ensures a linear-scaling DEC-
RI-MP2 algorithm. Naturally, both options will lead to the
full RI-MP2 result in the limit where the FOT approaches
zero. The approximation associated with option B is expected
to be small, since, for an atomic fragment P, only ERIs g,
(i,j € P), where the local virtual orbitals a and b are far
from P, will be poorly described using the RI approximation,
and such integrals have very small energy contributions.
In essence, option B corresponds to a local domain fitting
procedure, and local domain fitting has previously been used
successfully for MP2.'>7%7! Options A and B are compared
in Section III C.

C. DEC-RI-MP2 approximations

In order to investigate the efficiency of the DEC-RI-MP2
model, it is convenient to summarize the approximations
introduced so far:

Approx AOS: The amplitude equations are solved in
the restricted AOS, and the virtual orbital
summations are restricted in Egs. (5) and (6).
Approx AE: The orbitals in the AOS are spanned by the
restricted set of AOs in the atomic extent.
Approx PAIR: Distant pair interaction energies are ne-
glected.

These approximations are present for all wave function
models within the DEC framework, while the following two
approximations arise from the introduction of the resolution
of the identity:

Approx AAE: The auxiliary AOs are restricted to the atomic
extent (option B).
Approx RI: The RI approximation.

Approx AE, Approx AOS, Approx PAIR, and Approx
AAE are DEC specific, while Approx RI represents the
intrinsic RI error. When the FOT is tightened, the errors
associated with Approx AE, Approx AOS, Approx PAIR,
and Approx AAE all decrease. However, the RI error persists.
Thus, as the FOT approaches zero, the DEC-RI-MP2 energy
approaches the RI-MP2 energy, not the canonical MP2 energy.
In Section III B, we investigate the convergence of the DEC-
RI-MP2 with the FOT and compare the DEC specific errors
to the intrinsic RI error.
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lll. NUMERICAL RESULTS
A. Computational details and molecular systems

In order to investigate the performance of the DEC-
RI-MP2 algorithm both in terms of errors in the total
correlation energy and in terms of timings, we have selected a
set of medium to large molecules (see supplementary material
for the molecular geometries’?). All calculations have been
performed using Dunning’s correlation consistent cc-pVTZ
basis set’® and the cc-pVTZ-RI auxiliary basis set.>>7+7> The
considered molecular systems are as follows:

(a) Coronene (CpHj): 78 occupied orbitals, 810 virtual
orbitals, 888 atomic basis functions, 2304 auxiliary basis
functions.

(b) Tetrahexacontanoic acid (Cg4OoHi2g8): 264 occupied
orbitals, 3508 virtual orbitals, 3773 atomic basis functions,
9186 auxiliary basis functions.

(c) Heptapeptide (Asn-Phe-Gly-Ala-Ile-Leu-Ser): 208 occu-
pied orbitals, 2240 virtual orbitals, 2448 atomic basis
functions, 6155 auxiliary basis functions.

(d) Valinomycin (Cs4HggN¢O13): 300 occupied orbitals, 3300
virtual orbitals, 3600 atomic basis functions, 9018
auxiliary basis functions.

These molecules have rather different chemical struc-
tures, including a delocalized aromatic electronic structure
(coronene), a highly one-dimensional molecule (tetrahexa-
contanoic acid), and a more compact structure (valinomycin).
Furthermore, all considered molecules are rather large, since
the DEC-RI-MP2 scheme is only useful for large molecular
systems, as we discuss will in detail in Section III D.

All calculations have been performed using a local version
of the LSD program, and the methods used in this paper
are part of the kernel of the D 2016 suite.”>"

B. The DEC correlation energy

In this section, we want to study the effect of the
different approximations (RI and DEC) on the canonical
MP2 correlation energy. We therefore introduce the following
notations to quantify energy errors:

SRI = |E3)I§‘_C—RI—MP2 _ EEoErC_MPZ , (1 1)
SDEC = |EDEC-RIEMP2 _ pREME2| (12)
SDEC-RI = | EDEC-RI-MP2_ pMP2) (13)
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where ORI denote the error associated with the RI
approximation, 6DEC the error associated with the DEC
scheme, and SDEC-RI the error associated with both RI and
DEC. We also introduce the DEC recovery of the canonical
RI-MP2 correlation energy,

DEC-RI-MP2

corr
The error associated with both RI and DEC (6DEC-RI) are
only reported for the coronene system as the other systems
were too large to perform a canonical MP2 calculation of
triple zeta quality. Furthermore, the RI errors (6RI) are not
reported for the heptapeptide and the valinomycin systems
(the DEC-MP2 calculations can in principle be performed,
but for these systems they are very expensive for tight FOT
values).

In Tables I-IV, we examine the convergence of the
total correlation energy as the FOT is tightened. As for
the DEC-MP2 scheme, the error ¢DEC in the total energy
decreases by roughly an order of magnitude when decreasing
the FOT by an order of magnitude, demonstrating that the
combined DEC error associated with Approx AE, Approx
AOS, Approx PAIR, and Approx AAE systematically
decreases with the FOT. Thus, although in principle there
are several approximations in DEC, they are all controlled by
one threshold.

From Table I, we note that the RI error (6RI) of the
DEC-RI-MP2 calculation converges to the error associated
with the RI approximation for the canonical calculations on
coronene (5.55-107* a.u.) when tightening the FOT. The
same observation can be made for the carbon chain in Table II
even though the exact number could not be calculated. It is
important to realize that at approximately FOT = 10~ a.u.,
the DEC-RI-MP2 calculation is dominated by the RI error
(Approx RI) and further tightening of the FOT is futile. We
also note that the DEC-RI-MP2 model provides results of
similar accuracy for the different systems under consideration
in Tables I-1V, i.e., independently of the spatial structure (1,
2, or 3-dimensional) and the chemical structure (conjugated
or not conjugated system).

C. Selection of the auxiliary basis
functions (Approx AAE)

Having demonstrated the general convergence of the
DEC-RI-MP2 energy with the FOT, we now examine Approx
AAE in more detail. In Table V, we compare option A (include

TABLE I. Total errors ((DEC, 6RI, and SDEC-RI, a.u.) and recovery (ADEC, %) in the total correlation energy
of the coronene molecule for different values of the FOT (a.u.). Speed up of DEC-RI-MP2 with respect to

canonical RI-MP2 is also reported.

FOT SDEC SRI SDEC-RI ADEC Speed up
1.0-1073 7.576-1072 5.255-107* 7.632-1072 98.153 0.127
1.0-107* 6.475-1073 5.598-107* 7.032-1073 99.842 0.045
1.0-1073 4.430-107* 5.703-107* 1.000-1073 99.989 0.029
1.0-107¢ 2.447-107° 5.555-107* 5.816-107* 99.999 0.023
1.0-1077 8.749-1077 5.555-107% 5.580-107* 100.00 0.022
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TABLEII. Total errors (6DEC and SRI, a.u.) and recovery (ADEC, %) in the
total correlation energy of the tetrahexacontanoic acid for different values of
the FOT (a.u.). Speed up of DEC-RI-MP2 with respect to canonical RI-MP2
is also reported.

FOT SDEC SRI ADEC Speed up
1.0-1073 1.285-107! 1.823-1073 98.986 25.8
5.0-107% 6.492-1072 2.416-1073 99.488 24.8
1.0-107* 1.414-1072 2.066-1073 99.888 17.2
5.0-107% 8.393-1073 1.918-1073 99.934 14.6
1.0-107° 1.821-1073 2.050-1073 99.986 6.7
5.0-107° 8.520-107* 2.051-1073 99.993 3.7

all auxiliary functions) and option B (include auxiliary
functions associated with atomic centers in the atomic extent
{P}) for tetrahexacontanoic acid. The difference between
options A and B (65_4 in Table V) should be compared with
the DEC error for this molecule in Table II. It is clear that the
error related to option B is minuscule compared to the error
associated with the DEC partitioning scheme, and option B
is therefore well-justified. Note that option B is the practical
implementation used for all other DEC-RI-MP2 calculations
reported in this paper.

The numbers in Table V indicate that it is in fact
possible to further reduce the size of the auxiliary space.
For the FOT = 107> a.u. calculation, the largest and smallest
fitting domains contained 3197 and 1147 auxiliary functions,
respectively. These fitting domains are quite large compared to
what has typically been used in the literature,'>!470:71.7879 and
the d 5— 4 numbers in Table V strongly support the conclusion
that smaller auxiliary domains can be used without affecting
the precision. In the present implementation, we have used
option B due to the simplicity of the approach, but we are
currently investigating alternative choices leading to smaller
auxiliary domains. Possible options include the use of Natural
Auxiliary Functions (NAFs),%0 or 3 center integral screening
techniques such as the SQV¢8! or Lowdin charges.'?

D. Performance analysis

The overall goal of DEC is to provide a framework to
calculate energies and properties at the CC level of theory for
molecular systems where a conventional implementation hits
a scaling wall. Furthermore, the DEC scheme is designed to
utilize the thousands of computing cores available on modern
supercomputers. One of the consequences of the massively
parallel character of DEC is a large amount of recalculations,
which makes it vastly inefficient for small molecular systems

TABLE III. Total errors (§DEC, a.u.) and recovery (ADEC, %) in the total
correlation energy of the heptapeptide for different values of the FOT (a.u.).

FOT SDEC ADEC
1.0-1073 1.162-107! 98.944
1.0-107* 1.455-1072 99.868
1.0-1075 1.575-1073 99.986
1.0-107¢ 1.606-107* 99.999
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TABLE IV. Total errors (6DEC, a.u.) and recovery (ADEC, %) in the total
correlation energy of the valinomycin molecule for different values of the
FOT (a.u.).

FOT SDEC ADEC
1.0-1073 2349 -107! 98.512
5.0-107* 1.205-107! 99.237
1.0-10™* 3.064-1072 99.806
5.0-107° 1.774-1072 99.888

compared to a conventional implementation. In this section
we analyze the general performance of the DEC-RI-MP2
algorithm and try to give simple rule of thumb for the general
user to choose between DEC or conventional implementations
to treat a given problem. We have therefore reported speed
ups of the DEC-RI-MP2 simulations with respect to the
canonical RI-MP2 calculations for both coronene and the
tetrahexacontanoic acid (see Tables I and II).

The calculations on coronene were performed on the Eos
cluster at Oak Ridge National Laboratory (ORNL).®? The
speed ups given in Table I show that the coronene molecule
is clearly too small to demonstrate the usefulness of the
DEC algorithm, i.e., the crossover between a conventional
implementation and the DEC scheme occurs for a system
that is larger than coronene. Indeed, in the case of a small
molecular system and a tight FOT value, the DEC algorithm is
basically repeating a conventional calculation using (almost)
the full orbital space for each fragment, and consequently no
speed ups are observed in Table 1. For coronene, there are 300
fragments if all pair fragments are included. In the limit where
the FOT approaches zero, a DEC calculation would therefore
be 300 times slower than a canonical RI-MP2 calculation.
However, because the fragment calculations are completely
independent, it is always possible to bring down the time to
solution of a DEC calculation by using many nodes.

For the tetrahexacontanoic acid (Table II), the calculations
were performed using our local cluster.> While using DEC
on the coronene system is clearly unfavorable, the situation is
very different for the highly linear tetrahexacontanoic acid. It
is seen that even without using the massively parallel feature
of DEC (all independent calculations are done one after an
other), the DEC-RI-MP2 simulation provides shorter time to
solution than the standard method for all FOTs in Table II.
We also note that at approximately FOT = 107 a.u., the
DEC-RI-MP2 calculation starts to be dominated by the RI
error, and the DEC-RI-MP2 calculation is still 6.7 times faster
than the conventional RI-MP2 calculation.

TABLE V. Comparison of options A and B concerning the choice of auxil-
iary basis functions for tetrahexacontanoic acid using a cc-pVTZ(cc-pVTZ-
RI) basis.

FOT Op-A"
1.0-1073 4.1-10°°
1.0-107* 6.1-1077
1.0-107° 5.3-1078

“Difference in total correlation energy between options A and B.
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FIG. 1. Comparison of the linear-scaling DEC-RI-MP2 method and the N
scaling standard canonical RI-MP2 method for a set of alkane chains of
increasing length. The cc-pVTZ(cc-pVTZ-RI) basis was employed.®?

In order to further illustrate the crossover between
conventional and DEC implementations as well as to
demonstrate the linear-scaling behavior of the DEC-RI-
MP2 code, we have performed DEC-RI-MP2/cc-pVTZ(cc-
pVTZ-RI) calculations on alkane chains of increasing sizes,
from C;¢Hz4 (956 basis functions) to CigoHzzz (9308 basis
functions). The results are given in Figure 1 for calculations
performed using our local cluster.3? Tt is seen that the DEC-
RI-MP2 method indeed is scaling linearly with the system
size (N), while the standard RI-MP2 method scales as N°.
Obviously, tightening the FOT increases the prefactor, but
it does not change the overall linear-scaling behavior of the
method. Of course, the linear-scaling behavior emerges quite
early for these highly linear systems, while 3-dimensional
systems would enter the linear-scaling regime for larger
system sizes.

The timings reported in Tables I and II and Figure 1
should guide the general user to choose between the
conventional and DEC methods for RI-MP2 calculations.
For highly linear systems, the DEC algorithm in general
outperforms the conventional implementation. For more
complicated structures, the conventional algorithm is to be
preferred if it is at all feasible. However, when the canonical
implementation hits the scaling wall, the DEC scheme is still
feasible and becomes the method of choice. In particular, if
many compute nodes are available, the DEC algorithm always
provides a very short time to solution.

IV. PARALLELIZATION OF THE DEC SCHEME

In this section, we summarize the DEC parallelization
strategy® and provide numerical results to investigate the
parallel performance of the DEC-RI-MP2 scheme. As a test
system, we use a cluster of 200 water molecules, (H20)200,
and the standard AO and auxiliary basis sets, cc-pVTZ and cc-
pVTZ-RI, respectively. The calculations have been performed
using a FOT = 10™* a.u and the Titan supercomputing system
at ORNL.3 In DEC, the different fragment calculations may
be run in parallel because they are independent of each other.

J. Chem. Phys. 144, 054102 (2016)

We refer to this as coarse grained parallelization, while
the parallelization of the individual fragment calculations is
referred to as medium grained parallelization (Algorithm 1).
The coarse grained parallelization is common to all wave
function models (RI-MP2, MP2, CCSD, CCSD(T), .. .), while
the medium grained parallelization is dependent on the model
of choice. At the coarse grained level of parallelization, one
MPI process called the global master dynamically distributes
the fragment jobs to the local masters according to a list where
the computational demands of each fragment is prioritized
(largest fragments are calculated first). At the medium grained
level, each local master has a set of associated local slaves,
which all together define a fragment slot. Each slot carries
out the fragment calculation and sends back the fragment
energy to the global master who adds up the fragment
energy contributions. Since the fragment calculations are
of very different size, we have chosen an approach where
the slots divide dynamically to ensure a good medium
grained parallelization. The medium grained parallelization
is investigated in Section IV A, while the coarse grained
parallel performance is discussed in Section IV B.

A. Medium grained parallelization

The medium grained parallelization of the DEC-
RI-MP2 method is very similar to the parallelization of the
standard canonical RI-MP2 calculation and as such several
options are possible. Katouda and Nakajima'® performed
the MPI work distribution based on the set of virtual
orbitals, while in a previous paper,’ the MPI parallelization
was based on the set of occupied orbitals. Hittig et al.®®
concluded that the time-determining steps of RI-MP2 was
most efficiently parallelized over the pairs of occupied orbital
indices, because a parallelization over auxiliary basis functions
would require the communication of 4-index MO integrals
and thus require transfer rates which can only be reached with
high performance networks. However, in connection with the
DEC-RI-MP2 code, the 4-index MO integrals and amplitudes
that must be communicated are the ones residing in the
small EOS space. The medium grained parallelization of the
DEC-RI-MP2 model was therefore chosen to be based on a
parallelization over auxiliary basis functions. Each node in
the slot is thus simply assigned a subset of the auxiliary basis
functions in each of the MPI-parallelized steps of Algorithm 1.

The individual fragment calculations can have signifi-
cantly different sizes depending on the chemical environment.
For example, the smallest pair fragment in the water cluster
calculation (FOT = 107* a.u.), contained 17 occupied MOs,
222 virtual MOs, and 416 AOs, while the biggest fragment
contained 73 occupied MOs, 902 virtual MOs, and 1928 AOs.
The computational cost of the individual fragment calculations
is the standard O(Nfsmg) scaling, where Ny, is a measure of the
fragment size (see Algorithm 1). These differences in fragment
sizes thus lead to huge differences in terms of computational
requirements.

To minimize the time-to-solution for the total calculation,
it is important to know how many nodes can be used
efficiently for a given fragment at the medium grained level
of parallelization. In order to investigate the medium grained
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FIG. 2. Medium grained scaling: Speed up for a pair fragment consisting
of 38 occupied orbitals, 350 virtual orbitals, 690 basis functions, and 1923
auxiliary basis functions in a DEC-RI-MP2/cc-pVTZ(cc-pVTZ-RI) energy
calculation on a (H,0)aqp cluster using FOT = 10~* a.u. (The blue line repre-
sents ideal scaling and the relative speed up (in %) compared to ideal behavior
are given for each point.)

parallel performance, we present relative timings for two
fragments of very different sizes. In Figure 2, the relative
timings are given for a small pair fragment (with 38 occupied
orbitals, 350 virtual orbitals, 690 basis functions, and 1923
auxiliary basis functions) of the (H,O),go calculation, while
Figure 3 shows the relative timings for a large pair fragment
with 69 occupied orbitals, 723 virtual orbitals, 1397 basis
functions, and 3999 auxiliary basis functions.

For the small fragment, the performance is quickly
saturated and for six nodes, we obtain 78.3% of the idealized
speed up. For the large fragment, the parallel performance
is superlinear with the number of nodes. The reason for
this superlinear behaviour is that the fitting coefficients C;/j
have been distributed among the nodes, and this reduces
the datasize and improves cache memory performance. The

50— T - - - -

135.7 %,

40 ]

128.4 %,
135.5 %,

111.0 %
122.1 %,

136.2 %
10 135.2 % 1
134.6 %,

REF,
112.7 %

12 4 6 8 12 16 20 24 32
Number of nodes

FIG. 3. Medium grained scaling: Speed up for a pair fragment consisting of
69 occupied orbitals, 723 virtual orbitals, 1397 basis functions, and 3999 aux-
iliary basis functions in a DEC-RI-MP2/cc-pVTZ(cc-pVTZ-RI) calculation
on a (H20)z00 cluster using FOT = 107 a.u. (The blue line represents ideal
scaling and the relative times (in %) compared to ideal behavior are given for
each point.)
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smaller memory requirements on the individual node also
allow for more efficient AO to MO transformations.

The fragment size, which can be quantified in terms
of Naux.a0s, Oaos, and Vaps, thus determines the efficiency
of the parallelization in Algorithm 1. The most expensive
computational step (step 6 of the Algorithm 1) of a
fragment calculation scales as Naux a0sV20s0%0s While, in
the most expensive communication step, the 3 center ERIs
(a|AI) of size Nyx.a0sVaosOaos are communicated among
n nodes. We therefore require that the ratio between the
computationally most expensive step and the most expensive
communication step is large. Thus, roughly speaking, the
larger Naux, a0sV 2050205/ (Naux, 408 Va0sOa0s) = OnosVaos i,
the more nodes can efficiently be used in Algorithm 1. In
practice, we use the following condition to determine whether
a slot containing n nodes should divide or not:

Divide slot if: n > OAOSVAOS/X~ (15)

The large number of fragments that must be calculated in a
DEC calculation allows us to use a conservative number of
nodes for each fragment, and empirical investigations have
established that X = 8000 is a reasonable value. For example,
if a slot of 4 nodes receives a fragment job where Eq. (15)
is satisfied, the slot would divide into two new slots each
containing two nodes. One of these slots would calculate the
fragment job in question, while the other slot would receive
another small fragment job from the global master.

B. Loss and coarse grained scaling

Concerning the parallel performance of the DEC-RI-
MP2 scheme as a whole, we distinguish between local
and global loss of efficiency.®> The local loss occurs in the
individual fragment calculation at the medium grained level of
parallelization and was analyzed in Section IV A. Local loss
is present due to nonideal load balancing, communication,
and the non-parallelized steps in Algorithm 1. Global loss
refers to the coarse grained parallelization level and occurs
when all jobs have been distributed by the global master and
some of the nodes wait for the remaining jobs to finish. It
may in principle also occur if many local masters are trying
to send/receive fragment job information to/from the global
master at the same time, but we have not observed this to
be a practical problem. In Figure 4, we investigate the coarse
grained parallel performance for a calculation on the (H20)200
cluster using between 400 and 1600 nodes. The calculation
using 400 nodes is taken as reference and corresponds to a
time-to-solution of 8 h and 14 min. The coarse grained scaling
behavior for the DEC-RI-MP2 code is close to ideal in the
considered range, although it slowly starts to deteriorate for
1600 nodes for reasons detailed below.

Equation (15) was used to define the fragment slot sizes
for the calculations in Figure 4, and some local loss is therefore
expected. Global loss is present for any DEC calculation using
more than one fragment slot. The local and global losses
for the calculations in Figure 4 are compared in Table VI.
The global loss is increasing with the number of nodes,
reflecting the decrease in relative speed up in Figure 4, where
the calculation with 400 nodes was used as reference. This
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FIG. 4. Coarse grained scaling: Speed up for DEC-RI-MP2/cc-pVTZ(cc-
pVTZ-RI) calculations on (H,0)»¢p cluster using FOT = 1074 a.u. compared
to the reference calculation using 400 nodes. The blue line represents ideal
scaling and the relative times (in %) compared to ideal behavior are given for
each point (relative to reference calculation).

TABLE VI. Local and global loss for DEC-RI-MP2/cc-pVTZ(cc-pVTZ-RI)
calculations on (H,0),p cluster using FOT = 10~* a.u.

Number of nodes: 400 800 1200 1600
Local loss (%) 11.9 113 10.3 9.66
Global loss (%) 2.14 4.13 6.91 10.5

increase in global loss happens because, as the number of
nodes is increased, more nodes are waiting for the last few
fragment jobs to finish at the end of the calculation. The
local loss from Table VI is roughly constant with the number
of nodes (~10%), which means that the dividing procedure
relying on Eq. (15) is working properly.

The current DEC-RI-MP?2 parallelization scheme can be
further improved, and work is being done in that direction.
At present, Eq. (15) has been defined in order to use as many
nodes as possible for a given fragment calculation without
having a non-beneficial scaling behaviour (see Fig. 2) and
keeping the local loss as low as possible. However, if a huge
number of nodes is available, it may be beneficial to use more
nodes for each fragment, which would reduce the global loss
at the expense of increasing the local loss. An optimal balance
between local and global losses to minimize the total loss
would require a more advanced criterion for determining the
slot sizes than the one in Eq. (15), or, at least X in Eq. (15)
should be chosen in a more sophisticated manner than simply
using a fixed predefined value. Nevertheless, the current status
of the code allows us to efficiently exploit large supercomputer
architectures and perform large DEC-RI-MP2 calculations
with a short time-to-solution and low computational loss.

V. SUMMARY AND OUTLOOK

We have presented the linear-scaling and massively
parallel DEC-RI-MP2 method, which shows substantial speed
up compared to the DEC-MP2 algorithm. The method can be
applied to systems that are much larger than the ones that
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can be treated with the RI-MP2 method with small and
controllable errors. The massively parallel character of the
algorithm makes it particularly well suited for very large
computer architectures for which several thousand nodes can
be used efficiently, resulting in a very short time-to-solution.
The DEC error control ensures that the standard RI-MP2
energy can be obtained to the desired precision.

The results indicate that the size of the auxiliary basis
set can be further reduced, and work in this direction is
ongoing. We also currently investigate the possibility of
introducing a Laplace transformation of the orbital energy
denominators'®!7:31:3286 to further reduce the computational
cost of the DEC-RI-MP2 method. Current and future computer
architectures utilize graphical processing units (GPUs), and
the DEC-RI-MP2 scheme is ideally suited to exploit such
hardware as has already been done for standard RI-MP2,!>%7

It is clear from the last two points that the DEC-RI-MP2
performance may be further improved — both concerning the
algorithm itself and adaptation to modern computer hardware.
It is therefore our intention to further develop DEC-RI-
MP2 algorithm such that it will be able to offer a tractable
alternative to density functional theory (DFT) calculations of
molecular energies. Finally, we note that molecular gradient
has already been implemented for the DEC-MP2 model.”!
These developments are currently being adapted to the DEC-
RI-MP2 model with the goal of extending the DEC-RI-MP2
model to be able to calculate molecular properties.
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ABSTRACT: We propose a reformulation of the traditional
(T) triples correction to the coupled cluster singles and
doubles (CCSD) energy in terms of local Hartree—Fock (HF)
orbitals such that its structural form aligns with our recently
developed linear-scaling divide—expand—consolidate (DEC)
coupled cluster family of local correlation methods. In a DEC-
CCSD(T) calculation, a basis of local occupied and virtual HF
orbitals is used to partition the correlated calculation on the
full system into a number of independent atomic fragment and
pair fragment calculations, each performed within a truncated
set of the complete orbital space. In return, this leads to a
massively parallel algorithm for the evaluation of the DEC-
CCSD(T) correlation energy, which formally scales linearly
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with the size of the full system and has a tunable precision with respect to a conventional CCSD(T) calculation via a single
energy-based input threshold. The theoretical developments are supported by proof of concept DEC-CCSD(T) calculations on a

series of medium-sized molecular systems.

1. INTRODUCTION

In the quest for chemical accuracy in ab initio electronic
structure calculations, the coupled cluster (CC) singles and
doubles model' (CCSD) augmented by a perturbative
treatment of triple excitations® (CCSD(T)) has proven itself
the gold standard. However, despite the notable success of the
CCSD(T) model in benchmarking electronic energies and
other molecular properties for small molecular systems, its
seventh-power scaling with system size remains a severe
impediment of the model, generally preventing it from large-
scale applications and hence from becoming beneficial beyond
the niche of modest-sized molecular systems. In standard
implementations, the scaling wall of the CCSD(T) model arises
because the energy correction is expressed in a basis of highly
nonlocal canonical Hartree—Fock (HF) molecular orbitals
(MOs), making a local description of electron correlation
effects unattainable.

Throughout the years, elaborate attempts have been made at
pushing the limits for the CCSD(T) model by devising
massively parallel implementations of the standard canonical
formulation.> "' However, it is evident that such attempts
cannot significantly extend the application range of the model
as the inherent scaling wall of the model is not overcome. If
large molecular systems are to be addressed by the CCSD(T)
model, the underlying algorithm is bound to be reformulated
such that its implementation becomes not only massively
parallel but also linearly scaling. Furthermore, if this alternative
algorithm in itself is to be successful as a tool within high-

v ACS Publications  © 2015 American Chemical Society
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accuracy ab initio quantum chemistry, it is imperative that it
possesses a strict error control through the use of a single
parameter that directly identifies the precision of the calculation
as compared to a standard calculation.

To accommodate the preceding requirements, a plethora of
local correlation CCSD(T) methods have been introduced,
many of which reduce the computational scaling to one that
depends linearly on system size. The first successful of these
was the local CCSD(T) method developed by Schiitz and
Werner,'> and since then the CCSD(T) model has been
implemented within various local correlation schemes such as
the incremental scheme, the divide-and-conquer scheme,™*
the cluster-in-molecule scheme,'>'® and most recently in terms
of orbital-specific virtual orbitals'” as well as pair and triples
natural orbitals.'”® Common for all of these methods is the
introduction of a set of parameters which regulate the overall
accuracy of the calculation as compared to a conventional
calculation. However, none of the methods have been designed
to determine optimal local orbital spaces in an automated
fashion based on a single energy criterion provided by the end
user. In the present work, we propose a novel implementation
of the CCSD(T) model, which has an error in the final energy
that is indeed adjusted by the turn of a single knob, while at the
same time being both linearly scaling and massively parallel.
These advances are made possible through a reformulation of
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the (T) correction to the CCSD energy such that its expression
in terms of localized orbitals aligns with our recently developed
divide—ex;pand—consolidate (DEC) coupled cluster frame-
work 192

In a DEC-CC calculation, the inherent locality of the
electron correlation problem is efficiently exploited in order to
express the correlated wave function calculation on the full
molecular system in terms of numerous small and independent
fragment calculations that each uses a subset of the total orbital
space. Importantly, the local orbital spaces used in the
individual fragment calculations are determined in a black-box
manner during the calculation to ensure that the calculated final
energy is determined to within a predefined precision
compared to a conventional calculation. An important
prerequisite for the proposed DEC-CCSD(T) model—as for
any DEC-CC model—is our recently developed strategy for
generating a set of local orthogonal orbitals for both the
occupied and virtual orbital spaces,** which allows us to
describe local electron correlation effects without invoking, e.g.,
a set of linearly dependent nonorthogonal projected atomic
orbitals.

The alternative formulation of the (T) triples energy
correction used herein, which forms the basis for the DEC-
CCSD(T) method, has a computational cost that is twice that
of the standard expression. However, in contrast to the one
conventionally used in standard implementations, which is
restricted to the canonical HF basis, our alternative formulation
may be expressed in any basis of optimized HF orbitals. As a
consequence, the (T) correction can be expressed in a basis of
localized orbitals, making it possible to take advantage of the
locality of the triples amplitudes and, in return, obtain a
reduced overall computational scaling of the energy correction.

In section 2, the conventional and alternative formulations of
the (T) correction are compared to one another in terms of
computational cost and the ability to be expressed in various
bases of optimized HF orbitals. In section 3, we show how the
coupling of the alternative expression for the (T) correction to
the DEC scheme is made for a set of local HF orbitals, while
numerical proof of concept DEC-CCSD(T) results are
presented in section 4. Finally, section S gives some conclusive
remarks.

2. CCSD(T) CORRELATION ENERGY
In a basis of spatial (spin-free) HF orbitals, the total CCSD
energy for a closed-shell system is given as

HF + ECCSD

Ecesp = E (2.0.1)

In eq 2.0.1, E™F is the HF energy and E°“P the CCSD
correlation energy, which reads®

CCSD b b
ECP = 3N (6" + 1)Ly,
ab ij

where {#/} and {t‘;b} are the CCSD singles and doubles
amplitudes, respectively, and Li; = 2g,, — & IS an
antisymmetrized two-electron integral written in Mulliken
notation. In the following, the indices {ijk[m} and
{a,b,c,de} will denote occupied and virtual HF orbitals,
respectively.

The CCSD(T) energy is defined as®

(2.02)

HF | CCSD T
Eccspmy = E7 +E +E® (2.0.3)

2985

where E™ is the so-called (T) perturbative correction to the
CCSD energy for the effect of triple excitations. The structure
of E™ is defined by two energy contributions rationalized from
many-body perturbation theory®® (MBPT): E!*, a fourth-order
term involving CCSD doubles amplitudes, and BV, a fifth-
order term involving CCSD singles amplitudes

EM = g4 4 8] (2.04)

In a basis of canonical HF spatial orbitals, the expressions for
the fourth- and fifth-order contributions may be derived from
MBPT as”

4] _ zabe,abe, ab
B = 3 3 mtae (2050)
abe  ijk
[s] _ 5 abc abe , ab
ES = 33 g (20.5b)
abe  ijk
In egs 2.0.5, the triples amplitudes {#}}are given as
ad ab
e pabe 2oty 8uga = 2t 8oy
tiik - _Piik abc
Eijk (2.0.6)
where eg-ic denotes the orbital energy difference between the

virtual and occupied orbitals of the excitation

abe
g =g +tet+e—(6+¢+e) (2.07)
and P;}ﬁc is a symmetrization operator
A R L R R T
The zf}i‘ coefficients in eq 2.0.5b are given as
a b c
abe _ _(ti gjbkc + tigxakc + tkgiajb)
Z’fk - ,abc
€k (2.09)
and the tilde notation on an arbitrary six-index quantity Scsﬁc in
eq 2.0.5 is defined as
~abe 2 abe _ b, 1 bea
i (3 e Tk T gk ] (2.0.10)

The expressions for the fourth- and fifth-order contributions in
eqs 2.0.5 both contain orbital energy differences, and the
evaluation of the (T) energy correction by this conventional
formulation will thus be practically restricted to a basis of
canonical HF orbitals. If, on the other hand, we were to express
the correction in a more general, optimized HF basis (e.g, in
terms of localized HF orbitals), the equation for the triples
amplitudes in eq 2.0.6 would read

be be b b b
D (G, + 5Fy, + 0B — 2 (5E, + (5, + tE )
- "
_ _ pabc ad _ ab
=P (§ b S Z f g‘k") (2.0.11)

Since eq 2.0.11 is expressed in terms of off-diagonal elements of
the Fock matrix, which become nonzero in the local HF basis,*®
the total (T) correction would have to be evaluated by means
of an expensive iterative scheme, thereby drastically limiting the
application range of the CCSD(T) model.

Alternatively, the two correction terms in eq 2.0.4 may be
derived from Lagrangian-based CC perturbation theory for a
HF reference state>*” and expressed as

DOI: 10.1021/acs.jctc.5b00086
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EM =2 3t - e)1) (2.0.12a)
ab ij

EM =2 ) My

In egs 2.0.12, the fourth- and fifth-order contributions to the

(2.0.12b)

(T) correction are formulated in terms of the T,?}b and T7
intermediates, respectively
b d d
T = 20 2 (0 ~ 55 (20.133)
ok
b b
- Z Z (i L = tl;;icgkﬂc)
c K
— )L (2.0.13b)

T = Z Z (tiﬁd
cd K

Comparing the evaluation of E™ from egs 2.0.5 and 2.0.12/
2.0.13, we note that both expressions contain the triples
amplitudes of eq 2.0.6, the generation of which scale as o**
(where o and v denote the number of occupied and virtual
orbitals, respectively). The evaluation of the Tgb intermediates
in eq 2.0.13a contains an additional 0®s* scaling term, while the
conventional expression in eq 2.0.5a contains no such term
since each triples amplitude is immediately contracted with
either itself or a z coefficient in an 0’® step. As mentioned
earlier, the contractions in eqs 2.0.5 are limited to the canonical
HEF basis. Thus, as the local nature of the triples amplitudes
cannot be explored within this highly nonlocal basis, and the
use of any other basis but that formed by the canonical HF
orbitals will increase the computational cost, locality consid-
erations cannot be used to reduce the overall computational
scaling of the (T) energy correction whenever the formulations
in eqs 2.0.5 are used. On the other hand, the alternative
expressions in eqs 2.0.12 are valid within any basis of optimized
HF orbitals, be that a canonical or a local basis. Since the
intermediates in eqs 2.0.13 are constructed from triples
amplitudes and MO integrals only, it is possible to take
advantage of the locality of these two quantities when
evaluating {T‘;b,Tf} and, in return, E™ in a local basis. As
will be shown in section 3.2, eqs 2.0.12 and 2.0.13 thus provide
a pathway toward a reduction of the overall computational
scaling of the (T) energy correction.

In the present work, we will use the DEC-CC framework for
determining the T} and T[}b intermediates in a basis of local HF
orbitals. In practice, the intermediates in a DEC-CCSD(T)
calculation will be determined from individual CCSD(T)
calculations within local atomic fragment and pair fragment
orbital spaces in analogy with the evaluation of CCSD singles
and doubles amplitudes in the DEC-CCSD model.'”*® As we
will demonstrate in sections 3 and 4, the alternative expressions
for the (T) energy correction in egs 2.0.12 facilitate a reduction
in computational scaling of the ECCSP(M) energy to a linear
dependence on system size, while retaining control of the error
introduced as compared to a conventional CCSD(T)
calculation.

3. DEC PARTITIONING OF THE CCSD AND CCSD(T)
CORRELATION ENERGIES

To understand the similarities and differences between the

DEC evaluation of the CCSD energy and the (T) energy

correction, the foundation for both DEC formulations will be

discussed next. In section 3.1, we give formally exact
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expressions for both E°°® and E in terms of DEC atomic
fragment and pair interaction energies, while section 3.2 is
devoted to the actual approximate evaluation of these.

3.1. Formulation in Terms of Atomic Fragment and
Pair Interaction Energies. In the DEC-CC framework,'*™
we assign local HF orbitals to atomic sites P, Q, R, §, ... and
each atomic site P thus gets assigned a set of local occupied, P,
and virtual, P, HF orbitals. Reformulating the CCSD correlation
energy in terms of summations over atomic sites and pair sites,
eq 2.0.2 reads"

ECCSD - Z [EECSD + Z AEPCCESD]

P Q<P (3.1.1)

where the atomic fragment energy, E§<S°

, and the pair
. . CCTSD .
interaction energy, AEpg™", are given as

CCSD ab ab
Ep = Z Z (t[,‘ +t tj)Liujb (3.122)
ab ijeP
CCSD ab ab
AEPQ = Z (Z Z +Z Z )(f,, +t tj)Liujb (3.1.2b)
ab i€P jEQ i€EQ jEP

In eqgs 3.1.1 and 3.1.2, the CCSD correlation energy is written
in such a way that the summations over the two occupied
orbitals, {ij}, in eq 2.0.2 are replaced by summations over
atomic sites P and pair sites P,Q as well as summations over
orbitals {i;} assigned to the respective atomic sites.

Since the expression for the (T) correction in eqs 2.0.12
contains similar summations over occupied and virtual orbitals,
we may likewise substitute these by summations over atomic
sites P and pair sites P,Q as in eq 3.1.1

EV = Y ED + Y AER)

P Q<P (3.1.3)

where the triples atomic fragment energy, ESD) and triples pair
interaction energy, AEE,Q, are given as

ESD = E¥ 4 Bl (3.1.4a)
AES) = AES) + AER) (3.1.4b)
The CCSD(T) fourth-order terms become
B =2) Y (" -1’ (3.1.52)
ab jep
M =2 Y (T X 4T X0 - a1 (3sh)
ab i€P j€Q i€Q jEP
while the fifth-order terms become
Ep) =2y Y (3.1.6a)
a€P ieP
AR =2() Y+ Y YuT! (3.1.6b)
a€P i€eQ a€Q ieP

with the T,jb and T} intermediates given in eqs 2.0.13.

We note how the fourth-order term in eqs 3.1.5 is partitioned
in the same way as E°“" in eq 3.1.2; that is, the summations
over occupied orbitals are replaced by summations over the
atomic sites and pair sites to which the local HF orbitals have
been assigned. For the fifth-order term in egs 3.1.6, however,
we have chosen a partitioning in which both single excitation
indices refer to the same atomic site for the atomic fragments,

DOI: 10.1021/acs.jctc.5b00086
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while for the pair interaction energies, the indices are assigned
to different atomic sites.

3.2. Evaluation of Atomic Fragment and Pair
Interaction Energies. By replacing the summations over
orbitals in E°“*® and E™ by summations over atomic sites and
pair sites as well as orbitals assigned to these sites in eqs 3.1.1
and 3.1.3, no approximations are introduced and no reductions
will be obtained with respect to computational requirements.
On the other hand, if restrictions can be made in the
summations over the space of virtual orbitals in the atomic
fragment and pair interaction calculations without compromis-
ing the overall accuracy of the calculation, then ES“® and E(™
may be calculated using an algorithm that scales quadratically
with system size. Furthermore, as we will see, many pair
contributions may be neglected without compromising the
precision of the calculated correlation energy, ultimately leading
to a linear-scaling algorithm for the evaluation of the DEC-
CCSD(T) energy.

We initially consider E°“P in egs 3.1.2 and assume it is
expressed in a basis of local HF orbitals. The atomic fragment
energy, ESP, in eq 3.1.2a contains the integrals Li,j, where
both occupied indices {ij} refer to local orbitals assigned to
atomic site P. These integrals will be nonvanishing only if the
virtual indices {a,b} € [P], where the space [P] denotes the
virtual HF orbital space that is spatially local to P (including P);
see Figure 1. For the pair interaction energy in eq 3.1.2b, the
summations over the virtual orbital space may be restricted in a
similar manner using unions of the atomic fragment orbital
spaces for the constituent atomic sites, resulting in the

(Pl
A
f N
-LEEOEEBEL]- =
space
Occupied
space

-HOOmOr -

Figure 1. Different orbital spaces for a given atomic fragment P. Each
box denotes a set of occupied or virtual orbitals assigned to an atomic
site. The CCSD amplitude equations are solved in the [P] U [P] space,
and the CCSD atomic fragment energy is evaluated in the PU [P]
space.

following DEC-CCSD atomic fragment and pair interaction
energies 0

ESSP = 3 3 (6 + 1)Ly, (32.1a)
welP] jep
ccsp _ ab | Lab
A= Y (O X+ Y+ )Ly, (32.1b)

abe[P]U[Q] i€P jeQ i€Q jeP

In order to accurately determine the CCSD amplitudes in eq
3.2.1a, it is imperative that certain coupling effects to
amplitudes outside the PU[P] space are described. As
elaborated upon in ref 20, most of these coupling effects arise
from nonvanishing charge distributions in two-electron
integrals in addition to the distance decay of the Fock matrix.
As a result of these additional effects, the amplitudes of eq
3.2.1a have to be allowed to couple to, e.g., amplitudes } for
which {k]} € [P], where [P] denotes the set of occupied

orbitals that are spatially local to the atomic site P (including
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P); see Figure 1. In practice, the DEC-CCSD atomic fragment
energy, E;°, is thus determined by (i) solving the CCSD
amplitude equations in the truncated [P] U [P] space and (ii)
extracting the amplitudes of the P U [P] space that are needed
for evaluating E§“*° using eq 3.2.1a. Similarly, pair fragment
energies are determined using unions of spaces in accordance
with eq 3.2.1b. The [P] and [P] spaces are determined
dynamically in a black-box manner during the calculation to
ensure that the resulting error in the atomic fragment energy,
ES©P, is below the so-called fragment optimization threshold
(FOT). This procedure will thus account for the coupling
effects mentioned earlier. The practical implementation of the
fragment optimization procedure is described in ref 20.

Turning our attention to the (T) correction, the orbital
spaces entering the expressions for the fourth-order DEC-
CCSD(T) atomic fragment and pair interaction energies in egs
3.1.5 may be truncated in a similar fashion

Bl=2 Y > g -uh1 (32.22)
abe[P] jj€P
AR =2 Y X +Y Yoeg - ehr  (322b)

abe[P]U[Q] i€P jeQ i€Q jEP

while the expressions for the fifth-order energies in eqs 3.1.6
remain unchanged. In practice, the actual spaces required for
the accurate evaluation of the (T) correction will be
constrained to the truncated [P] U [P] spaces used in the
preceding calculation of the CCSD correlation energy due to
two primary reasons. First, as the fourth- and fifth-order
contributions to the (T) correction are constructed from
CCSD singles and/or doubles amplitudes, these will only be
satisfactorily described within truncated fragment spaces
suitable for the CCSD model. Second, the total (T) correction
is known from the literature to be roughly an order of
magnitude smaller than the CCSD correlation energy,” and
the errors introduced from reusing the CCSD fragment spaces
are thus expected to be minor compared to the intrinsic FOT
error. As a result, we will refrain from attempting to improve
upon the underlying [P] U [P] spaces obtained for the CCSD
model when evaluating the (T) correction. Furthermore, we
will also use union spaces in the calculation of (T) pair
interaction energies. Both of these assumptions will be
numerically justified from the DEC-CCSD(T) results in section
4.

In ref 21, it was illustrated how the dominating contributions
to the CCSD pair interaction energies in eq 3.2.1b, that is,
those that arise from the CCSD doubles amplitudes, decay
asymptotically as r;& (where rpq is the interatomic distance
between atomic sites P and Q), thereby exhibiting a decay rate
in accordance with that of regular dispersion energies. In short,
the origin of this decay rate may be traced back to the fact that
both the CCSD doubles amplitudes and the integrals entering
eq 3.2.1b decay as 33, whenever i € P and j € Q. For this
reason, we may neglect pair interaction energies beyond a
certain interatomic distance, again without compromising the
precision of the total correlation energy. Neglecting contribu-
tions to E°“P from distant pairs thus reduces the total scaling
into one that formally depends only linearly on the size of the
system.

For the fourth- and fifth-order (T) pair interaction energies
in egs 3.2.2b and 3.1.6b, respectively, we initially note how the
fifth-order contributions will typically be an order of magnitude
smaller than the corresponding fourth-order contributions.”

DOI: 10.1021/acs.jctc.5b00086
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For this reason, the actual (T) correction for a pair at a large
interatomic separation will be determined almost exclusively by
the dominant fourth-order contributions, and when analyzing
the distance decay of the (T) pair interaction energies, we may
limit our analysis to these. In order to conduct a similar analysis
for the (T) pair interaction energies as the one done for the
CCSD counterparts, it is instructive to turn to an alternative
formulation of the fourth-order contribution. From coupled
cluster perturbation theory,>>* this contribution may be
written in terms of the Moller—Plesset fluctuation potential,
D, as

E¥ = (1FI[d, T HEF) (32.3)
where TP = > tE]
from the followmg thu‘d order doubles amplitudes

is a double excitation operator built

z[3] _ -1 &
tllz = —E“z </42|[<D,T3]|HF> (32.4)

In eq 324, ¢,

virtual and occupied orbitals of double excitation y, (cf. eq
2.0.7), while Tj is a triple excitation operator built from the
amplitudes in eq 2.0.6.

Writing out the fourth-order contribution to the (T)
correction in eq 3.2.3, we arrive at the following expression

Z Z Fob. Bl L

Comparing eq 3.2.5 to the corresponding expression for the
doubles contribution to the CCSD energy in eq 2.0.2, we note
how these greatly resemble one another. Since the third-order
doubles amplitudes in eq 3.2.4 represent the lowest-order
relaxation contribution from triple excitations to the doubles
amplitudes in the coupled cluster singles, doubles, and triples
model** (CCSDT), which decay with the interatomic distance
between atomic sites P and Q in the same way as the CCSD
doubles amplitudes, i.e., as r;é, the fourth-order contribution to
the (T) correction, and thus the total (T) correction, will decay
as rpq. For this reason, we may neglect contributions to EM
from distant pairs following the same line of arguments that led
to a reduction in the computational scaling of the CCSD
energy and, in return, obtain an algorithm for the evaluation of
the CCSD(T) energy that scales only linearly with the size of
the system.

In outlining the final DEC-CCSD(T) algorithm, we note that
two levels of approximations have been introduced for the
fourth-order contributions in eqs 3.2.2 compared to the exact
expressions in eq 2.0.12a, while only one of these have been
introduced for the fifth-order contributions in eqs 3.1.6
compared to eq 2.0.12b. For the fourth-order contributions,
the summations over the virtual space have been truncated
(approximation i), and the CCSD amplitudes ¢’ as well as the
T“h intermediates have been determined w1th1n a truncated set
of localized HF orbitals (approximation ii). For example, the
[P] and [P] spaces have been used for atomic fragment P (see
Figure 1). For the fifth-order contributions, only approximation
ii has been invoked; i.e., truncated spaces have been used in the
determination of the CCSD singles amplitudes t/ and the T}
intermediates.

The DEC-CCSD(T) algorithm can now be summarized as
follows:

(i) Determine localized occupied and virtual HF MOs.

is the orbital energy difference between the

(32.5)
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(ii) For each atomic site P, determine the optimized orbital
spaces [P] and [P] as detailed in ref 20.

(iii) Solve the CCSD amplitude equations in the [P] U [P]
space and evaluate the CCSD atomic fragment energy, E5SP,
using eq 3.2.1a.

(iv) Transform the local HF orbitals of the [P] U [P] space
into a pseudocanonical basis in order to generate triples
amplitudes on the fly usmg eq 2.0.6 (thus avoiding their
storage) and evaluate the T“ and T7 intermediates (eqs 2.0.13)
in this basis.

(v) Transform p “ back into the local basis and
evaluate EST) in this basis usmg eqs 3.2.2a and 3.1.64, recalling
that the contractions between cluster amplitudes and
intermediates are limited to the restricted sets of local orbitals
ij € P and ab € [P].

(vi) Repeat steps iii—v for the pair fragments PQ using
unions of atomic fragment orbital spaces; see eqs 3.2.1b, 3.2.2b,
and 3.1.6b; pair fragments with large interatomic distances
(small energy contributions) may be neglected.

(vii) Add up the CCSD and (T) atomic fragment and pair
interaction energies to get the total DEC-CCSD(T) energy
using eqs 3.1.1 and 3.1.3.

Finally, we stress how the intermediate transformations to
and from a pseudocanonical fragment basis are collectively
nothing but a computationally efficient way of evaluating the
(T) correction in the local HF basis. By solving the equations
for the Tg and T intermediates in a diagonal rather than a
local basis, we are capable of generating individual triples
amplitudes on demand, thereby circumventing the physical
storage of the complete six-dimensional tensor of triples
amplitudes. The actual summations over the occupied space in
eqs 3.2.2 and 3.1.6, however, must be restricted to only those
local orbitals that belong to the P and Q spaces, which is why
we subsequently need to back-transform T‘; and T} to the
original local basis.

T% and T¢

4. NUMERICAL RESULTS

In the present section, we demonstrate how the DEC-
CCSD(T) model—via a single input parameter (the FOT)—
allows for error control and systematic convergence toward
results obtained with the CCSD(T) model in its conventional
canonical formulation. Proof of concept investigations are
performed on a set of medium-sized molecules for which the
conventional CCSD(T) model can be applied for a direct
comparison. We will consider a test set consisting of the
following molecules/systems:

(i) two water clusters—one with 12 water molecules
(system 1a) and one with 20 (system 1b)

(ii) two linear, saturated fatty acids—C,,H,,0, (system 2a)
and C;¢H3,0, (system 2b)

(iii) two a-helix structures—one with three glycine residues
(system 3a) and one with four (system 3b)

(iv) two conjugated hydrocarbons—C,H,, (system 4a) and
C¢H,;s (system 4b)

All calculations are performed using the Dunmng correlation-
consistent cc-pVDZ and cc-pVTZ basis sets> with the frozen-
core approximation invoked.

While systems la, 2a, 3a, and 4a are small enough for
conventional CCSD(T)/cc-pVIZ calculations to be per-
formed, the calculations on the larger systems 1b, 2b, 3b, and
4b have only been carried out within the smaller cc-pVDZ basis
set. All calculations—conventional as well as DEC calculations

DOI: 10.1021/acs.jctc.5b00086
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Table 1. Conventional Canonical Correlation Energies (a.u.) Calculated within the cc-pVTZ Basis Set for Systems 1a, 2a, 3a,
and 4a and the cc-pVDZ Basis Set for Systems 1b, 2b, 3b, and 4b

model MP2 CCSD
System la —3.22086 —3.27285
System 2a —2.54756 —2.66321
System 3a —2.53798 —2.57194
System 4a —1.91519 —1.99236
System 1b —4.19401 —4.34508
System 2b —2.64643 —2.85048
System 3b —2.64774 —2.73911
System 4b —2.09819 —2.2374S

[4] [s] (T) CCSD(T)
—0.10832 0.00313 —0.10519 —3.37803
—0.11362 0.00348 —0.11014 —2.77350
—0.12294 0.00618 —0.11676 —2.68870
—0.10457 0.00228 —0.10230 —2.09466
—0.08606 0.00381 —0.08225 —4.42733
—0.09245 0.00302 —0.08943 —2.93991
—0.10103 0.00709 —0.09394 —2.83305
—0.09706 0.00228 —0.09478 —2.33223

for the MP2, CCSD, and CCSD(T) models—have been
performed using a local version of the LSDALTON program*>**
(the DEC-CCSD(T) model in a pilot implementation), and for
all of the presented proof of concept DEC calculations,
regardless of the CC model, we have used atomic fragment
orbital spaces optimized at the MP2 level of theory.>

In section 4.1, we compare DEC-CC and conventional CC
correlation energies for all of the eight test systems, while the
decaying behavior of the DEC-CCSD(T) triples pair
interaction energies with respect to interatomic distance is
investigated in section 4.2.

4.1. DEC-CCSD(T) Correlation Energy. In this section, we
compare DEC-CCSD(T) correlation energies calculated using
FOT values of 1073, 107 and 10~ au. to conventional
CCSD(T) results. In the following analyses, the total
CCSD(T) correlation energy will be decomposed into the
CCSD correlation energy and the (T) correction, which is
further partitioned into the fourth- and fifth-order contributions
of eq 2.0.4. The results for the CCSD correlation energy and
the (T) correction will be reported alongside DEC-MP2 and
conventional MP2 correlation energies for comparison. Table 1
gives conventional CC correlation energies for the systems of
the test set. In Table 2, we investigate the performance of the
DEC-MP2, DEC-CCSD, and DEC-CCSD(T) models by
reporting the total error in the DEC-CC correlation energy,
ie, the difference between the DEC-CC correlation energy
(EPECC€) and the conventional CC correlation energy for the

full molecule (E€©),

5CC = EPECCC _ geC (4.1.1)

as well as the DEC recovery of the full correlation energy,

EDEC-CC
ACC = 5C 12)
From the results in Table 2, we observe a reduction of the
total error in the correlation energy (SCC) by roughly an order
of magnitude whenever the FOT is reduced by an equal
amount. This behavior is observed across all of the models and
even holds for the (T) energy correction alone. For all of the
test systems, the DEC recovery (ACC) for a given FOT is
independent of the nature of the system in question (homo- or
heterogeneous, saturated or unsaturated, one- or three-
dimensional overall structure, dominated by covalent or
hydrogen bonds, etc.). At a FOT of 107 au, for example,
the DEC-CCSD(T) model succeeds in recovering between
99.83% and 99.96% of the conventional CCSD(T) result.
Furthermore, we observe the same pattern for the relative
errors in moving from a double-( to a triple-{ basis set.
Upon inspecting the individual entries of Table 2, we notice
how the CCSD and (T) total errors in the correlation energy
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are of similar magnitude, indicating that neither of the two
dominates the total CCSD(T) error. Phrased differently, no
unnecessary efforts have been made at determining any of the
two contributions to the total CCSD(T) correlation energy at a
higher level of precision than the other. This is found to be true
for both loose and tight FOT values. The smaller recoveries for
the (T) correction, ie., larger relative errors, in particular at
lower FOT values, naturally arise due to the fact that the (T)
correction is more than an order of magnitude smaller than the
CCSD correlation energy. The total CCSD errors, however,
appear at times to be artificially low; compare, e.g, the MP2
and CCSD errors for systems la and 2a at a FOT of 107* a.u.
These low CCSD errors are due to cancellations of errors
between the individual CCSD atomic fragment and pair
fragment errors, which can have different signs. For the MP2
model and the (T) correction, the dominant fragment errors
are positive, and such error cancellations are therefore much
less prominent. Finally, we focus on the fourth- and fifth-order
contributions to the (T) correction. As mentioned in section 3,
the fourth-order contribution to the (T) energy correction is
typically an order of magnitude larger in size than the fifth-
order contribution, and from Table 2, we notice how this
relationship holds for the total DEC errors as well. For this
reason, both the total and relative DEC errors for the (T)
correction will be entirely dominated by those for the fourth-
order contribution. For the fifth-order contribution, we
generally observe smaller total errors, but larger relative errors,
than for the fourth-order contribution, due to the fact that the
reference fifth-order contributions in Table 1 themselves are
smaller. However, upon tightening the FOT, the relative fifth-
order errors begin to close in on the same level of accuracy as
observed for all of the other relative quantities in Table 2.
4.2. CCSD(T) Triples Pair Interaction Energies. As
previously discussed for the MP2 and CCSD models,”**' the
decay of the pair interaction energies in eq 3.2.1b with
interatomic distance is an integral part of the DEC method as it
allows for a screening of negligible contributions from distant
pairs. As mentioned in section 3.2, this screening reduces the
scaling of the method from one that depends quadratically on
system size to one that depends only linearly. In this section, we
provide numerical results that support the theoretical
investigations of section 3.2 on the rapid decay of the
CCSD(T) triples pair interaction energies in eqs 3.2.2b and
3.1.6b with interatomic pair distance. In Figure 2, we plot the
CCSD as well as the fourth- and fifth-order (T) pair interaction
energies as a function of interatomic pair distance for system
1b. The results in Figure 2 have been obtained by carrying out a
CCSD(T) calculation on the full water cluster and
subsequently extracting the pair interaction energies using eqs
3.1.5b and 3.1.6b (and eq 3.1.2b for the CCSD pair energies).
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Table 2. DEC-CC (MP2, CCSD, and CCSD(T)) Total Errors (§CC, a.u.) and Recoveries (ACC, %) with Respect to the
Conventional Correlation Energies in Table 1 for Different Values of the FOT (a.u.)

FOT 107 107 10°° 107 107 107°
System la System 1b
SMP2 1.75 X 1072 3.11 x 1073 2.10 x 107* 437 x 1072 572 x 1073 5.58 x 107*
S5CCSD 9.98 x 1073 —5.47 x 107* —4.58 x 107* 3.57 x 1072 4.84 x 1073 2.87 x 107
5CCSD(T) 1.70 X 1072 242 X 1073 —8.99 x 107 470 x 1072 7.11 X 1073 6.61 x 107*
5(T) 7.06 X 1073 297 x 1073 3.68 x 107* 113 X 107> 227 x 1073 3.74 x 107*
5(4] 7.49 X 1073 312 X 1073 405 x 107* 120 x 1072 239 X 1073 4.00 X 107*
3(5] —423 x 107* —1.54 x 107* -3.71 x 107° —7.04 x 107* -1.18 x 107* -2.55 x 107°
AMP2 99.46 99.90 99.99 98.96 99.86 99.99
ACCSD 99.70 100.02 100.01 99.18 99.89 99.99
ACCSD(T) 99.50 99.93 100.00 98.94 99.84 99.99
A(T) 93.29 97.18 99.65 86.29 97.24 99.54
Al4] 93.09 97.12 99.63 86.08 97.23 99.54
A[S] 86.51 95.10 98.82 81.53 96.91 99.33
System 2a System 2b
SMP2 4.68 X 1072 4.54 X 1073 550 X 107* 4.63 X 1072 6.05 X 1073 6.69 x 107*
5CCSD 2.77 X 1072 693 x 107* —137 x 107° 1.76 x 1072 340 X 1073 3.79 x 107*
5CCSD(T) 3.78 X 1072 2.59 X 1073 349 x 107* 2.90 X 1072 511X 1073 629 x 107*
5(T) 1.01 x 1072 1.89 x 1073 3.63 x 107* 118 x 1072 171 x 107 249 X 107*
5[4] 1.04 X 107 1.96 X 1073 3.66 x 107* 1.20 X 107> 1.77 X 1073 2.55 x 107*
8[5] -3.17 x 107* —6.63 X 1073 —2.87 X 107 —474 x 107* —6.03 X 1073 —5.14 x 107
AMP2 98.16 99.82 99.98 98.25 99.77 99.97
ACCSD 98.96 99.97 100.00 99.38 99.88 99.99
ACCSD(T) 98.64 99.91 99.99 99.01 99.83 99.98
A(T) 90.81 98.28 99.67 87.15 98.09 99.72
Al4] 90.81 9827 99.68 87.06 98.09 99.72
A[S] 90.89 98.10 99.92 84.33 98.01 99.83
System 3a System 3b
SMP2 229 x 1072 3.64 x 1073 211 x 107* 3.61 x 1072 536 x 1073 3.99 x 107
5CCSD 242 x 1074 —9.54 x 107* —8.81 x 107* 9.33 X 1073 1.16 X 107 —6.03 x 107*
5CCSD(T) 1.02 x 1072 1.10 X 1073 -535x 107* 2.06 X 1072 3.06 X 107 -2.81 x 107*
5(T) 9.92 X 107° 2.05 X 1073 346 x 107* 113 x 1072 1.89 x 1073 322 x107*
o[4] 1.09 X 1072 226 x 1073 415 x 107 1.26 X 1072 220 x 1073 3.90 x 107
8[5] —9.87 x 107* —2.08 x 107* —6.98 x 107° —126 x 1073 -312x 107* —6.76 X 107°
AMP2 99.10 99.86 99.99 98.64 99.80 99.98
ACCSD 99.99 100.04 100.03 99.66 99.96 100.02
ACCSD(T) 99.62 99.96 100.02 99.27 99.89 100.01
A(T) 91.50 98.24 99.70 87.96 97.99 99.66
Al4] 91.13 98.16 99.66 87.56 97.82 99.61
A[3] 84.03 96.64 98.87 82.24 95.59 99.05
System 4a System 4b
SMP2 4.64 X 1072 417 x 1073 532 x 107 577 X 1072 6.65 X 107 921 x 107*
S5CCSD 143 X 107 —1.80 x 1073 2.02 x 107° 2.56 x 1072 6.17 x 107* -132x 107*
5CCSD(T) 2.96 X 1072 117 x 107 484 x 107* 4.03 x 1072 3.63 X 107 526 x 107*
5(T) 1.53 X 107 297 x 1073 4.64 x 107* 147 X 107 3.01 x 1073 6.58 x 107*
5[4] 1.54 x 1072 3.04 x 1073 482 x 107+ 1.51 x 1072 312 x 1073 6.89 x 107
8[5] —1.69 x 107* —6.51 x 107° —1.86 x 107° —4.11 x 107* —1.10 x 107* —3.06 x 107°
AMP2 97.58 99.78 99.97 97.25 99.68 99.96
ACCSD 99.28 100.09 100.00 98.86 99.97 100.01
ACCSD(T) 98.59 99.94 99.98 9827 99.84 99.98
A(T) 85.08 97.10 99.55 84.49 96.82 99.31
Al4] 85.24 97.10 99.54 84.43 96.79 99.29
A[S] 92.58 97.14 99.18 81.96 95.20 98.66
In Figure 2, we observe how the CCSD as well as the fourth- interatomic pair distance for system 1b. As expected, the
and fifth-order (T) contributions all decay rapidly with fourth-order contributions are roughly an order of magnitude
2990 DOI: 10.1021/acs.jctc.5b00086
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Figure 2. CCSD (AE5G™, blue circles) as well as fourth- and fifth-
order (T) (AEJ[;g/ AE[[JSQ], green squares and red crosses, respectively)
contributions to the CCSD(T) pair interaction energy as a function of
the interatomic pair distance for system 1b.

lower than the CCSD energies, while the fifth-order
contributions are roughly 2 orders of magnitude lower in
energy. In line with the discussion in section 3.2, the dominant
fourth-order contributions to the (T) correction decay at the
same formal rate as the total CCSD energy and the fourth-
order contributions are hence found to remain below the
corresponding CCSD energies for all pair interaction energies
in Figure 2. By carrying out similar analyses for systems 2b, 3b,
and 4b in Figure 3, this is found to be a general trend, although
more dense plots are inevitably obtained for these systems due
to their characteristics (i.e., heterogeneity). Thus, Figures 2 and
3 collectively show how the pairs which may be screened away
in a DEC-CCSD calculation—Dbecause their energy contribu-
tions are negligible in comparison with the intrinsic DEC
error—may also be omitted from a DEC-CCSD(T) calculation
without compromising the overall accuracy of the calculation.
In fact, since the (T) contribution to the total pair interaction
energy is much smaller on average than the corresponding
CCSD contribution, one could even consider more elaborate
schemes where individual pairs are preordered according to
their estimated energy contribution (or interatomic distance)
and partitioned into three different levels; at the first level (the
smallest energy contributions), the pair interaction energies are
neglected altogether, while, at the two following levels, they are
evaluated at the CCSD and CCSD(T) levels of theory,

respectively. The practical details of such schemes will be
described elsewhere.

5. SUMMARY AND CONCLUSION

We have proposed a reformulation of the (T) triples correction
to the CCSD energy in terms of local HF orbitals such that its
structural form aligns with our recently developed linear-scaling
DEC-CC framework. As a result of the coupling to the DEC
scheme, the precision of the total DEC-CCSD(T) correlation
energy with respect to that obtained from a conventional
calculation may be tuned via a single energy-based input
parameter. In the DEC-CCSD(T) model, a number of triples
intermediates are initially determined from individual
CCSD(T) calculations within local atomic fragment and pair
fragment orbital spaces, and the (T) energy correction next
evaluated in terms of atomic fragment and pair interaction
energies from a formula that structurally resembles that for the
DEC-CCSD correlation energy.

The reformulated expression for the (T) triples energy
correction, which forms the basis for the DEC-CCSD(T)
model, is found to exhibit a formal computational cost that is
twice that of the standard expression. However, in contrast to
the formulation of the correction used in standard implemen-
tations, which is restricted to the nonlocal canonical HF basis,
the alternative expression of the present work may be evaluated
in any basis of optimized HF orbitals. As a consequence, the
(T) correction can be evaluated in a basis of localized orbitals,
making it possible to take advantage of the locality of the triples
amplitudes and obtain a reduced overall computational scaling.

We have discussed how coupled cluster triples effects—in a
basis of localized HF orbitals—may be accurately treated within
small subsets of the total orbital space for the full molecular
system. In summary, we have found that the same fragment
orbital spaces may be used in the calculation of the CCSD
correlation energy and the (T) correction, which we have
substantiated through the numerical results of a series of proof
of concept calculations. From the dominant distance decay of
the (T) pair interaction energies, which fall off at the same
formal rate as the underlying CCSD counterparts, we have
furthermore found that these may be neglected beyond a
certain interatomic distance (as for the DEC-CCSD model).
This ultimately leads to a linear-scaling algorithm for the
evaluation of the (T) correction and, in return, the total
CCSD(T) correlation energy. Additionally, since the CCSD(T)
atomic fragment and pair interaction energies may be evaluated
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Figure 3. CCSD (AEfG™, blue circles) as well as fourth- and fifth-order (T) (AE%%/ AE}[JS(]Z, green squares and red crosses, respectively) contributions
to the CCSD(T) pair interaction energy as a function of the interatomic pair distance for systems 2b, 3b, and 4b.
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independently, the algorithm for the DEC-CCSD(T) model
becomes massively parallel.

As a final outlook, we note how the general structure of the
(T) energy correction within the DEC scheme will also be
applicable to the energy corrections of alternative noniterative
CC triples models, such as, e.g, the asymmetric CCSD(T)
model (the ACCSD(T) model)**™3¢) and the so-called [T]
variants of the CCSD(T) model (the CCSD[T] model*”) and
the ACCSD(T) model (the ACCSD[T] model®®). Addition-
ally, the perturbative energy corrections of the recently
proposed CCSD(T—n) models**™* may also be formulated
such that they align with the structure of the (T) energy
correction within the DEC scheme. Although all of these
alternative models come at a higher computational cost than
the CCSD(T) model, applying the DEC strategy will warrant
that the models may also be evaluated using formally linear-
scaling algorithms.
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1. Introduction

In recent decades, quantum-mechanical electronic structure
calculations have become an integral part of many disciplines
of molecular sciences, e.g., chemistry, physics, material science,
atomically precise manufacturing, molecular biology, and phar-
macology. Electronic structure calculations have thus become an
invaluable tool for the interpretation and rationalization of experi-
mental results. Additionally, electronic structure calculations have
also been proven important due to their predictive power, for exam-
ple, in the design of new molecular structures and materials with
desired properties. The reliability of such predictions increases
with an increasing accuracy of the electronic structure calculations.
Consequently, the development of high-accuracy electronic struc-
ture models has therefore become a task of high priority.

* Corresponding author.
E-mail address: tkjaergaard@chem.au.dk (T. Kjergaard).

http://dx.doi.org/10.1016/j.cpc.2016.11.002
0010-4655/© 2016 Elsevier B.V. All rights reserved.

In electronic structure calculations, the electronic Schrodinger
equation is solved approximately because of its unfavorable com-
putational scaling. For smaller molecular systems, the coupled-
cluster (CC) model is the state-of-the-art wave-function method,
and a hierarchy of approximate CC models - MP2 [1] (second-
order Moller-Plesset perturbation theory), CCSD [2] (coupled clus-
ter with singles and doubles), and CCSD(T) [3] (coupled cluster
with singles, doubles, and perturbative triples) - has been es-
tablished, where the exact solution to the Schrédinger equation
is approached in a systematic manner, and the accuracy of the
calculations hence systematically controlled. Using the CC hierar-
chy of approximate models, energy levels, structures, and many
molecular properties of small molecules can be computed to an
accuracy challenging experimental results [4].

The standard formulation of the CC model hierarchy exhibits
a steep polynomial computational scaling with the system size
(number of simulated particles), which for many years has hin-
dered the CC hierarchy from being applied to studying large



T. Kjeergaard et al. / Computer Physics Communications 212 (2017) 152-160 153

molecular systems. For this reason, electronic structure calcula-
tions of large molecular systems have for many years been carried
out using density functional theory (DFT) methods. In DFT, it is
proven that a universal density functional exists, however no clue
is given to a systematic way for determining this functional. DFT
is therefore a semi-empirical theory where a physical intuition and
performance statistics have been guiding the development of new
functionals, all with “improved performance”. Although successful
and computationally efficient, the DFT approach may always be
questioned for its reliability. In the long run it is “a must” for
molecular sciences to have the capability of obtaining rigorous
high-accuracy solutions to the electronic Schrédinger equation. At
the same time, the corresponding high-accuracy many-body meth-
ods should still stay computationally affordable. Ideally a linear
scaling of the computational cost with the system size is desired.
Below we demonstrate how this goal can be achieved using the
Divide-Expand-Consolidate formalism [5-7]. An important point
is that the linear-scaling regime is activated only after some critical
system size, thus requiring large-scale computational resources in
order to get there. Consequently, a scalable parallel implementa-
tion of the DEC formalism is absolutely necessary in order to effi-
ciently simulate large molecular systems. Taking into account the
probable architecture of future large-scale HPC platforms, which is
likely to be heterogeneous, the goal of this paper is to describe our
massively parallel, accelerator-enabled implementation of the DEC
formalism and to demonstrate its scalability on an existing large-
scale heterogeneous HPC system, namely the GPU-based Cray XK7
Titan supercomputer located at the Oak Ridge National Laboratory.

The specific physical model we focus on in this paper is the
lowest member of the CC hierarchy, the MP2 model. The com-
putational cost of a conventional MP2 formulation scales as kN>,
where N is the number of one-electron basis functions in the
calculation and k is a prefactor. The complexity of a conventional
MP2 formulation may be reduced using two different strategies:
(i) reducing the prefactor k, and (ii) reducing the N° scaling to a
lower power, ideally to a linear dependence on N. Both of these
strategies require that approximations are introduced in the con-
ventional MP2 model.

The prefactor k may be reduced using the RI approximation
[8-12], which is a standard approximation used for reduction of
the complexity of the conventional MP2 formulation that has led to
the RI-MP2 method [13-22]. In the RI approximation, a resolution
of the identity is introduced to replace the evaluation of four-
center two-electron repulsion integrals (ERIs) by evaluation of
two- and three-center integrals. The error of the RI approximation
is fully controllable via the size and design of the auxiliary basis in
which the resolution of the identity is expanded. In the limit of a
complete (infinite) auxiliary basis, the conventional MP2 energy
is thus recovered. As an alternative to the RI approximation, a
Cholesky decomposition [23-25] of the ERIs may be performed.
Massively parallel implementations have been reported for the
RI-MP2 method [14,16]. However, these implementations do not
provide a linear scaling of the computational cost and the corre-
sponding calculations will inevitably hit the scaling wall when the
size of the system is increased. Thus, a massively parallel imple-
mentation of the brute-force RI-MP2 approach only moderately
extends its application range.

In practice it turns out that the N° scaling of the conventional
MP2 algorithm may be reduced by exploiting the local nature
of the electron correlation. The corresponding local correlation
methods [26,27] are formulated either in the atomic orbital (AO)
basis [28-30] or in a basis of localized molecular orbitals (MOs)
[31-44]. Our recently introduced Divide-Expand-Consolidate
(DEC) strategy [5-7] is a local MO-based correlation approach, in
which a calculation of a large molecule is partitioned into a large
number of smaller atomic fragment and pair fragment calculations.

It should be emphasized that a DEC calculation does not involve
any physical fragmentation of the molecule, but merely a parti-
tioning of the local orbital space. In principle, the number of pair
fragments scales quadratically with the system size; however, due
to the R~% decay of the dispersion energies with the inter-fragment
distance, R, distant pairs may be neglected without compromising
the accuracy of the calculation [5,6], ultimately leading to a linear-
scaling algorithm. As the calculations of individual fragments are
independent of one another, DEC is also a massively parallel al-
gorithm [45] by construction. The fragments and their sizes are
dynamically determined in a black-box manner, such that the error
due to partitioning of a molecule into fragments is fully controlled
via a single parameter, the fragment optimization threshold (FOT).
The precision of the DEC calculation may therefore be systemati-
cally increased by decreasing the FOT. In the limiting case of the
FOT approaching zero, the conventional MP2 result is recovered.
Combining our DEC strategy with the RI-MP2 model defines the
DEC-RI-MP2 algorithm [46].

Other local MO-based MP2 correlation methods include the
local coupled-cluster method of Werner and co-workers [32,47,48]
and the domain-based local pair-natural-orbital coupled-cluster
(DLPNO-CC) method of Neese and co-workers [36,44]. In these
approaches a full molecular CC equation is solved where the ex-
citation space for each pair of occupied orbitals is assigned a re-
stricted local virtual orbital space, which is defined in terms of fixed
(i.e., not dynamical) thresholds. The default values for these fixed
thresholds have been determined empirically, and the precision of
the correlation energy compared to a conventional calculation is
therefore in general unknown. In addition to DEC, there exist other
local correlation methods relying on a partitioning of the orbital
space rather than on a physical fragmentation of the molecule,
e.g., the cluster-in-molecule method [49,43] and the incremental
scheme [50,35]. However, only DEC uses a dynamical adaptation
of orbital fragment spaces to a predefined energy error. On the
contrary, the Divide-and-Conquer MP2 [51,52] and the Fragment
Molecular Orbital MP2 (FMO-MP2) [53,54] are two examples of a
myriad of molecular fragmentation approaches [55-60]. In these
methods, a physical fragmentation of a molecular system into
fragments is performed based on a “chemical intuition”, making
it impossible to estimate the error introduced compared to a con-
ventional MP2 calculation [22].

The other group of local correlation approaches, for example the
AO-based MP2 formulations, usually employ a Laplace transforma-
tion [61,62], where the orbital energy denominator is eliminated
from the conventional MO-based MP2 energy expression to obtain
a formulation in terms of AO integrals [28,63-65]. Since AOs are lo-
cal by construction, efficient integral screening may be performed,
where an R~ decay may be exploited when ERIs are evaluated.
However, as the integral decay (R™#) is slower than the dispersion
energy decay (R~%), the locality of electronic dispersion effects is
not fully exploited in the Laplace AO-based MP2 methods.

In this article we report a massively parallel linear-scaling DEC-
RI-MP2 implementation enhanced with the accelerator support,
where our DEC strategy is used to reduce the steep N° scaling of
the MP2 method to linear scaling (N) and the RI approximation is
used for reducing the prefactor k for individual fragment calcula-
tions. The DEC-RI-MP2 calculations are carried out for the stacked
1-aza-adamantane-trione supramolecular wires containing up to
40 monomers. The largest calculation comprises 2440 atoms, 6800
correlated electrons, 24 440 basis functions and 91280 auxiliary
functions. It ran on 14952 out of 18688 nodes of the Titan su-
percomputer, a GPU-based Cray XK7 HPC platform which is cur-
rently positioned # 3 in the TOP500 list. The presented calculation
is 2.5 times larger than the largest conventional RI-MP2 calcu-
lation [16]. We also demonstrate the weak and strong parallel
scalability of our DEC algorithm.
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Table 1
Notation for indices and dimensions of different local orbital spaces for an atomic
fragment P.

Fig. 1. Illustration of an atomic fragment P. The string of spheres is a schematic
representation of a molecule with each sphere representing an atom. The local
orbital spaces of occupied MOs [P] (blue), unoccupied MOs [P] (red), standard
AOs {P},o (green), and auxiliary AOs {P},, (gray) are indicated. The blue and red
square encapsulated by the bold black box represents the spaces P and P. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

2. Theory

In the DEC-RI-MP2 scheme, localized occupied and unoccupied
Hartree-Fock (HF) orbitals [66-82] are used to efficiently describe
the short-ranged electron correlation effects, partitioning the cal-
culation into many small and independent fragment calculations
and ultimately obtaining a linear-scaling algorithm (for a recent
review on the characterization and generation of local occupied
and virtual HF orbitals see Ref. [83]).

In this section, we summarize the DEC-RI-MP2 algorithm and
refer the reader to Ref. [46] for additional details. The first step in
the DEC scheme is to assign each localized MO to an atomic site
(P,Q,...). Eachsite P thus gets assigned a set of occupied, P, and
unoccupied, P, localized orbitals.

The RI-MP2 energy is the sum of the HF contribution, Eyf,
which represents the mean-field electronic interactions, and the
correlation contribution, E.oy, Which represents the dynamical
correlation among the electrons. In conventional implementations,
the determination of the correlation energy is the time-dominating
part, and we therefore focus on E here and refer the reader to
Refs. [84-94] for linear-scaling HF algorithms. In a DEC-RI-MP2
calculation, the correlation energy is partitioned into independent
fragment calculations according to

Ecorr = ZEP + Z AEPQ, (1)
P

P>Q

where the atomic fragment energy Ep and the pair fragment energy
AEpq are given by,

Ep = Z Z taibj(28aibj — Zajbi)» @)

ij€P abe[P]

AEpy = Z Z Laivj(28aibj — Sajbi)

P —
JIEGQ abe[P]U[Q]

+ Z Z Caibj(28aibj — Zajbi)- (3)

1€Q ahe[PU[Q]
Jjep

Here, gqi5j and tqip; are ERIs and RI-MP2 wave function ampli-
tudes, respectively, expressed in the local orbital basis. The ampli-
tudes and ERIs for the atomic fragment P are determined using a set
of occupied MOs [P], unoccupied MOs [P], standard AOs {P} o, and
auxiliary AOs {P},,, spatially close to P, see Fig. 1 for a schematic
illustration and Table 1 for an overview of the notation. The MOs
are expanded in the {P},, space, and the {P},,, space is used for
the RI approximation of the ERIs.

Explanation Notation Dim.
Occupied MO, assigned to P i,jeP 0
Unoccupied MO, assigned to P a,beP v
Occupied MO local space i,jel[P] (0]
Unoccupied MO local space a,be[P] 1%
Occupied pseudo-canonical I,] € [P] (0]
Unoccupied pseudo-canonical A,B e [P] 1%
Standard AO local space n e {P} N
Auxiliary AO local space o € {P},ux Naux

If one removes the restrictions in the summations over unoccu-
pied orbitals in Egs. (2) and (3), the standard RI-MP2 correlation
energy is obtained, preventing any reduction in computational
cost. However, using the locality of the orbitals (and hence of
the ERIs and amplitudes), the orbital spaces [P] can be restricted
to a small subset of the complete orbital space without affecting
significantly the precision of the calculation while resulting in large
computational savings. In practice, these local spaces are deter-
mined in a black box manner using a single parameter, the FOT
[6]. The resulting fragment energy Ep is thus controlled by the FOT
and ensured to reach a user-defined accuracy. The value of the FOT
therefore determines the overall accuracy and the computational
cost of a DEC-RI-MP2 calculation. While the number of atomic
fragments scales linearly with system size, the number of pair
fragments scales quadratically with the system size; however, due
to the rapid decay of dispersion energies(inverse pair distance to
the sixth power [95]), distant pairs may be neglected without com-
promising the precision of the calculation [6], ultimately leading to
a linear-scaling algorithm.

In summary, a DEC-RI-MP2 energy calculation proceeds as fol-
lows:

1. First, the HF information is read (Fock matrix and localized
MOs). _

2. The orbital spaces [P] are optimized to provide atomic frag-
ment energies, Ep, to the FOT precision.

3. A reduced set of pair fragments is selected based on esti-
mations of their energy contribution (pair estimate calcula-
tions).

4. The pair fragment energies are computed for the selected
pairs using Eq. (3) (this is the most expensive step).

5. Finally, the total correlation energy is calculated using
Eq.(1).

There are three parallelization levels in the DEC scheme [45]:
(1) coarse-grained parallelization, where independent fragment
calculations (tasks) are distributed among groups of MPI pro-
cesses, (2) medium-grained parallelization, where each fragment
calculation is parallelized across a number of nodes constitut-
ing an MPI process group, and (3) fine-grained parallelization
(OpenMP/OpenACC parallelization across the CPU/GPU cores on
each node).

At the coarse-grained parallelization level, the independent
tasks (individual and pair-fragment calculations) are sorted ac-
cording to their size. The largest tasks are scheduled first, being dis-
tributed among MPI process groups. As the tasks become smaller
in size, the original groups of MPI processes may split into smaller
groups such that the size of each MPI process group is appropriate
for the size of the tasks it is executing. The task based workflow
together with the dynamic execution unit granularity adjustment
ensures load balancing at the coarse-grained parallelization level
and efficiency at the medium-grained parallelization level.

Regarding the medium-grained parallelism, each (atomic or
pair) fragment can be seen as a standard RI-MP2 calculation in
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a reduced orbital space and can be efficiently parallelized over
a number of nodes. The evaluation of Eqs. (2) and (3) requires
the determination of the local amplitudes tg;;. In order to obtain
a non-iterative algorithm these amplitudes are first determined
in a so-called pseudo-canonical basis tap, which is generated by
diagonalizing the local Fock matrices (F with ij € [P] and Fg, with
ab € [P]). Denoting the occupied/unoccupied diagonal elements
of the Fock matrix in the pseudo-canonical basis as (e, €))/(¢a, €5),
tag is evaluated in the following step, which is the most expensive
and scales as N, V20? (see Table 1),

8alp _ Za CXICI?j
€1+€]—€A—€B El+€]—€A—€B’

taig = (4)
where the RI approximation has been used to express the ERIs
in terms of fitting coefficients Cy. The pseudo-canonical ampli-
tudes and ERIs are subsequently transformed back to the local
basis (tay — ta;) for the evaluation of the fragment energy
using Eqgs. (2) or (3). Most of the computations required to ob-
tain the fragment energies (e.g., Eq. (4)) can be performed by
threaded/accelerated optimized libraries (BLAS) or compiler direc-
tive parallelized kernels (OpenMP on the CPU or OpenACC on the
GPU). This corresponds to the fine-grained level of parallelization.
The construction of the ERIs and the amplitudes, as well as the
subsequent transformation from the pseudo-canonical to the local
basis are thus performed on the GPU, while the fitting coefficients
are currently constructed using a CPU only code.

In Fig. 2, the coarse-grained parallelism of DEC is exemplified
for a calculation containing 12 fragments and using 9 nodes. Node
0 is the global master node (blue), and the remaining nodes are
divided into slots each containing 4 nodes, where one of the nodes
is chosen as the local master (red) and the remaining nodes are
referred to as local slaves (gray). A local master and its local slaves
are collectively referred to as a slot. The fragment calculations are
ordered according to their size, and the global master distributes
the fragment jobs to the local masters. Each local master then
carries out its job in collaboration with its local slaves. When a
slot has finished a job, the local master sends the fragment energy
back to the global master, which then instructs the local master
to carry out a new fragment calculation. The size of the fragments
differ significantly for the various fragments and ultimately de-
termines the efficiency of the medium-grained parallelization. We
have therefore devised a scheme where the slots divide dynami-
cally if the ratio between the most expensive computational step
(NauxV20?) and the most expensive communication step (N, VO0)
is “too small”. Thus, roughly speaking, the larger OV is, the more
nodes can efficiently be used at the medium-grained level. In
practice we use the following condition to determine whether a
slot containing nyqes Should divide or not,

Divide slot if: npoges > OV /X. (5)

Empirical investigations have established that X = 8000 is a
reasonable value. This ensures that a large fragment (e.g., V =
2446, 0 = 181) will be done using at least 27 nodes, while a small
fragment (e.g., V = 273, O = 18) is done using a single node.
Although the ordering of fragments according to size and the
splitting of slots according to Eq. (5) is an attempt to minimize the
idle time, some loss is to be expected, and we distinguish between
local (dotted lines) and global (wiggly lines) loss of efficiency in
Fig. 2. The local loss is associated with the medium-grained par-
allelization and is present due to non-ideal load balancing among
the local working nodes (local master and local slaves), while the
global loss occurs when all jobs have been distributed by the global
master and some of the nodes wait for the remaining jobs to finish.
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Fig. 2. Coarse-grained parallelization of the DEC scheme exemplified by a calcula-
tion with 12 fragments using 9 nodes. The fragment jobs are ordered according to
size in descending order on the global master (blue). The local masters (red) receive
jobinstructions, carry out job in collaboration with the local slaves (gray) in the slot,
and send the fragment energy to the global master. The slots divide dynamically to
ensure good medium-grained parallelization, see text. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

3. Molecular systems used to measure performance

As an example application for the DEC-RI-MP2 method, we
consider a new class of molecules, the 1-aza-adamantanetriones
(AATs) [96,97]. AATs spontaneously self-assemble into ordered
nano-structures, and their electronic and physical properties can
be experimentally tuned. Therefore, AATs are promising model
materials, and in their supramolecular wire form they have po-
tential applications in the fields of molecular electronics and
optoelectronics. The intrinsic forces involved in the nanoscale
self-assembly of these supramolecular structures are dominated
by dispersion forces and -7 stacking interactions, that can only
be accurately described using correlated methods. We will apply
the DEC-RI-MP2 model to calculate interaction energies of AATs
using the correlation-consistent cc-pVDZ basis set and the auxil-
iary cc-pVDZ-RI basis set [98]. We will present scientific results
and error analysis of the DEC-RI-MP2 calculations for up to 10
monomers here and in the performance section we will demon-
strate the computational efficiency of DEC-RI-MP2 by carrying out
calculations for up to 40 stacked AATs, which is far beyond what
can be done using a conventional implementation.

The AAT, structure for a general n-mer was obtained by du-
plicating and translating the optimized AAT, structure (n/2 — 1)
times, such that the distance between the two central nitrogen
atoms in two adjacent AAT units was the same as in the optimized
dimer (5.12 A), see Fig. 3. The interaction energy for AAT, (AEaar,)
was then calculated as the difference in energy between the AAT;,
system and the two noninteracting AAT,_; and AAT; systems,

AEpnt, = Epar, — Enat,_; — Enar- (6)

The Eaar,_, and Eaar, monomer calculations were corrected for
basis set superposition errors using the counterpoise correction
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Table 2

Interaction energies AEsar, forn = 2,4,6,8, 10 calculated using the HF, conventional RI-MP2 (conv), and DEC-
RI-MP2 models (using the cc-pVDZ basis). We also give the absolute errors of the DEC interaction energy and the
DEC total energy compared to the conventional reference numbers with the recoveries of the correlation contribution
(EDEC /gconventional) giyen in parenthesis. All results are given in eV.

corr / Zcorr

n HF Conv DEC Interaction error Total error
2 0.729 —0.718 —0.710 0.008 (99.43%) 0.090 (99.97%)
4 0.721 —0.746 —0.710 0.036 (97.52%) 0.246 (99.95%)
6 0.716 —0.748 —0.724 0.023 (98.41%) 0.382(99.95%)
8 0.716 —0.748 —0.727 0.023 (98.43%) 0.528 (99.95%)
10 0.716 —0.724

Fig. 3. Illustration of AAT;o with one of the localized molecular orbitals shown in
blue. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

[99]. The resulting interacting energies are given in Table 2 for
HF, conventional RI-MP2, and DEC-RI-MP2 where we have used
a FOT of 10~°a.u. = 0.272 meV for the DEC calculations. The DEC
errors compared to the conventional RI-MP2 calculations are also
presented.

The HF model does not describe dispersion forces and it there-
fore wrongly predicts the interaction energies to be positive, i.e.,
the AAT units repel each other at the HF level of theory. On the
contrary, the conventional RI-MP2 interaction energies are nega-
tive (attractive) and thus describe the correct physics due to the
RI-MP2 correlation contribution, which represents dispersion ef-
fects. An inspection of the DEC errors in Table 2 shows that the DEC
error of the total energy Eaar, increases linearly with system size,
as expected, while the recovery of the conventional correlation
energy is roughly constant at 99.95%. More importantly, the inter-
action energy error does not change significantly with system size.
In fact, for the largest systems, the interaction energy error is more
than an order of magnitude smaller than the total error—e.g., for
AATg, the total error is 0.528 eV, while the error in the interaction
energy isonly 0.023 eV. In short, the DEC-RI-MP2 scheme is capable
of accurately reproducing the conventional results.

4. System and environment where performance was measured

The experimental platform is the Titan supercomputer, a Cray
XK7 system deployed by the US Department of Energy at the
Oak Ridge National Laboratory, which currently occupies the third
position on the Top500 list. The machine comprises 18 688 nodes,
each consisting of a 16-core AMD Opteron 6274 processor with
32 GB of main memory and an NVIDIA Tesla K20x GPU accelerator
(Kepler architecture) with 6 GB of GDDR5 memory. Titan’s nodes
are connected according to a 3D torus topology with the Cray
Gemini network interfaces. The application-level communication
layer is provided by the Cray MPI library implementing most
of the MPI 3.0 features, a derivative of MPICH-2 from Argonne
National Laboratory. The OpenMP v.3.0 and OpenACC v.2.0 run-
times implemented in Cray Compiler Environment v.8.4.2 are used
for CPU multi-threading and GPU acceleration, respectively. The
Cray OpenACC implementation available on Titan is specifically
optimized for Nvidia Kepler GPU architecture. Finally, the Cray Lib-
Sci v.13.2.0 scientific library provides optimized versions of linear
algebra operations, namely the dgemm and dsyev routines (double
precision arithmetic was used throughout the calculations).

We have measured the number of floating point operations
(FLOPs' ) performed on the CPU using the PAPI library [100]. The
FLOPs performed on the GPU were not directly measured, instead
they were estimated using a CPU compiled version of the GPU
kernels and analyzed using PAPI. During the performance calcula-
tions an estimated GPU FLOP count was added to the accumulated
GPU FLOPs each time a GPU kernel was invoked. The CPU-only and
hybrid CPU/GPU versions will perform the same number of FLOPs.
To validate the estimated GPU FLOP count we used AAT, as a test
system and found that the CPU PAPI-counted and GPU estimated
FLOPs of the hybrid CPU/GPU code corresponded to 99.5% of the
FLOPs measured by PAPI for the CPU-only code.

Efficient and lightweight checkpointing was added for the com-
pleted fragments, in the sense that the global master simply writes
a file with the fragment energy and identity of the completed
fragments. This limits [/O but means that each interrupted frag-
ment calculation has to be restarted from scratch. During the
performance calculations, Titan suffered from a higher than normal
rate of node failures, and checkpointing was crucial for successful
completion of the calculations. As the massively parallel archi-
tectures have an ever increasing number of nodes and thus risk
of node failures, MPI fault tolerance is increasingly important.
DEC is set up to exploit future MPI fault tolerance mechanisms,
once this is part of the MPI standard, by reassigning the affected
fragment to the available nodes. The checkpointing also allows for
the fragment optimization and pair estimate calculations to be run
using one set of nodes, while a larger set of nodes can be used for
the computationally more demanding pair fragment calculations.

All results reported in Section 5 used the same value of the main
DEC threshold (FOT = 10~ a.u.) as in Section 3, and the calcu-
lated correlation energies are therefore highly accurate (expected
99.95% recovery of the conventional RI-MP2 correlation energy).
The weak scaling analysis in Section 5 was performed for the full
application including I/O (step 1-5 in Section 2) while the strong
scaling analysis was performed for the time-dominating part only,
the pair fragment calculations (step 4 in Section 2). We further
emphasize that the construction of the localized HF orbitals is not
part of the DEC application.

The DEC code is part of the LsDALTON program [101] and the
source code is distributed free of charge as a part of the DALTON2016
suite [ 102]. The LsDALTON program have been used to construct the
localized HF orbitals.

5. Performance results

In Table 3 and Fig. 4 we show strong scalability results for
AAT starting with 3738 nodes. Efficiencies from 74.8% to 94.3%
are observed. The efficiency is quite remarkable considering the
complexity of the problem. The AAT; calculation consists of 16 023
pair fragments and we used an initial slot size of 32 nodes resulting
in (14952/32) 467 slots (see Fig. 2 for an illustrative example of 12
fragments, 9 nodes, and 2 initial slots with a slot size of 4 nodes).

1 FLOPs will denote FLOP in plural, while we will use FLOPs/s to denote FLOPs per
second. Also, we use 1 EFLOPs = 10'® FLOPs.
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Table 3

Strong scalability results on Titan for AAT;o using 3738-18 400 nodes. TTS denotes
the Time-To-Solution and the last column denotes how many times a calculation
was restarted due to hardware failures.

TTS (s)
3738 39400
7476 20900 94.3

11214 15400 85.3

14952 12100 815

18400 10700 74.8

# nodes Efficiency Restarted

N = OO =

5.0

4.5
4.0
3.5

3.0

speed up

2.5

2.0

15

1.0

REF

0.5

3738 7476 11214
Number of nodes

14952 18400

Fig. 4. Strong scaling plot for coarse-grained parallelization: AAT;o using 3738 to
18 400 nodes (same as Table 3) with strong scaling efficiency numbers along the
curve. The blue line displays ideal strong scaling behavior. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Due to the inhomogeneous fragment sizes (ranging from 1106 to
9366 auxiliary functions) and the fifth-order scaling with fragment
size, the time for the individual fragment calculations ranges from
6 s using a single node to 1 h and 37 min using 32 nodes.

The efficiency is particular impressive considering that the
14952 node calculation had to be restarted once and the 18400
node calculation twice due to hardware failures and each restart
results in an increased global loss (see Fig. 2). Due to the short
TTS for the large node jobs, hardware crashes become increasingly
detrimental for the large node jobs.

Load balancing and job distribution are crucial for efficient
strong scaling. For instance, in the case of the 18 400 node job, the 1
h and 37 min fragment calculation constitutes 54% of the total wall
time. If a larger number of nodes is used the strong scaling perfor-
mance will eventually be limited by the time for this fragment. The
time for the largest fragments can in this case be reduced by using
more than 32 nodes in each slot (see Fig. 5). The larger slot sizes
improve the strong scaling by reducing the global loss, but the price
is a decrease in the medium-grained parallelization efficiency (see
Fig. 5), and hence an increase in the local loss (see Fig. 2). A larger
slot size will also improve the checkpointing as only information
for the completed fragment calculations are saved (see Section 4).

Fig. 6 shows the time-to-solution (TTS) for the different systems
{AAT1o, AATyg, AAT3, AAT4} of increasing size using 14952 Titan
nodes. For these systems, the size of the individual fragments is
constant with respect to the total system size due to the local
nature of electron correlation, and the computational cost is there-
fore mainly determined by the number of fragments. The proper
treatment of dispersion effects (Section 2) means that the linear-
scaling regime is approached asymptotically. In particular, the
number of pair fragments considered for AAT,g (33 992) is slightly
larger than twice the number of pair fragments in AAT;o (16 023),
while the number of pair fragments considered for AAT,o (69 390)

6 T T T T T

speed up

REF
12 16 24 32 48 64
Number of nodes

Fig. 5. Strong scaling plot for the medium-grained parallelization: The largest pair
fragment in AAT;o using 12 to 64 Titan nodes. The numbers are efficiencies.

60000

50000

40000

Time(s)

30000

20000

10000

10 20 30 40
number of monomers

Fig. 6. Computational scaling with system size for AATs of increasing lengths using
14952 Titan nodes. The blue line displays the ideal linear scaling behavior. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

is % times larger than for AAT3g (51949). The linear-scaling regime
is thus reached for AAT3g and AAT4. The deviations from ideal
linear-scaling behavior in Fig. 6 can also be explained from the
fact that the four calculations were restarted 1, 3, 6, and 6 times,
respectively.

In Table 4, we show weak scalability results for the different
systems {AAT o, AAT,0, AAT30, AAT,} of increasing size, defining the
weak scalability efficiency as E,,s = FP;T;/(F;P;T;) where F;, P;, and
T; denote the FLOPs, number of processors and TTS for system i,
respectively. We achieve a 83.1% weak scaling efficiency for AAT,o
relative to AAT;o despite having to restart the AATy4 calculation 6
times.

Each fragment calculation requires access to the Fock matrix
and the MO coefficients. For AAT, this corresponds to 9.6 GB of
data. The current scheme stores the data locally on the node which
means that each MPI rank has less memory available for the AAT,o
calculation than for AAT;o where this data only takes up 0.6 GB.
This reduction in available memory results in more tiling and less
efficient code which, together with 6 hardware failures, explains
the non-ideal weak scalability. A better strategy is to store the
required data in parallel distributed memory and retrieve it using
one-sided MPI communication. This scheme will be operational
shortly.
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Table 4

Weak scalability results on Titan for AATs of different size using 3738-14952
nodes. The weak scaling efficiency Eys is given relative to AATyo and the last column
denotes the number of times a calculation was restarted. The EFLOPs column de-
notes the accumulated number of EFLOPs performed during the entire simulation.

System # nodes EFLOPs TTS (s) Ews (%) restarted
AATyo 3738 4.08 47570 1
AATy 7476 9.41 60430 90.8 1
AAT3 11214 15.0 71180 81.9 10
AATy 14952 19.4 68060 83.1 6
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0.00
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Fig. 7. A histogram of GPU speedup for the individual pair fragments in AAT,. The
dotted line is the normal distribution using a standard deviation of 1.1 and a mean
of 6.2.

The weak scaling attribute arises from the linear scaling
features of the DEC algorithm and ensures that we may treat
molecular systems significantly larger than the conventional im-
plementation. With its 24 440 basis functions and 91 280 auxiliary
functions the AAT4o RI-MP2 energy calculation is 2.5 times larger
than the calculation of Katouda and Nakajima [16] using the K
computer. The AAT, calculation was finished within 19 h on Titan,
using 14952 out of 18688 Titan nodes. In principle, DEC could
easily be applied to larger molecular systems using larger basis
sets, but the prerequisite HF calculation and orbital localization are
currently limiting the size of the systems that may be treated. We
are working on addressing these limitations.

In a conventional calculation the fitting coefficients C; are writ-
ten to disk and read in as needed. However, for AAT,o this would
require 49 TB of data (3400 valence orbitals, 19680 unoccupied
orbitals and 91280 auxiliary functions) and put substantial strain
on the file system. Alternatively, the fitting coefficients may be
stored in parallel distributed memory, which again reduces the
size of the operating memory. The DEC scheme eliminates this
I/0 and memory bottleneck. In a DEC calculation each fragment
constructs the part of the fitting coefficients it needs, and stores in
the reported calculation a maximum of 28 GB distributed among
the nodes in the slot. It has been a design decision to limit the use
of I/O despite this being a prominently used technique in quan-
tum chemistry. The 1/O is replaced by recalculation and parallel
distributed memory storage, which makes the code portable and
removes possible bottleneck issues in terms of disk requirements.

The speedup we have obtained through our use of GPUs may be
estimated by performing an additional calculation without using
the GPUs. For this purpose we chose the AAT, system. Fig. 7 displays
a histogram of the GPU speedups for the individual pair fragments
in the AAT,4 calculation. The maximum GPU speedup achieved is

10.3 while the average is 6.5, and the minimum speedup is 1.03.
The general picture is that the GPU speedup is larger for larger
fragments. This effectively reduces the inhomogeneity of the tim-
ings for the fragment calculations. The smallest speedup of 1.03 is
achieved for the smallest fragment which takes 6.9 s using a single
node, while the time for the largest fragment is reduced from 14 h
and 51 min to 2 h and 0 min using 16 nodes. Since the distribution
of fragment size for the larger AATs is similar to the one for AATy,
the GPU performance for the larger AATs is similar to the ones
obtained in the AAT, calculation.

We conclude that, unlike the conventional formulation, the
DEC scheme is asymptotically linear scaling. Furthermore, the DEC
scheme eliminates the I/O and memory bottleneck of the conven-
tional approach. The linear scaling algorithm and the three levels of
parallelization in our DEC implementation ensure strong and weak
scalability. The hybrid cross-platform parallel implementation is
well suited for achieving performance portability on current and
future supercomputers.

6. Conclusions and perspectives

In the presented work, we have applied our recently developed
DEC strategy using the lowest member of the CC hierarchy, the
MP2 model, and in combination with the Rl approximation demon-
strated that DEC-RI-MP2 calculations may be carried out in a
massively parallel manner. The combination of being both linearly
scaling and massively parallel allows our DEC-RI-MP2 method
to be applied to very large molecular systems. Our DEC-RI-MP2
implementation exhibits weak and strong scalability that ensures
performance portability of the DEC-RI-MP2 code to the next gen-
erations of supercomputers. The largest calculations were carried
out on a system comprising 2440 atoms, 6800 correlated electrons,
24 440 basis functions, and 91280 auxiliary functions and using
14952 out of 18 688 Titan nodes. The presented calculation is 2.5
times larger than the largest conventional RI-MP2 calculation [16].
As DEC-RI-MP2 offers a full control of accuracy, it may serve as
a supplement to standard DFT calculations and may become the
method of choice for calculations on large molecular systems both
with respect to the interpretation of experimental results and for
reliable predictions of new structures and phenomena in many
areas of molecular sciences. Our DEC strategy may also be applied
to molecular gradients [103,104] and higher members of the CC
hierarchy and we are currently working on carrying out CCSD and
CCSD(T) [105] calculations on large molecular systems using the
DEC strategy.

The capabilities of our DEC strategy have been demonstrated
here by carrying out DEC-RI-MP2 calculations of interaction en-
ergies of AATs using a cc-pVDZ basis set. To bring the calculation
of interaction energies to the next level of accuracy, an extended
basis set and a higher member of the CC hierarchy, e.g. CCSD(T),
have to be used. Furthermore, to remove the basis set error, the
DEC-CC methods have to be extended to include explicit electron-
correlation corrections. We are currently also working along these
lines.

The possibility of carrying out calculations using the DEC-CC
hierarchy may be the start of a new era for hybrid, ONIOM-like,
approaches [106]. In these approaches, methods of different qual-
ity are applied to different parts of a very large system, depending
on the chemical importance of a given part of the system. Taking
as an example an enzyme in solution, at the current stage of
development of the hybrid approaches, an active site of an enzyme
is typically treated with DFT, the backbone part of the enzyme with
molecular mechanics (MM) or DFT, and the solvent surrounding
the enzyme with MM. The DEC-CC hierarchy will make it possible
to treat the active site with DEC-CCSD(T) and the backbone part
with DEC-RI-MP2, leaving only the solvent part to an HF or MM
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treatment. As the protein backbone has been suggested to make
important contributions to enzymatic catalysis [ 107], the possibil-
ity of addressing both the active site and the backbone part with
quantum-mechanical correlated wave function methods may shift
the modeling and understanding of enzymatic reactions to a new
level.

The availability of the DEC-CCSD(T) method will also enable the
possibility of obtaining results for large molecular systems against
which both DFT functionals, MM force fields, and other local
correlation methods could be benchmarked. The DFT functionals
and MM force fields are often benchmarked for small molecular
systems, for which conventional CCSD(T) results are available.
However, conclusions about the accuracy of the DFT functionals
and MM force fields drawn from these benchmark studies on small
systems do not necessarily carry over to large molecular systems.

Summarizing, the DEC-RI-MP2 massively parallel calculations
reported here have been carried out on the Titan supercomputer at
Oak Ridge Leadership Computing Facility utilizing both CPUs and
GPUs and have shown strong and weak scalability. We have thus
shown that the DEC strategy may effectively be used to remove the
scaling wall for calculating the RI-MP2 correlation energy. We have
also recently performed DEC calculations on other supercomputers
and testing facilities in Europe and USA, including Piz Daint, Curie,
and Vesta. The DEC program has been compiled and run suc-
cessfully on all the aforementioned supercomputer architectures
proving DEC to be cross-platform and easily portable.
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We present a local framework for the calculation of coupled cluster excitation energies of large mole-
cules (LoFEx). The method utilizes time-dependent Hartree-Fock information about the transitions of
interest through the concept of natural transition orbitals (NTOs). The NTOs are used in combination
with localized occupied and virtual Hartree-Fock orbitals to generate a reduced excitation orbital
space (XOS) specific to each transition where a standard coupled cluster calculation is carried out.
Each XOS is optimized to ensure that the excitation energies are determined to a predefined precision.
We apply LoFEx in combination with the RI-CC2 model to calculate the lowest excitation energies of
a set of medium-sized organic molecules. The results demonstrate the black-box nature of the LoFEx
approach and show that significant computational savings can be gained without affecting the accu-
racy of CC2 excitation energies. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953360]

I. INTRODUCTION

Coupled cluster (CC) theory!? is considered one of
the greatest successes of electronic structure theory for the
determination of accurate energies and molecular properties
of systems dominated by a single configuration. Its strength
relies on the hierarchy of CC models that provides a fast
and systematic convergence towards the full configuration
interaction (FCI) results. The main problem of CC is its
computational cost and in particular its steep scaling with the
system size. The dynamic correlation effects described by CC
theory are spatially local and the steep scaling of the models
can be attributed to the use of canonical molecular orbitals
(CMOs) that are highly delocalized. This issue prevents a
straightforward application of CC theory to large molecules
and approximate CC models have to be developed.

The need for accurate and reliable methods for the
calculation of excitation energies of large molecular systems
can be seen from the number of attempts to do so in the last
decade. All recently developed methods try to take advantage
of the locality of correlation effects and electronic transitions.
The concept of natural transition orbitals (NTOs)? was, for
example, used in the incremental scheme devised by Mata
and Stoll* where they used a mixed occupied orbital space
composed of NTOs and localized molecular orbitals (LMOs).
The virtual orbitals were left intact, and they relied on a many-
body expansion of the excitation energies with a fragmentation
of the occupied molecular orbital space to reduce the cost of
the equation-of-motion coupled cluster singles and doubles
(EOM-CCSD) model.

Other local CC methods focus on reformulations of the
second-order approximate coupled cluster singles and doubles
(CC2) model.> The CC2 model has proven to be a good
compromise between accuracy and computational cost for

Dpablo.baudin@chem.au.dk

0021-9606/2016/144(22)/224106/11/$30.00

144, 224106-1

the calculation of frequency-dependent molecular properties
and its reformulation using density fitting techniques (e.g.,
the resolution of the identity, RI-CC2) has significantly
extended the application range of the method.®’ To further
reduce the cost of the CC2 model, Helmich and Hittig
proposed a local version of CC2 for excitation energies
where they used orbital-specific virtuals (OSVs) and pair
natural orbitals (PNOs) to reduce the dimension of the
virtual orbital space.® Along the same lines, the local CC
implementation of Kats, Korona, and Schiitz uses information
from the coupled cluster singles (CCS) model to select
the relevant occupied LMOs to describe each transition,
combined with projected atomic orbitals (PAOs) for the
virtual space. This strategy was first applied to the CCSD
model and involved local approximations in both the singles
and the doubles amplitudes,” while the singles amplitudes
were left intact in their local CC2 implementation.'? In a more
recent work,'! they proposed a multistate implementation
relying on a Laplace transformation of the orbital energy
denominators which resulted in an improved description of
the CC2 excitation spectrum.

The multi-level coupled cluster theory of Myhre et al.'>!3
is another CC-based method employing a different strategy.
In their methods, the orbital space is partitioned based on
chemical intuition and different CC models are used to treat
different parts of the molecule. In this way, high accuracy
(CCSD, CC3)'!5 can be achieved at a reduced cost by
treating the less important part of the system with CCS and
CC2 models.

In this paper, we present a local framework for calculating
excitation energies (LoFEx) at the CC level of theory with
emphasis on the RI-CC2 model. The overall goal is to
enable the calculation of accurate excitation energies of large
molecular systems by maintaining the CC error control with a
computational cost that can compete against time-dependent
density functional theory (TD-DFT).

Published by AIP Publishing.
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In the same way as for most local CC models, the
strategy used by LoFEx is to reduce the dimension of the
orbital space in which the CC equations have to be solved.
As we show in Section II B, this is done by considering a
mixed orbital space composed of NTOs and LMOs for both
the occupied and virtual orbital spaces. Information about the
main characteristics of the electronic transition is included in
the orbital space through the NTOs, while the LMOs enable a
compact description of correlation effects at the CC level. In
order to reduce the dimension of the mixed NTO/LMO space
for the correlated calculation, the LoFEx method considers
only the LMOs in the vicinity of the NTOs. The size of the
orbital space is optimized in a black-box manner such that the
computed excitation energies reproduce the conventional CC
results to a predefined accuracy (cf. Section II C). We note
that restricting both the occupied and the virtual orbital spaces
to a (small) fraction of the total orbital space is a fundamental
requirement for the calculation of excitation energies of (very)
large molecules. LoFEx differs from the aforementioned local
schemes for calculating excitation energies since localized
orthogonal virtual orbitals are used, the local excitation space
of occupied and virtual orbitals is optimized dynamically, and
no many-body expansion of the excitation energy is performed
(as is done in the incremental scheme).

We present numerical RI-CC2 results for the lowest
transitions in a set of organic molecules and analyse the
convergence of excitation energies with the size of the mixed
NTO/LMO space in Section III B. The errors and the cost-
reduction of the black-box LoFEx procedure when compared
to standard RI-CC2 implementations are investigated in
Section III C.

Il. THEORETICAL FOUNDATIONS OF LoFEx

Over the last few decades, many theoretical methods and
tools have been developed to calculate excitation energies
and analyse electronic transitions. More recently, the focus
has been directed towards developing algorithms with lower
computational costs. In this section, we present some of those
concepts and describe how we have combined them to develop
the LoFEx procedure.

A. The RI-CC2 model for excitation energies

In this paper, we target excitation energies calculated
at the CC2 level of theory. The CC2 model was introduced
by Christiansen et al.> as an intermediate model between
the CCS and CCSD models in the CC hierarchy for the
calculation of frequency-dependent properties. The CC2
amplitude equations in the absence of external perturbations
are given by

Q,, = (ui|H + [H,T,]|HF) = 0, 4))
Q. = (|H + [F,T,]|HF) = 0, )

where {|HF), |u;),|u2)} denote the Hartree-Fock (HF) ground
state and the set of singles and doubles excitation manifolds.
F is the Fock operator and H is a similarity transformed
Hamiltonian,

J. Chem. Phys. 144, 224106 (2016)

A = exp(-T))H exp(Ty), 3)

where T; = 3, 1,,,Tu; 18 a cluster operator, 7, is a cluster
amplitude, 7,, is an excitation operator, and i denotes the
excitation level. In the CC2 model, the doubles amplitudes are
only correct through first order in the fluctuation potential
(® = H - F). This approximation leads to a particularly
simple form of the doubles amplitudes, which for closed
shell systems reads

ab _ 1 Jaibj
4 (1 +6ij5ab) Ei—6a+6j—6b’

“

where 7,j (a,b) denote occupied (virtual) CMOs, ¢, is the
energy associated with orbital p of unspecified occupancy,
and §gip; is a Ti-transformed two-electron repulsion integral
in Mulliken notation.'® This simple form of the doubles
amplitudes can lead to a CCS-like formulation of the CC2
equations where the doubles amplitudes are calculated on-
the-fly. In order to take full advantage of this formulation
and avoid the storage of any four-index quantity (amplitudes
or integrals), Hittig and Weigend used the resolution of
the identity approximation for the two-electron integrals.®
Batches of doubles amplitudes are then contracted on-the-fly
with three-center integrals to form intermediates that are used
in the CC2 vector function. As shown in Ref. 6, this strategy
can be generalized to the calculation of excitation energies at
the RI-CC2 level. CC excitation energies are usually obtained
as eigenvalues of the CC Jacobian matrix. However, to avoid
storing four-index quantities also in the excitation energy
part of the calculation, an effective CC2 Jacobian has to be
considered,

A (w)b = wb, )
A

. A
3i _ H1Y2° Y2V
Ay (@) = Ay, = ; e ©)

where w is the excitation energy of interest, b is a singles
excitation vector, and A,,,.,,J. = 6Qm/8t\,_l_ is an element of
the full CC2 Jacobian. The non-linearity in the excitation
energy w introduced by the effective Jacobian in Eq. (6)
implies that a standard subspace diagonalization procedure
cannot be employed to obtain the RI-CC2 excitation energies.
In practice, we construct the effective Jacobian with an
initial guess for the eigenvalue w. It is then diagonalized
using standard Davidson techniques,'”'® and the optimized
eigenvalue is used to build a new effective Jacobian until
self-consistency is reached. This process is repeated for each
excitation of interest.’

B. A mixed NTO/LMO space

In order to provide a compact description of electronic
transitions, it is important to work with an optimal orbital space
both for occupied and virtual orbitals. LoFEx is therefore
relying on a mixed orbital representation composed of the
most important pair of NTOs, while the rest of the orbital
space is localized. The dominant pair of NTOs provides
a compact description of the main characteristics of the
transition, while the LMOs enable an efficient description
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of electron correlation effects. In this section, we detail the
generation of the mixed NTO/LMO space.

NTOs are usually generated by singular value decompo-
sition (SVD) of the transition density matrix (bgics) between
the HF ground state and an excited state obtained from the
CCS model,?

5SS = (CCS|7,,[HF). @)

We note for later that NTOs can also be generated at the
correlated level by performing an SVD of the singles excitation
vector (bSE) only. Our current pilot implementation also
generates NTOs from time-dependent Hartree-Fock theory
(TDHF). The TDHF transition density matrix in the CMO
basis can be expressed as>’

-~ Xai + Y
by = —2 4L X2 4+ Y2, 8
7 Rar + T Vi ®

where X and Y are solutions of the TDHF equation for a given

excitation energy @,
A B\/X) _{1 0)\(X
=w . O]
B AJ\Y 0 -1/\Y
The transformation matrices from the CMO basis to NTOs are
then obtained by solving the following eigenvalue equations:

b'bug = Lu, k=1,2,...,N,, 10)
bb'vi = 4vi, k=12,...,N, (11)

where N, is the number of occupied valence orbitals (in order
to prevent the core and valence spaces from mixing), while
N, is the number of virtual orbitals. Finally, unitary matrices
transforming to the NTO basis are given by

U=(u,um,...,uy,), (12)
V=(V,v2...,VN,), (13)

for occupied and virtual orbitals, respectively. Note also
that A, = A for k=1,2,...,N,, and that /1;( =0 for k =
N, +1,...,N,, assuming N, < N,. The first N, eigenvalues
give information about the importance of a given pair of
occupied-virtual NTOs for the description of the transition
represented by b. For excited states dominated by single-
electron replacements—which we are targeting in this paper—
this procedure results in one occupied-virtual pair of NTOs
with a singular value very close to one, while the remaining
NTOs have much smaller singular values and thus provide
little information about the electronic transition. We therefore
choose to keep only the dominant pair of NTOs, while
the rest of the orbital space is localized to enable a
compact description of electron correlation effects in the
CC part of the calculation. Different localization techniques
have been investigated, including Boys localization?!*> and
minimization of the second power of the second?® and fourth®*
moments of the orbitals. No significant differences in the
results presented in Section III were observed and we have
therefore chosen a minimization of the second power of the
second moment of the orbitals which is known to provide
a good compromise between computational cost and spatial
locality.?® Tt is also important to emphasize that the use of
NTOs makes the orbital space specific to a given transition,
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FIG. 1. Schematic representation of the generation of the mixed orbital space.
U and V represent the valence and virtual transformation matrices [Eqs. (12)
and (13)], while C, U, and V are transformation matrices to the local basis for
core, valence, and virtual orbitals, respectively, excluding the dominant pair of
NTOs. White: canonical molecular orbitals (CMOs); gray: natural transition
orbitals (NTOs); stripes: Localized molecular orbitals (LMOs).

the one associated with the transition density matrix used to
generate the set of NTOs. A different mixed orbital space
should thus be constructed for each transition of interest.
The generation of the mixed orbital space is summarized in
Fig. 1.

C. Space optimization procedure

Once the full orbital space has been transformed to the
mixed orbital space to enable an efficient description of the
transition process, we need to build and optimize a reduced
excitation orbital space (XOS) where the RI-CC2 calculation
is carried out to provide the target excitation energy to a
predefined accuracy. The main character of the excitation is
described by the dominant pair of NTOs already included in
the mixed orbital space. The XOS should thus be constructed
by considering the dominant NTOs as well as a reduced set
of important LMOs. We therefore setup a priority list of all
LMOs ordered based on their estimated importance for the
description of correlation effects in the vicinity of the NTOs.
The importance of a given LMO p (occupied or virtual) is
evaluated by the effective distance 7, given by

T'Ap Fap ) (14)

Tp = ngn(TM, NTO,v
A A

where index A denotes atomic centers, r4, corresponds to
the distance between the center of charge of a local orbital p
and atomic center A, and QiTO’O and QIZTO’V are the Lowdin
atomic charges of the occupied and virtual NTOs on center
A, respectively. The Lowdin atomic charges of the NTOs
(with values between 0 and 1) are used to modify the ry4,
distance in Eq. (14) as an attempt to quantify the distance
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between the LMOs and the NTOs, even in the case where
the NTOs are delocalized over several atomic centers. The
smaller the modified distance 7, is, the more important orbital
p is expected to be.

A first guess for the XOS (XOS;) is constructed by
including the NTOs as well as a given number of LMOs
from the priority list defined by Eq. (14). The standard RI-
CC2 amplitude and Jacobian eigenvalue equations are then
solved as described in Section II A, except that the excitation
manifold is restricted to XOS; instead of the full orbital space.
For simplicity, the Fock matrix is diagonalized in XOS;
to solve the RI-CC2 equations in a pseudo-canonical basis.
Because of the restriction on the orbital space, the ground state
correlation energy associated with the RI-CC2 amplitudes
is meaningless and therefore not calculated. However, the
excitation energy obtained by diagonalization of the Jacobian
in XOS; corresponds to a first estimate of the exact RI-CC2
value (in the full orbital space). The quality of this estimate is
of course strongly dependent on the size of XOS; and on the
nature of the excitation.

In order to provide accurate excitation energies in a
black-box manner, an optimization of the XOS is required.
To this end, XOS; is constructed by including more orbitals
based on the priority list defined by Eq. (14). The correlated
calculation is then carried out in XOS, (solution of the RI-CC2
amplitude and Jacobian eigenvalue equations), and the new
excitation energy is compared to the previous one. The orbital
space is considered converged when the difference between
two subsequent excitation energies is smaller than a given
threshold (7xps). The whole procedure is described step by
step in Algorithm 1 and summarized schematically in Fig. 2.
Default values for the main LoFEx threshold (7xos) and the
number of orbitals added to the XOS in each iteration will be
discussed in Section III.
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FIG. 2. Schematic representation of the generation of the excitation orbital
space (XOS) in LoFEx. The orbitals in the mixed orbital space (left box) are
reordered (middle box) according to the measure in Eq. (14), and the XOS
(right box) used for the calculation of CC excitation energies is optimized
as detailed in Algorithm 1. Gray: natural transition orbitals (NTOs); stripes:
Localized molecular orbitals (LMOs).
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A couple technical complications arise from the simple
procedure described so far. The first issue concerns the
computation of several excitation energies. The Davidson
algorithm usually employed for such eigenvalue problems
converges to the lowest excitation energies present in the
subspace.!”"!° However, if one is interested in the two lowest
transitions for a given system, the mixed orbital spaces in
LoFEx will be different for each transition, and consequently,
the XOSs for the two transitions will also be different and
might not even overlap. This means that in the calculation
of the second excitation energy, depending on the size of the
XOS, the second transition might correspond to the first or
the second Jacobian eigenvalue.

In order to circumvent this issue, we employ a
projection strategy where, for a given transition k, all
previously optimized excitation vectors {b},pl,bgpl,. .. ,b(’ﬁp’['
are projected out of the Davidson subspace. This prevents
the optimized vector for transition k from collapsing into one
of the previous solutions. Because the previously optimized
excitation vectors are determined in different XOSs, they need
to be transformed to the current mixed orbital space and
projected onto the current XOS. As a consequence, the set
of previously optimized vectors is usually not orthonormal in
the current XOS and a given trial vector b’ in the Davidson
algorithm needs to be orthonormalized with respect to the
previous excitation vectors using

b’ — (1-P)b’, (15)
k-1 k-1 .
P=>" 3 bl IS bl (16)
j=11=1
S.f] = (b{;pl)Tbépl’ (17)

where all quantities are expressed in the current mixed orbital
space as well as restricted to the current XOS. Because of the
difference in dimensions between the different XOSs, a given
excitation vector might have only very small components in
the current XOS (e.g., if the current and old transitions occur
in different extremities of the molecular system). In such a
case the excitation vector is discarded from the set of k — 1
previous vectors to avoid problems in the inversion of the
overlap matrix S.

One possible complication is that the lowest state in
the Davidson subspace (after projection) might not have any
resemblance with the TDHF state used to calculate NTOs
(e.g., in cases where the TDHF and CC2 spectra differ
significantly). The current mixed orbital space is then ill-
suited to describe the CC2 transition of interest. This issue
can be fixed by recalculating NTOs from the optimized CC2
singles excitation vector (b®C?) obtained in the current XOS.
This is done whenever

|BTbCC2| < Toverlaps (1 8)

where b is the last starting guess (usually from TDHF) and
Toverlap 18 fixed to 0.5 for normalized vectors. A new mixed
orbital space is then generated using CC2 NTOs and the
optimization procedure is restarted as shown in step 12 of
Algorithm 1.
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ALGORITHM 1. LoFEx pseudo-algorithm, where 7xog is the main threshold controlling the accuracy of the

final excitation energies.

1: Solve TDHF problem for the n target excitation energies: @y, ..., Op.

2: for state i = 1,n do

Generate mixed orbital space using Ei (cf. Fig. 1).
Build XOS; based on distance measure [Eq. (14)].

Solve RI-CC2 amplitude and Jacobian equations in XOS and get wi.]).

repeat

4

S:

6: je1
7:

8 Jej+1
9

10: Solve RI-CC2 amplitude and Jacobian equations in XOS; and get w

11:  until \w(i‘”—wl(.'._l)l < TX0s

Increase orbital space based on distance measure [Eq. (14)] and get XOS;.

)

i

12: if \B}‘bfml < Toverlap then Bi — b?cz and go to step 3.

13: Store optimized excitation energy, w; « w(,.j ),

14: end for

A second issue concerns the number of atomic orbitals
(AOs) needed to describe the molecular orbitals of the XOS.
Indeed, both local orbitals and NTOs are constructed as linear
combinations of AOs and have in principle small but non-zero
coefficients on atoms far from their center of charge. As
a consequence, even a small XOS would result in many
two-electron integrals to be calculated in the AO basis and
would destroy the performance of the method. We therefore
reduce the number of AOs { y,} involved in the construction
of a given MO ¢,

¢p = Z XuCup> 19
u
by introducing a modified MO ¢,, according to
o= Xalups 20)
I

where the summation over AO indices, fi, has been restricted
to a subset of AOs {x}. This restriction is done based
on the Lowdin charges of orbital p and the coefficients ¢,
are determined such that ¢, resembles the true MO ¢,, as
much as possible in a least square sense. The details about
this procedure are described in Ref. 26 in the context of the
divide—expand—consolidate local CC framework. Similarly,
in connection with the RI approximation only a subset of
auxiliary basis functions are considered, as described in
Ref. 27.

lll. NUMERICAL ILLUSTRATIONS

In this section, we present proof of concept calculations
to support the theoretical foundations developed in Section II.
We first investigate the convergence of excitation energies
with the size of the XOS and then proceed to the application
of the LoFEx algorithm as a black-box method.

A. Molecules and computational details

In Section IIT B we consider the following test molecules
which have been optimized at the RI-MP2%%/cc-pVTZ(cc-
pVTZ-RI) level of theory:

caprylic acid,

lauric acid,

palmitic acid,

15-oxopentadecnoic acid (15-OPDA), and
Dec-1,3,5,7,9-pentaene (CjoH 2).

For the application of LoFEx in Sections III C and III D, the
above set is augmented with the following molecules:

prostacyclin,

an a-helix composed of 8 glycine residues (@-Glys),
leupeptin,

latanoprost,

metenkephalin, and

Phenothiazine-isoalloxazine dyad (dyad).

Those larger molecules were optimized at the RI-MP2/cc-
pVDZ(cc-pVDZ-RI) level of theory. All geometry optimi-
zations were performed using the ORCA program®® and
Cartesian coordinates are available in the supplementary
material >

For the computation of vertical singlet excitation energies,
the cc-pVDZ(cc-pVDZ-RI) basis sets were used on the
hydrogen atoms, while diffuse functions were added to the
other atoms via the aug-cc-pVDZ(aug-cc-pVDZ-RI) basis
sets.’I33 We denote this combination of basis sets with
a prime (aug-cc-pVDZ’). For the calculations on the dyad
system in Section III D, the cc-pVDZ(cc-pVDZ-RI) basis
sets were used without adding diffuse functions. The frozen
core approximation was used in all calculations. The LoFEx
algorithm as described in Section II has been implemented
in a local version of the LSD program.**3 The RI-CC2
algorithm used in LoFEXx relies on a self-consistent Davidson
algorithm’ where the norm of the residual is converged below
Tresidual = 10™* a.u. and the self-consistent energy threshold is
Set to Texe = 107 a.u. (=2.7 meV). This last parameter should
not be confused with the main LoFEx threshold, xos which
will be specified in the following investigation. In practical
applications of LoFEx, it is of course important to have
TXO0S 2 Texc-
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B. Convergence of excitation energies
1. Saturated fatty acids

For analysis purposes, we consider the lowest transition
in a set of saturated fatty acids with a chain of 8 (caprylic acid),
12 (lauric acid), and 16 (palmitic acid) carbon atoms. Fatty
acids are simple systems, for which the lowest excitation is
known to be localized on the carboxyl group. It is therefore a
typical case where a canonical CC calculation of the excitation
energy is unnecessarily expensive, since most of the carbon
chain does not affect the transition. In order to confirm
this statement, we examined the convergence of the lowest
excitation energy with the size of the XOS in LoFEx. A fixed
number of orbitals were added to the XOS in each LoFEx
iteration based on the priority list defined by Eq. (14) and
the convergence threshold for the excitation energy (7xos)
was set to zero, such that the full orbital space is included in
the last iteration, which therefore provides the target RI-CC2
excitation energy.

In Fig. 3, we have plotted the dominant pair of TDHF
NTOs for the lowest transition of the caprylic, lauric,
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FIG. 3. Occupied (top) and virtual (bottom) TDHF natural transition or-
bitals (NTOs) for the lowest transition of saturated fatty acids using the
aug-cc-pVDZ' basis set. The contour plot value was set to 0.02 a.u.37 (a)
Caprylic acid. (b) Lauric acid. (c) Palmitic acid.
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and palmitic acids. These plots clearly support our initial
expectation that — at least at the TDHF level — the transition
of interest is localized on the carboxyl group and the carbon
chain has no important effects on the main characteristics of
the electronic transition. This is confirmed at the RI-CC2 level
by the plots presented in Fig. 4, which illustrate the effects of
the size of the XOS on the excitation energy when MOs are
included based on the priority list defined by Eq. (14). It shows
a fast and smooth convergence towards the standard RI-CC2
excitation energy. In particular, the error in the excitation
energy is below 0.01 eV for all three systems already when
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FIG. 4. Convergence of the lowest excitation energy of the caprylic, lauric,
and palmitic fatty acids using the aug-cc-pVDZ’ basis as a function of the
size of the excitation orbital space (XOS) when MOs are included based on
the priority list defined by Eq. (14). The last points of the curves and the
dotted horizontal lines correspond to the reference RI-CC2 values (complete
orbital space).
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less than 230 MOs are included in the orbital space (third point
in the curves). This demonstrates that a significant amount
of computational resources can be saved for such small but
simple systems.

2. 15-oxopentadecanoic acid (15-OPDA)

As a complement to this preliminary investigation, we
now consider the three lowest excitation energies of the
15-oxopentadecanoic acid (15-OPDA). By looking at the
dominant TDHF NTOs of the three transitions in Fig. 5, it
is seen that the lowest and third transitions of 15-OPDA are
localized on the aldehyde group, while the second lowest
transition occurs on the carboxyl group at the other end of
the carbon chain. This system is thus a good candidate to
test the projection strategy presented in Section II C. The
same analysis as before is performed by including a fixed
number of orbitals to the XOS until the complete orbital
space is included, and this is done independently for the three
transitions of interest.
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FIG. 5. Occupied (top) and virtual (bottom) TDHF natural transition orbitals
(NTOs) for the three lowest transitions of 15-oxopentadecanoic acid (15-
OPDA) using the aug-cc-pVDZ’ basis set. The contour plot value was set to
0.02 a.u.3037 (a) Dominant pair of NTOs for ;. (b) Dominant pair of NTOs
for S». (c) Dominant pair of NTOs for S3.

J. Chem. Phys. 144, 224106 (2016)

The challenge of computing several excitation energies
can be exemplified as follows: when computing the second
lowest transition on the carboxyl group of 15-OPDA, the
first XOS (XOS;) will not include any component of the
lowest excitation vector on the aldehyde group. The standard
Davidson procedure would therefore provide the excitation
energy of interest (the second lowest for the whole system)
by converging to the lowest Jacobian eigenvalue. However, if
the XOS corresponds to the complete orbital space, the lowest
eigenvalue obtained with the standard Davidson procedure
would most likely be the lowest transition on the aldehyde
group. The projection strategy described in Section II C is
therefore necessary to ensure that the excitation vector is not
collapsing to the lowest transition as the XOS is increased.

In Fig. 6, we have plotted the three lowest excitation
energies of 15-OPDA against the size of the XOS. It is
important to emphasize that the three excitation energies on a
specific vertical line in Fig. 6 are determined in different and
independent XOSs that contain the same amount of orbitals.
The curves in Fig. 6 show a smooth convergence behaviour
for all three excitation energies without ever collapsing to
another transition which shows that the projection strategy
presented in Section II C is enough to ensure convergence to
the desired excitation energies. Fig. 6 also shows that the two
lowest excitation energies of 15-OPDA converge as fast as
the lowest excitation energy of the fatty acids in Fig. 4, while
the convergence of the third excitation energy is significantly
slower. This is due to the more diffuse character of the third
transition (cf. Fig. 5(c)) which is rather poorly described in
the small aug-cc-pVDZ’ basis.

3. Dec-1,3,5,7,9-pentaene (CyoH2)

Electronic transitions are not always as local as for the
systems treated so far. In some interesting cases, the excitation
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FIG. 6. Convergence of the three lowest excitation energies of the 15-
oxopentadecanoic acid (15-OPDA) using the aug-cc-pVDZ’ basis as a func-
tion of the size of the excitation orbital space (XOS) when MOs are included
based on the priority list defined by Eq. (14). The last points of the curves
and the dotted horizontal lines correspond to the reference RI-CC2 values
(complete orbital space).
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can be spread over a large part of the molecule, for example,
due to electronic delocalization in conjugated systems or in
the case of charge-transfer (CT) transitions. Such examples
would necessarily require a larger XOS and in some special
cases the complete orbital space needs to be included. To
illustrate further the impact of the character of the transition
on the size of the XOS, we have applied LoFEx to the CioH;,
conjugated molecule. The TDHF NTOs plotted in Fig. 7 show
that the first transition of CgH, is delocalized over the whole
system. Fig. 8 represents the decay of the lowest excitation
energy of CjoH;, with the size of the XOS. As expected, the
convergence is stable but much slower than for the systems
analyzed previously. For this small molecule, the complete
orbital space has to be included in the XOS to reproduce
the standard RI-CC2 result, but we can expect that for larger
systems, even if the NTOs are delocalized over a part of the
molecule, computational savings should still be possible by
ignoring all parts of the system not affected by the transition.
In short, CjoH;, represents a worst case scenario for LoFEx
and no computational savings can be obtained. Nonetheless,
as we shall see in Section III C, the standard RI-CC2 excitation
energy is still obtained by the black-box LoFEx algorithm.

4. Convergence behaviour

Finally, we note that, for all examples treated in this
section, the excitation energies are systematically lowered
when the dimension of the XOS increases. This behaviour
is also usually observed in basis set convergence studies
of excitation energies,’®3° and can be partly explained by
Cauchy’s interlacing theorem.*>*! Part of Cauchy’s theorem
states that, for a symmetric matrix, the eigenvalues wf‘
obtained with a basis {B;} will always be larger than the
corresponding eigenvalues wfz obtained with a basis {B»}
when {B;} c {B,} (ie., wf' > wf2 for each eigenvalue k).
This is for example the case in the configuration interaction
(CI) excitation energy problem where a symmetric matrix has
to be diagonalized. However, it does not strictly hold in CC
theory, partly because the Jacobian matrix is not Hermitian
and therefore the eigenvalue problem is not ensured to have
(real) solutions, but also because the Jacobian matrix depends
on the CC amplitudes which are different from one basis to
another meaning that the Jacobian in the basis {B;} is not
a true submatrix of the Jacobian in the {B,} basis. In spite

FIG. 7. Occupied (top) and virtual (bottom) TDHF natural transition orbitals

(NTOs) for the lowest transition of dec-1,3,5,7,9-pentaene (CoH2) using the
aug-cc-pVDZ! basis set. The contour plot value was set to 0.02 a.u.3¢37

J. Chem. Phys. 144, 224106 (2016)
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FIG. 8. Convergence of the lowest excitation energy of dec-1,3,5,7,9-
pentaene (CioHj2) using the aug-cc-pVDZ’ basis as a function of the size
of the excitation orbital space (XOS) when MOs are included based on the
priority list defined by Eq. (14). The last point of the curve and the dotted
horizontal line correspond to the reference RI-CC2 value (complete orbital
space).

of these formal differences between CI and CC, we have
always observed that the energies are lowered when the XOS
is increased, indicating that in practice, Cauchy’s theorem
effectively holds also for the CC Jacobian. This feature is
important in the context of LoFEx since it lowers the risk of
premature convergence when the excitation energies of two
subsequent XOSs are compared (step 11 in Algorithm 1).

C. LoFEx as a black-box method

It has now been demonstrated with simple examples that
the method described in Section II can lead to significant
savings. In this section we apply LoFEx as a black-box
method and provide default parameters for the optimization
procedure that result in accurate excitation energies using a
reduced orbital space. The main challenge here is to find
the number of orbitals to add to the XOS between two
iterations, such that it is large enough to avoid premature
convergence and small enough to prevent the XOS from
becoming unnecessarily large. This quantity needs to be
conservative as the convergence rate of the excitation energies
with the size of the XOS is strongly dependent on the
nature of the transitions and the chemical structure of the
molecules and premature convergence could in principle occur
in some difficult cases. In this investigation, the number of
orbitals added to the XOS in each LoFEx iteration was set
to ten times the average number of MOs per atom (i.e.,
10 X Nymo/Natom) and the main LoFEx threshold was chosen
to be txos = 0.02 eV. The number of orbitals added has been
chosen based on a series of tests and seems like a conservative
choice but more extensive testing of LoFEx will tell if this
value is optimal. The LoFEx threshold (7xps) is more of a
tunable parameter and depends on the required accuracy. A
value of 0.02 eV is conservative and is expected to provide
excitation energies of standard CC2 quality (CC2 is known
to result in excitation energies where the typical errors are an
order of magnitude larger).6-3%3%42
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In Table I we report the RI-CC2-LoFEx excitation
energies as well as measures of the size of the converged XOS
and the number of LoFEX iterations (the number of different
XOSs considered) for all molecules presented in Section
III A. Speed-ups of LoFEx compared to canonical RI-CC2
implementations are also reported. For calculations containing
more than one transition, the current RI-CC2 implementation
in the LSD program does not allow for fair comparisons.
Speed-ups are therefore not reported for those cases.

Comparison with canonical RI-CC2 energies — available
in the supplementary material®® — results in errors in the
LoFEx excitation energies below 0.01 eV for all molecules.
This indicates that the LoFEx parameters chosen above are
conservative enough to provide excitation energies of CC2
quality and to avoid false convergence. Concerning the size of
the optimized XOS and the reduction in computational cost,
one can see from Table I that it is strongly dependent on
the nature of the electronic transition and on the size of the
molecular system. However, even when the full orbital space
has to be included in the XOS (e.g., S) of prostacyclin), the last
RI-CC2 calculation will in general be time-dominating and
the overall cost is of the same order as for canonical RI-CC2
calculations (for CoH,, with a speed-up of 0.43, the system is
so small that the full calculation is very fast anyway). On the
other hand, significant savings are usually obtained when the
LoFEx algorithm converges in only two or three iterations.
For example, a LoFEx calculation of the lowest transition of
metenkephalin provides a speed-up of almost 60, which is
already very large, but even larger speed-ups are expected
for larger molecules with local transitions. Comparison of
the size of the XOS in Table I with the convergence of the
excitation energies represented in Figs. 4 and 6 shows that
the black-box method often provides too large XOS. This is

J. Chem. Phys. 144, 224106 (2016)

due to the structure of the algorithm where the penultimate
step is actually converged but requires an additional iteration
to check for convergence. This is also the reason for the
exceptionally low errors.

D. A difficult case: The phenothiazine-isoalloxazine
dyad

As reported by Kats and Schiitz in Ref. 11, the few
lowest transitions of the phenothiazine-isoalloxazine dyad
are particularly difficult to describe at the CC2 level and
especially with local approximations. The problem originates
from the very poor starting guess that non-correlated methods
(CCS/TDHF) provide for the CC2 calculation in that particular
case. This observation could indicate that CC2 is not
appropriate for describing the electronic spectrum of this
molecule and that larger basis sets (double-zeta basis sets
were used) as well as higher level models (CCSD or CC3)
might provide significantly different results. However, it is
interesting to see how the LoFEx method is performing
with such a difficult case. In particular, one of the lowest
transitions of the dyad is known to exhibit a CT character
which is challenging for many computational methods and in
particular for TD-DFT.

The five lowest excitation energies of the dyad have been
calculated using LoFEx and are reported in Table 1. We note
that the error in the excitation energies is as low as for the
other systems (below 0.01 eV) but that due to the complexity
of the transition, the full molecular orbital space has to be
included in the XOS for all but the first transition. It is also
important to note that for those states (S5, S3, Ss, and Ss), CC2
NTOs were calculated in the course of the calculation because
the overlap with the starting guess was below Toyertap = 0.5 [cf.

TABLE 1. Excitation energies from RI-CC2-LoFEx (wyorgx) and size of the XOS given by the fraction of the
complete set of MOs and AOs included in the XOS. The number of iterations used in LoFEx (number of different
XOSs considered) as well as speed-ups compared to canonical RI-CC2 calculations is also reported. All the
calculations have been done using the aug-cc-pVDZ’ basis set (except for the dyad which uses cc-pVDZ) and the
frozen core approximation. The main LoFEx threshold was set to 7xos =0.02 eV.

System State WLoFEX" % MOs % AOs No. iterations Speed-up
Caprylic acid M 6.06 823 94.8 2 1.11
Lauric acid S| 6.05 83.9 96.2 3 3.49
Palmitic acid M 6.06 63.5 72.6 3 4.55
15-OPDA M 4.44 46.1 57.0 2

A 6.06 46.5 52.3 2

S3 6.19 100 100 5
CioH12 M 4.09 100 100 3 0.43
Prostacyclin S1 4.98 92.3 99.6 5 0.98
a-Glyg M 5.42 71.6 93.4 4 1.81
Leupeptin M 427 46.7 91.0 3 7.08
Latanoprost S 5.08 44.7 58.5 3 8.12
Metenkephalin M 478 423 489 3 58.9
Dyad M 3.10 823 88.7 4

S, 3.47 100 100 8P

S3 351 100 100 6°

Sy 371 100 100 6°

Ss 4.06 100 100 6°

4All errors in the LoFEx excitation energies with respect to canonical RI-CC2 values are below 0.01 eV.

YExtra iterations due to the calculation of CC2 NTOs.
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Eq. (18) and the associated discussion]. This did not occur for
any of the other molecules in Table I and it is a confirmation of
the difference between the optimized TDHF and CC2 states.
In general, we have observed that the use of CC2 NTOs does
not reduce the size of the optimized XOS which is why CC2
NTOs are only used when the TDHF NTOs do not represent
properly the transition of interest. With the geometry of the
dyad used in this paper (which is different from the one used in
Ref. 11), the CT transition corresponds to the fourth excitation
energy and is properly described with LoFEx. However, with
the parameters used in the black-box algorithm, it does require
that the XOS contains the full orbital space, and consequently,
no savings are obtained.

Even though the full orbital space is included for most of
the transitions of the dyad, this application of LoFEx shows
that the method provides correct CC2 results even for difficult
cases such as CT transitions. We also note that significant
savings are expected if the dyad is considered in a larger
environment (e.g., including solvent).

IV. CONCLUSION AND PERSPECTIVES

We have introduced the LoFEx approach for the
calculation of vertical CC excitation energies where the CC
amplitude and Jacobian eigenvalue equations are solved in a
transition-specific reduced orbital space (the XOS) composed
of NTOs and LMOs. The method can be used as a black-box
where the error in the excitation energies is controlled by
a single parameter (7xos). LoFEx was tested on a set of
molecules, including small and simple systems as well as
larger and more real-life compounds. It was demonstrated
at the RI-CC2 level that significant savings can be obtained
without loss of accuracy. The computational cost of the method
is dominated by the last RI-CC2 calculation using the largest
XOS and is expected to be constant with the system size for
a given type of transition. For large enough systems, and in
particular when the excitation of interest is local compared
to the size of the molecule, the cost of the method will be
dominated by the underlying TDHF calculation on the full
system, resulting in excitation energies of CC2 quality with a
computational cost comparable to TD-DFT.

LoFEx relies on TDHF to provide a qualitatively
correct description of the excitation process, i.e., the main
characteristics of the transition should be described by the
NTOs built from the TDHF transition density matrix. If the
TDHF and CC2 spectra are significantly different, CC2 NTOs
are constructed in the course of the calculation. This results
in a more appropriate mixed orbital space which improves
the description of the CC2 spectrum. We have shown that
LoFEx can handle the description of complex electronic
spectra exemplified with the phenothiazine-isoalloxazine dyad
molecule for which the CT transition was described properly.
This was however achieved without cost-reduction and a
more elaborate algorithm is required to achieve that goal.
Future works will thus be focused on the development of a
more efficient RI-CC2 algorithm and on improving the orbital
space optimization procedure together with more extensive
testing of LoFEx. The calculation of transition moments and
oscillator strengths will also be investigated.

J. Chem. Phys. 144, 224106 (2016)

The LoFEx procedure can in principle be straight-
forwardly applied to more accurate CC models (CCSD,
CC3, etc.). However, the size of the XOS needed for
a proper description of most transitions would probably
prevent most practical applications without introducing
further approximations on the underlying CC models. The
dependence on the NTOs could also be an issue if CCSD or
CC3 are used to describe doubles dominated transitions, and
a generalization of the LoFEx strategy would be necessary.

LoFEx is conceptually and practically simple and can
be seen as a general framework to select and optimize
the orbital spaces needed to provide accurate descriptions
of electronic transitions. For a given XOS of orthogonal
occupied and virtual orbitals provided by the LoFEx scheme,
any single reference CC code can be applied. We could,
for instance, imagine combinations with PNO algorithms to
further reduce the cost of the solution of the CC equations.®
Another possibility is to combine LoFEx with hybrid quantum
mechanics and molecular mechanics (QM/MM) techniques,
like the polarizable-embedding approach,*>** where a large
quantum mechanical part could be treated by LoFEx, while
the environment effects would be described at the molecular
mechanics level.
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The recently developed Local Framework for calculating Excitation energies (LOFEXx) is extended Received 13 October 2016
to the coupled cluster singles and doubles (CCSD) model. In the new scheme, a standard CCSD ~ Accepted 25 January 2017
excitation energy calculation is carried out within a reduced excitation orbital space (XOS), which
is composed of localised molecular orbitals and natural transition orbitals determined from time- Excitation eneraies: |

N 3 gies; large
dependent Hartree-Fock theory. The presented algorithm uses a series of reduced second-order molecules; coupled cluster
approximate coupled cluster singles and doubles (CC2) calculations to optimise the XOS in a black- theory; CCSD; local
box manner. This ensures that the requested CCSD excitation energies have been determined to a correlation
predefined accuracy compared to a conventional CCSD calculation. We present numerical LoFEx-
CCSD results for a set of medium-sized organic molecules, which illustrate the black-box nature of
the approach and the computational savings obtained for transitions that are local compared to the
size of the molecule. In fact, for such local transitions, the LoFEx-CCSD scheme can be applied to
molecular systems where a conventional CCSD implementation is intractable.
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1. Introduction and doubles), CCSD(T) [5] (coupled cluster singles and

doubles with perturbative triples), etc.—in which the
accuracy of the calculated properties is systematically
improved. For frequency-dependent molecular proper-
ties, including excitation energies, one often relies on
response theory [6-10] and the CC response hierar-
chy containing the CC2 [11] (second-order approxi-
mate coupled cluster singles and doubles), CCSD [12],
CC3 [13] (approximate coupled cluster singles, dou-
bles, and triples), etc. models has proven to be suc-
cessful [14]. Other CC models have been designed
for the calculation of frequency-dependent properties,
mainly based on the equation-of-motion (EOM) formal-
ism [15-18]. For second-order models we mention the

Molecular properties form a direct link between funda-
mental quantum mechanical equations and experimen-
tal measurements. The development of accurate theo-
retical methods for determining molecular properties is
thus of great importance for the advancement of molec-
ular sciences. Coupled cluster (CC) theory [1,2] is con-
sidered the method of choice for high accuracy cal-
culations on small molecular systems dominated by a
single configuration. For ground state energies and static
properties, one often considers a CC hierarchy of wave
function models—MP?2 [3] (second-order Mgller-Plesset
perturbation theory), CCSD [4] (coupled cluster singles

CONTACT Pablo Baudin @ pablo.baudin@chem.au.dk
© 2017 Informa UK Limited, trading as Taylor & Francis Group
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EOM-MBPT2 [19,20] and the algebraic diagrammatic
construction (ADC(2)) [21] models. A series of triples
corrected models have also been designed for the calcu-
lation of excitation energies [22-25].

In conventional implementations, the computational
scalings of the CC2, CCSD and CC3 models are N°, N°
and N, respectively, where N is a measure of the size
of the system. These scalings inhibit the practical appli-
cations of the CC models to large molecular systems of
interest in contemporary molecular sciences. The corre-
lated CC calculation primarily describes local electron
correlation effects, such as the short-ranged electron-
electron repulsion effects (the Coulomb hole in the wave
function) and dispersion effects. The steep scaling of
the CC methods—both with respect to time and mem-
ory requirements—stems from the fact that conven-
tional CC implementations are expressed in terms of the
highly nonlocal canonical molecular orbitals (CMOs),
which makes a local description of electron correla-
tion effects impossible. Due to the scaling problems
of the CC models, many practical applications today
use time-dependent density functional theory (TDDFT),
which can be applied to rather large molecular sys-
tems. Although DFT calculations have lower computa-
tional costs and often provide useful insights, it is well
known that DFT has several limitations [26], including
the description of doubly excited states, Rydberg states,
and charge-transfer excitations in extended systems [27].

As an alternative to TDDFT calculations, several
CC approaches for calculating excitation energies with
reduced costs have been suggested. The most com-
mon strategy, pioneered by Pulay and Saebefor ground
state energies [28,29], consists in reducing the number
of wave function parameters by generating a localised
orbital space. The occupied orbitals are localised and
kept orthogonal, while the virtual space is transformed
to non-orthogonal projected atomic orbitals (PAOs) [30-
33] or pair natural orbitals (PNOs) [34-36]. An alterna-
tive approach proposed in the context of the incremental
scheme is based on a many-body expansion of the CCSD
excitation energies [37]. Furthermore, in multi-level CC
theory [38-40] the orbital space is partitioned based on
chemical intuition, and different CC models are used to
treat different parts of the molecule to achieve a reduced
cost by treating the less important part of the system with
the less demanding CC models.

We have recently introduced a local framework for
calculating excitation energies (LoFEx) at the CC2 level
of theory [41]. In the LoFEx scheme the occupied and
virtual CMOs are transformed into a mixed orthogonal
orbital space composed of natural transition orbitals [42]
(NTOs) and localised molecular orbitals [43,44] (LMOs)
for both the occupied and virtual orbital spaces. For

transitions dominated by single-electron replacements
(which are targeted in this paper) the mixed orbital space
contains the dominant pair of occupied-virtual NTOs,
while the remaining orbitals are localised. Conceptually,
the NTOs contain information about the main character
of the electronic transition, while the LMOs allow for an
efficient description of correlation effects. An excitation
orbital space (XOS) is then constructed from the mixed
orbital space by considering the dominant pair of NTOs
as well as a reduced number of LMOs in the vicinity of
the NTOs. The XOS is optimised in a black-box manner
to ensure that the excitation energy is calculated to the
desired precision compared to a conventional CC calcu-
lation. The goal of the present paper is to generalise the
LoFEx algorithm to CC models beyond the CC2 model.
Specifically, we show that the XOS optimisation may be
performed at a lower level of theory than the target CC
model, exemplified here by CC2-based optimisation to
target CCSD excitation energies.

In Section 2, we present an extension of the LoFEx
procedure to the next level of the CC response hierarchy
by devising an algorithm for calculating CCSD excitation
energies [12]. The resulting model is a hybrid approach
where the XOS is determined in a black-box manner by
a series of CC2 calculations, while a single CCSD calcu-
lation is carried out in the final XOS. The algorithm is
designed such that the optimised XOS is as small as pos-
sible, while ensuring that the CCSD excitation energy is
determined to the predefined accuracy. Numerical results
are presented and discussed in Section 3 to support the
theoretical foundations of the LoFEx-CCSD model. We
also note that the present work is a precursor for devel-
oping a LoFEx scheme for the next member of the CC
response hierarchy, i.e. the CC3 model [13].

2. Theory

In Section 2.1, we summarise the determination of exci-
tation energies at the CCSD level of theory, while Section
2.2 is dedicated to the introduction of the new LoFEx-
CCSD algorithm.

2.1. The CCSD model for excitation energies

The CCSD ground state amplitude equations in the
absence of external perturbations are given by [4],

Q,, = (1| exp(=T)H exp(T) |[HF) = 0,
Qu, = (ua2lexp(=T)Hexp(T) [HF) =0, (1)



where {|HF) , |1), |42)} denote the Hartree-Fock (HF)
ground state and the singles and doubles excitation man-
ifolds. The cluster operator is givenby T=T; + T, + ...,
where T; = ), #,,7,, denotes a cluster operator where
t,,, isa cluster amplitude, 7,,, is an excitation operator and i
denotes the excitation level. H is the usual non-relativistic
molecular electronic Hamiltonian.

In CC response theory, CCSD excitation energies
w are determined by solving the CCSD Jacobian
eigenvalue problem [12,45], which may be written in
the form,

Ab = wb 2
where the Jacobian is given by,

anli
dty,
(wilexp(=T)[H, v, ] exp(T) [HF)  (3)

Au,vj =

We note that the CCSD Jacobian is nonsymmetric and
that it depends on the ground state amplitudes.

In a conventional CCSD calculation, the formal pro-
cedure for determining excitation energies after the HF
CMOs have been determined is thus to (i) solve Equa-
tion (1) to determine the CCSD ground state amplitudes,
(ii) use these amplitudes to determine the CCSD Jacobian
according to Equation (3) and (iii) obtain the requested
excitation energies by solving the eigenvalue equation in
(2). The CCSD amplitude equations in (1) are non-linear
and are usually solved using a direct inversion of the itera-
tive subspace (DIIS) [46], in our implementation the con-
jugate residual with optimal trial vectors (CROP) [47,48]
method is used since it can often be less memory inten-
sive. The solution of the eigenvalue problem in Equation
(2) on the other hand is usually performed via a sub-
space method such as the Davidson procedure [49] gen-
eralised to nonsymmetric matrices [50]. Both of these
procedures are iterative and scale as N® with the system
size which prevents their application to large molecular
systems.

2.2. The LoFEx-CCSD model

For the determination of CCSD excitation energies that
correspond to transitions localised in space, it is possi-
ble to reduce the scaling of the procedure described in
Section 2.1 such that it becomes independent of the sys-
tem size. This is achieved in the LoFEx-CCSD model that
we describe in the remainder of this section.

In the LoFEx scheme, a mixed orbital space contain-
ing a combination of NTOs [42] and LMOs is used to
reduce the dimensions of the CC problems in Equations

MOLECULARPHYSICS (&) 3

(1) and (2). NTOs can be generated from time-dependent
Hartree-Fock theory (TDHF) by performing a singular-
Value—decon~1position (SVD) of the TDHF transition den-
sity matrix b (see Refs. [41,51] for details). The transfor-
mation matrices U and V required to obtain occupied
valence and virtual NTOs, respectively, are then obtained
by solving the following eigenvalue equations:

b'bu = auy, k=1,2,...,N,, (4)
bb'vi = Av.. k=1,2,....N,, (5)
U= (u,uy,...,uy,), (6)
VZ(Vth,---,VN,,), (7)

where N, (N,) is the number of valence (virtual) orbitals.
Assuming N, < N,, it follows that Ay = 1} for k = 1, 2,
+ -+, N,, while A;c =0fork=N, +1, ---, N,. The singu-
lar values A, can be interpreted as a measure of the impor-
tance of each pair of NTOs for the description of the tran-
sition represented by b [42].

In this paper we consider transitions dominated by
single-electron replacements. In such cases, the SVD of
the TDHF density matrix results in one occupied-virtual
pair of NTOs with a singular value very close to one,
while the remaining NTOs with much smaller singu-
lar values yield little information about the electronic
transition. We therefore keep only the dominant pair
of NTOs, which represents the main character of the
transition, while the rest of the orbital space is localised
to enable a compact description of electron correlation
effects in the CC part of the calculation. For the orbital
localisation we minimise the second power of the sec-
ond moment of the orbitals [43], since this localisa-
tion strategy is known to provide a good compromise
between computational cost and spatial locality [44]. We
stress that the use of NTOs makes the orbital space spe-
cific to a given transition, and a different mixed orbital
space should thus be constructed for each transition of
interest.

For excitations that are local compared to the size of
the molecular system under consideration, the genera-
tion of a mixed NTO/LMO space, as described above,
can lead to significant computational savings by trun-
cating the LMO space. Such a truncated orbital space
containing the dominant pair of NTOs and a subset of
the LMOs is denoted the excitation orbital space (XOS).
The main task of the black-box LoFEx algorithm is to
ensure that the XOS is large enough to result in accurate
excitation energies while remaining as small as possible
such that significant computational savings are obtained.
To achieve this goal we first define an effective distance
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measure 7, given by,
~ . TAp TAp
7p = min | —Jr55. oy ®
Q4 Q4

where QTO"’ and QﬁTO"’ are the Lowdin atomic charges
for atom A of the occupied and virtual NTOs, respec-
tively, while 74, is the distance from the centre of charge
of the pth LMO to atom A. The scaling of the distance
by the inverse Lowdin atomic charge (values between 0
and 1) enables the definition of an effective distance mea-
sure, also when the NTOs are distributed across several
atomic centres. The LMOs are ordered according to the
distance measure in Equation (8), and the size of the XOS
is increased until the excitation energy of interest has
been determined to a predefined accuracy (rxos). The
LoFEx algorithm is depicted schematically in Figure 1
and it may be summarised by the following main steps:

(1) Carry out a HF ground state calculation on the
whole system to generate a set of occupied and vir-
tual CMOs.

(2) Carry out a TDHF calculation on the whole sys-

tem and generate NTOs by performing an SVD of

the TDHEF transition density matrix b.

Generate LMOs by localising all orbitals, except

the dominant pair of NTOs.

Order the LMOs according to the measure in

Equation (8).

(5) Determine the optimised XOS:

(a) Choose a subset of orbitals from the ordered
list (defining XOSW) and calculate excitation
energy o'V for this set of orbitals, i.e. solve
Equations (1) and (2) in XOsW,

(b) Add a new set of orbitals from the ordered
list of LMOs to the existing XOS™) to gener-
ate XOS®@. Calculate excitation energy w® in
the new space (XOS®) and compare to w®.

(c) Continue this procedure until the change in
excitation energy for two subsequent calcula-
tions is smaller than the requested accuracy
(e |o™ — 0™~ Y| < Tx05).

@3

=

(4

~

Again, it should be emphasised that steps 2-5 of the
outlined procedure are applied to each transition of inter-
est separately. A more detailed description of the LoFEx
algorithm, including the treatment of several excited
states and reduction of the atomic orbital space used to
expand the molecular orbitals (MOs), is given in Ref. [41].

From a conceptual point of view, it should be noted
that the Fock matrix entering the CC equations (as a
part of the Hamiltonian) has been determined in a HF

Orbital space generation

core valence virtual
U \"
‘ UW Z

T, (ordering)
Y

Y

XOS optimization

XOS® - p®

XOS® - (@

U
T
G

XOS® - ¢y™ V

Excitation energy w™¥ converged

Legend: [_]cmo [ nTO LMO

Figure 1. lllustration of the LoFEx procedure. Top: Generation of
the mixed molecular orbital space; starting from canonical molec-
ular orbitals (CMOs), U and V represent the valence and virtual
transformatioNn matrices to the natural transition orbital (NTO)
space, while C, U, and V are transformation matrices to the local
basis (LMO) for core, valence, and virtual orbitals, respectively,
excluding the dominant pair of NTOs. 7, is the effective distance
measure given by Equation (8). Bottom: Determination of the exci-
tation orbital space (XOS), where ™ is the excitation energy cor-
responding to the ith excitation orbital space (XOS®) and 7 is
the main LoFEx threshold.



calculation on the total molecular system and thus con-
tains information about long-range electronic interac-
tions among all electrons in the molecule. Thus, even
though a CC calculation within a given XOS involves only
the dominant pair of NTOs and subset of LMOs, long-
range electronic interactions to the part of the molecule
outside the XOS are still included in an indirect man-
ner via the Fock matrix. Concerning the computational
effort, it can be expected that the cost of the complete
LoFEx calculation will be dominated by the underlying
TDHF calculation on the full system for large systems
if the excitation of interest is local compared to the size
of the molecule. In fact, for such a case, the CC part of
the LoFEx calculation is independent on the size of the
total molecule. This implies that highly accurate excita-
tion energies of CC quality can be obtained with a com-
putational cost comparable to TDDFT.

Any CC model can in principle be used to calculate
excitation energies in step 5 above. However, it is possible
to obtain additional computational savings for the CCSD
model (and for higher level CC models) by noting that the
calculation in the final XOS is carried out only to verify
that the previous calculation was indeed converged (see
Figure 1). Thus, the penultimate CC calculation is already
accurate enough with respect to txos, while being much
cheaper than the final XOS calculation due to the sixth-
order scaling of the CCSD model. It is therefore possible
to devise a LoFEx-CCSD scheme, where the XOS opti-
misation procedure in Figure 1 is carried out using the
cheaper CC2 model to determine the penultimate XOS
(XOS" =V in Figure 1), followed by a single CCSD cal-
culation in XOS™ ~ . This new LoFEx-CCSD model can
be summarised as follows (a superscript has been added
to emphasise the model used to calculate the excitation
energy):

(1) CC2 optimisation:
* CC2 calculation in XOS$W to calculate wl2,.

e CC2 calculation in XOS@ to calculate a’gc)z-

e CC2 calculation in XOS"~1 to calculate
(n—1)
@y -

e CC2 calculation in XOS™ to calculate a)é"c)z,
. -1
concluding that |a)é"c)2 - “’(Cncz )| < 7xo0s.
(2) CCSD calculation in XOS™ ~ U to calculate w1,
which is the target excitation energy of the calcu-
lation.

The CC2 and CCSD calculations in LoFEx scale with
the fifth and sixth powers of the size of the XOS, respec-
tively. Avoiding the CCSD calculation in XOS™ with
such a hybrid procedure is thus expected to reduce the
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computational effort tremendously. The capacity of the
LoFEx-CCSD model to result in excitation energies of
CCSD quality relies on the single assumption that the
CC2 model provides a good description of the CCSD
electronic transitions. From a theoretical point of view,
this assumption is supported by the fact that the CC2
model may be obtained from the CCSD working equa-
tions by keeping only the terms of the CCSD doubles
equations that are first-order in a Moller-Plesset pertur-
bation expansion, while the singles equations are retained
in their original form [11]. This approximation of the
CCSD doubles equations in the CC2 model leads to the
well-known fact that the CC2 model cannot be used to
accurately describe electronic transitions dominated by
more than one-electron replacements. For that reason,
and because we rely on TDHF NTOs, the LoFEx-CCSD
procedure can only be expected to work properly when
applied to transitions dominated by one-electron replace-
ments.

3. Results

In this section, we present proof-of-concept calculations
to assess the validity of the LoFEx-CCSD model intro-
duced in Section 2.2. Two main questions have to be
addressed; (i) does the LoFEx-CCSD scheme result in
excitation energies of CCSD quality? (ii) Is it computa-
tionally more efficient than a conventional implementa-
tion of the CCSD model?

3.1. Computational details

We consider the following molecules, which are depicted
in Figure 2:

e Caprylic acid

e Lauric acid

¢ Palmitic acid

¢ 15-Oxopentadecanoic acid (15-OPDA)

e Prostacyclin

¢ An a-helix composed of 8 glycine residues (c-Glys)
® Leupeptin

® Latanoprost

® Met-enkephalin

The geometries have been optimised at the RI-MP2
[53] level of theory using the ORCA program [54]. The
basis sets used for the geometry optimisations and the
Cartesian coordinates are given in Ref. [41] and its sup-
porting information.

We consider calculations of the lowest vertical singlet
excitation energy using the cc-pVDZ and aug-cc-pVDZ’
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Figure 2. Three-dimensional stick representation of the molecules used in this study [52].

basis sets [55,56] where the prime indicates that diffuse
functions have been removed from the hydrogen atoms.
Ideally, basis sets of triple-¢ quality or better should be
used for CCSD excitation energies; however, the use of
the smaller basis sets of double-¢ quality for these proof-
of-concept calculations allows us to carry out the full
(conventional) CCSD calculations for most of the
medium-sized molecules in Figure 2, which would not
be possible using larger basis sets. For the CC2 calcula-
tions that are used to determine the XOS according to the
strategy outlined in Section 2.2, we have used density fit-
ting techniques, i.e. the resolution of the identity, RI-CC2
model [57]. For these calculations, the cc-pVDZ-RI and
aug-cc-pVDZ-RT basis sets [58] were used in combina-
tion with the cc-pVDZ and aug-cc-pVDZ’ regular basis
sets. The frozen core approximation was used in all cal-
culations.

A pilot implementation of the LoFEx-CCSD model
described in Section 2.2 has been introduced in a
local version of the LSDALTON program [59]. The

parameters defining the XOS optimisation procedure in
Figure 1 (bottom) were set as in Ref. [41], i.e. the main
LoFEx threshold txos = 0.02 €V, and the number of
orbitals added to the XOS in each expansion step was set
to 10 times the average number of MOs per atom. Since
this is a conservative choice for the expansion step, we
expect CCSD excitation energies with errors of ~0.02 eV
or below compared to a full CCSD calculation. We do
note that Txog is a tunable parameter which can be cho-
sen according to the desired accuracy. The full CCSD cal-
culations were carried out using the Turbomole program
package [60].

3.2. Results for the LoFEx-CCSD model

In Tables 1 and 2 we present the results of the LoFEx-
CCSD model for the molecules presented in Figure 2
using the cc-pVDZ and aug-cc-pVDZ’ basis sets, respec-
tively. We give the lowest excitation energy w calculated
using LoFEx and the absolute error w compared to a full



Table 1. Results from the LoFEx-CCSD model using the cc-pVDZ
basis. Excitation energies w (eV); errors compared to full CCSD cal-
culation (eV); number of MOs in LoFEx XOS” =" and full calcula-
tions, and estimated speed-ups of the most expensive 0?V* scal-
ing step of the CCSD part of the calculation.

System w Sw  #MOs (LoFEx) #MOs (full)  Speed-up
Caprylic acid 6.11 0.00 93 210 m
Lauric acid 6.10 0.00 91 302 1074
Palmitic acid 6.10 0.00 91 394 5191
15-OPDA 445 0.00 920 374 4561
Prostacyclin 599 0.00 190 485 232
a-Glyg 558 0.00 m 559 368
Leupeptin 431 0.01 94 580 50259
Latanoprost 512 0.00 185 603 181
Met-enkephalin 494 - 202 695 1758

Table 2. Results from the LoFEx-CCSD model using the aug-cc-
pVDZ' basis. Excitation energies w (eV); errors compared to full
CCSD calculation (eV); number of MOs in LoFEx XOS® —" and full
calculations, and estimated speed-ups of the most expensive 0?V/*
scaling step of the CCSD part of the calculation.

System 1) Sw  #MOs (LoFEx) #MOs (full)  Speed-up
Caprylic acid 6.04 0.02 126 300 155
Lauric acid 6.02 0.00 241 428 27
Palmitic acid 6.02 0.00 237 556 156
15-OPDA 438 0.00 125 536 6511
Prostacyclin 539 0.00 525 710 6
ot—GIyB 5.54 - 461 856 40
Leupeptin 423 - 266 850 1059
Latanoprost 502 - 264 882 1394
Met-enkephalin ~ 4.81 - 298 1055 2021

CCSD calculation. For the largest molecules, the steep
scaling of the standard CCSD model prevented the cal-
culation of the reference excitation energies, and Sw is
therefore not listed for these cases. In addition, we give the
number of MOs in the LoFEx (XOS® ~ V) and full calcu-
lations. Since our LoFEx-CCSD scheme is a pilot imple-
mentation, we do not report explicit timings. However, in
order to get an idea of the potential computational savings
that can be obtained using LoFEx, we report estimated
speed-ups for the CCSD calculations in XO$” ~ Y com-
pared to the full CCSD calculations. The most expensive
step of the CCSD algorithm scales as O?V* for both the
ground state [4,61] and excitation energy [12,62] calcu-
lations, where O and V denote the number of occupied
and virtual orbitals, respectively. The estimated speed-up
in the last column of Tables 1 and 2 is thus calculated
as the ratio between O?V* for the full system and O*V*
for XOS™ =1, We note that such speed-ups can only be
taken as a rough estimate for the computational savings
since the accumulated time spent in the CC2 calculations
during the XOS optimisation has been omitted. However,
due to the difference between the CCSD and CC2 com-
putational requirements, the CCSD step in XOS” ~ 1 is
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(a) Occupied NTO

(b) Virtual NTO

Figure 3. Occupied (a) and virtual (b) TDHF natural transition
orbitals (NTOs) for the lowest transition of prostacyclin using the
aug-cc-pVDZ' basis set. The contour plot value was set to 0.02 a.u.
[52]. (a) Occupied NTO. (b) Virtual NTO.

expected to require more computational efforts than the
CC2 calculations in the XOS optimisation.

It is evident from Tables 1 and 2 that the errors of the
LoFEx-CCSD scheme compared to a full CCSD calcula-
tion are of the order of the LoFEx threshold Txos = 0.02
eV or below. This demonstrates that, at least for the sys-
tems and transitions considered here, it is sufficient to
carry out the black-box XOS optimisation at the CC2 level
of theory and calculate the CCSD excitation energy only
in the penultimate XOS.

Due to the sixth-order scaling of CCSD calculations,
large estimated speed-ups are obtained when the XOS
is reduced significantly compared to the full calculation.
The most extreme case is for leupeptin in a cc-pVDZ
basis where the number of MOs is reduced by a factor
6, resulting in an estimated speed-up of around 50,000. It
is also clear that the speed-up depends very much on the
locality of the transition. For example, prostacyclin and
met-enkephalin in the aug-cc-pVDZ’ basis are associ-
ated with speed-ups of 6 and 2021, respectively, indicat-
ing that the considered transition for met-enkephalin is
much more local than the one for prostacyclin. This dif-
ference may be rationalised from the NTOs for the lowest
transitions of prostacyclin and met-enkephalin, which are
plotted in Figures 3 and 4, respectively. It is seen that the
NTOs for met-enkephalin are very local compared to the
size of the molecule, while the NTOs for prostacyclin are
significantly more diffuse (in particular the virtual NTO).
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Figure 4. Occupied (a) and virtual (b) TDHF natural transition
orbitals (NTOs) for the lowest transition of met-enkephalin using
the aug-cc-pVDZ' basis set. The contour plot value was set to 0.02
a.u. [52]. (@) Occupied NTO. (b) Virtual NTO.

The more diffuse character of the prostacyclin transition
thus requires more important coupling effects from the
LMOs in the vicinity of the NTOs. These coupling effects
are included dynamically by the LoFEx optimisation pro-
cedure and lead to a significantly larger XOS (298 MOs for
met-enkephalin compared to 525 MOs for prostacyclin).
The differences in the total size of the molecules and in
the locality of the transitions thus explain the large vari-
ation in the estimated speed-ups for met-enkephalin and
prostacyclin.

Regarding the effect of the basis set on the transitions,
as expected, the diffuse functions in the aug-cc-pVDZ’
basis bring the excitation energies down by roughly 0.1 eV
(see Tables 1 and 2). For prostacyclin, however, the lowest
excitation energy goes down by 0.6 eV (from 5.99 to 5.39
eV). This change in the energy is due to a reordering of
the spectrum in which the diffuse state corresponding to
the NTOs in Figure 3 is stabilised by the aug-cc-pVDZ’
basis and become the lowest excited state. This effect is
also reflected in the XOS optimisation procedure where
two additional steps are required for the lowest transition
of prostacyclin in the aug-cc-pVDZ’ basis compared to
the cc-pVDZ basis.

Finally, let us comment on the strengths and weak-
nesses of the LoFEx scheme. The quality of the results
obtained from a LoFEx-CCSD calculation of excitation
energies relies on the assumption that the XOS deter-
mined at the CC2 level is well adapted to describe the
electronic transition at the CCSD level. In other words,
it is assumed that the CC2 model describes properly all
the important effects of the targeted CCSD transitions. In
addition, if the transition is nonlocal—i.e. it involves sig-
nificant changes in the electron density in all regions of

a large molecule—then the XOS of a LoFEx-CCSD cal-
culation will include the full MO space and thus be as
expensive as a standard CCSD calculation plus the small
overhead due to the TDHF and CC2 parts of the LoFEx
scheme. However, significant computational savings can
be obtained if the excitation is local compared to the size
of the total molecular system. This is illustrated by the
estimated speed-ups in Tables 1 and 2, but also by the
fact that some of the calculations could not be carried out
using a conventional CCSD implementation (e.g. met-
enkephalin), while the LoFEx scheme allows us to deter-
mine excitation energies of CCSD quality for all of the
considered molecules. Furthermore, we note that the esti-
mated speed-ups are in agreement with the actual speed-
ups presented in Ref. [41] for the CC2 model (i.e. larger
speed-ups are obtained) since we are now considering a
higher scaling model and since the time-dominating step
is now performed in an even smaller XOS.

4. Conclusion and perspectives

We have generalised our recently developed LoFEx
approach to enable the determination of CCSD excita-
tion energies for large molecular systems at a low compu-
tational cost, provided that the transitions of interest are
local in space. In LoFEx, the CC amplitude and Jacobian
eigenvalue equations are solved in a transition-specific
excitation orbital space (the XOS) composed of the dom-
inant pair of NTOs and a reduced set of LMOs. The XOS
is optimised in a black-box manner to ensure that the
requested excitation energies are determined to a prede-
fined accuracy compared to a full CC calculation.

Our new LoFEx-CCSD algorithm is a hybrid scheme
where the XOS is determined dynamically by carrying out
a sequence of CC2 calculations of increasing size, while
only one CCSD calculation is carried out in the optimised
XOS. The XOS used for the CCSD calculation is chosen to
be as small as possible to reduce the computational effort,
while still ensuring that the CCSD excitation energy is
determined to the predefined precision (0.02 eV in the
present work, but it is a tunable parameter set by the user).

If the transition is nonlocal, the LoFEx-CCSD scheme
reproduces the standard CCSD calculation and thus do
not lead to computational savings. However, large com-
putational savings can be obtained if the excitation is local
compared to the size of the total molecular system, and,
for these cases, CCSD excitation energies that are out of
reach using a conventional implementation can be deter-
mined using the LOFEx-CCSD scheme. In fact, if the tran-
sition of interest is sufficiently local, the calculations of
LoFEx-CCSD excitation energies is only limited by the
prerequisite TDHF calculation. Thus, for such local tran-
sitions, the presented scheme yields excitation energies of



CCSD quality with a computational cost comparable to
TDDFT.

One significant advantage of the LoFEx strategy is
that once the mixed orbital space has been defined, any
CC implementation can be used to optimise the XOS
and calculate the final excitation energies. Indeed, the
XOS, defines a subset of orthogonal occupied and virtual
orbitals to which is associated a set of atomic functions.
If the Fock matrix in the XOS is diagonalised, pseudo-
canonical orbitals are obtained and a standard canoni-
cal implementation of CC can be used in that space. As
a consequence, LoFEx could also be straightforwardly
combined with other local approaches relying on, e.g.
PNOs or PAOs, to further reduce the computational cost
of LoFEx. As mentioned previously, we will also consider
extending the LoFEx procedure to the CC3 model and to
the calculation of transition strengths.
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In a recent work [Baudin and Kristensen, J. Chem. Phys. 144, 224106 (2016)], we introduced a local
framework for calculating excitation energies (LoFEx), based on second-order approximated coupled cluster
(CC2) linear-response theory. LoFEx is a black-box method in which a reduced excitation orbital space (XOS)
is optimized to provide coupled cluster (CC) excitation energies at a reduced computational cost. In this
article, we present an extension of the LoFEx algorithm to the calculation of CC2 oscillator strengths. Two
different strategies are suggested, in which the size of the XOS is determined based on the excitation energy
or the oscillator strength of the targeted transitions. The two strategies are applied to a set of medium-sized
organic molecules in order to assess both the accuracy and the computational cost of the methods. The results
show that CC2 excitation energies and oscillator strengths can be calculated at a reduced computational cost,
provided that the targeted transitions are local compared to the size of the molecule. To illustrate the potential
of LoFEx for large molecules, both strategies have been successfully applied to the lowest transition of the

bivalirudin molecule (4255 basis functions) and compared with time-dependent density functional theory.

I. INTRODUCTION

High-accuracy calculations of electronic absorption
spectra can be performed using coupled cluster (CC) re-
sponse theory'™ via the computation of excitation en-
ergies and oscillator strengths. CC theory is well estab-
lished as the method of choice for describing the elec-
tronic structure of molecules with a ground-state domi-
nated by a single electronic configuration. However, the
high-accuracy of CC models comes with a high computa-
tional cost and for that reason standard CC calculations
of excitation energies and oscillator strengths have been
limited to rather small molecules. Less reliable compu-
tational models like time-dependent density functional
theory (TDDFT) are thus extensively used for the sim-
ulation of electronic spectra of medium-sized and large
molecules.* We note that the equation-of-motion (EOM)
CC formalism is closely related to CC response theory
and is often used in the same context.’”” While EOM
and response techniques are identical for the calculation
of CC excitation energies, we have chosen to consider
CC response theory in this work since it results in size-
intensive transition moments, in contrast to EOM-CC
theory.®

The computational scaling of CC methods with the
system size is associated with the usage of canonical
Hartree-Fock (HF) orbitals which are generally delocal-
ized in space, while CC theory describes local phenom-
ena (electron correlation effects).® In the last decades,
a lot of efforts have been dedicated to the design of
low-scaling CC models, primarily for the computation of
ground-state energies.”'® More recently, several groups
turned their attention to the calculation of excitation en-
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ergies and molecular properties using local approxima-
tions. The combination of local occupied orbitals with
non-orthogonal virtual orbitals (e.g. projected atomic or-
bitals (PAOs) or pair natural orbitals (PNOs)) is widely
used to reduce the total number of wave function param-
eters and it has been applied to the calculation of exci-
tation energies,'? 26 transition strengths,?®2” and other
molecular properties.?32730 The incremental scheme in
which the quantities of interest are expanded in a many-
body series has also been applied to the calculation of
CC excitation energies®’ and dipole polarizabilities.3?
Another recent development is the multilevel CC the-
ory in which different CC models are used to treat dif-
ferent parts of the system.?33% In this context, we can
also mention the reduced virtual space*® and ONIOM
strategies.37:38

In a recent publication,? we have introduced a new
strategy for the calculation of CC excitation energies at
a reduced computational cost, in which we focused on
the second-order approximated CC singles and doubles
(CC2) model. In our local framework for calculating
excitation energies (LoFEx), the locality of correlation
effects is used to generate a state-specific mixed orbital
space composed of the dominant pair of natural tran-
sition orbitals (NTOs), obtained from time-dependent
Hartree-Fock (TDHF) theory, and localized molecular or-
bitals (LMOs). This mixed orbital space is well adapted
to describe the targeted electronic transition and can be
significantly reduced (by discarding a subset of least rele-
vant LMOs in a black-box manner) without affecting the
accuracy of the calculated excitation energy. In this way,
important computational savings are possible for local
transitions in large molecular systems.

In Section II, we briefly summarize how excitation en-
ergies and oscillator strengths can be computed at the
CC2 level of theory. The LoFEx algorithm for excitation
energies is then summarized in Section III, in which we
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also suggest two different strategies for computing oscilla-
tor strengths within LoFEx. In Section IV, these strate-
gies are compared when applied to the lowest electronic
transitions of a set of medium-sized organic molecules.
We also present results for a large molecule (bivalirudin)
and compare the accuracy and computational efforts of
LoFEx with TDDFT/CAM-B3LYP calculations.

Il. THE RI-CC2 MODEL FOR OSCILLATOR
STRENGTHS

The CC2 model was introduced by Christiansen et
al.’ as an intermediate model between the CCS and
CCSD models in the CC hierarchy for the calculation
of frequency-dependent properties. CC2 is therefore the
first model of the CC hierarchy to include correlation ef-
fects and thus constitutes an appropriate starting point
for LoFEx. In this section, we summarize how CC2 exci-
tation energies and oscillator strengths can be obtained
from response theory.

The CC2 ground-state amplitudes are obtained as so-

lution of the following non-linear equations,*°
Q= (u| H + [H, T3] [HF) =0, (1)
le = </’L2| H + [F T2} ‘HF> = 07 (2)

where {|HF),|u1),|u2)} denote the Hartree-Fock (HF)
ground-state and the set of singles and doubles excitation
manifolds. F' is the Fock operator and H is a similarity
(T )-transformed Hamiltonian,

H = exp(~T1)H exp(T), (3)

where T; = 37 t,,7,, is a cluster operator, t,, is a
cluster amplitude, 7,, is an excitation operator, and %
denotes the excitation level. The Tj-transformation of
the Hamiltonian in Eq. (3) can be transferred to the
second-quantization elementary operators, which effec-
tively corresponds to a modification of the molecular or-
bital (MO) transformation matrices C with the singles

amplitudes, 142
Xai = Cozi Xua = Coza - ZL Cuutla
Yai = Cai + Za Cozath Yaa = Caa

4)
A two-electron Ti-transformed integral in the Mulliken
notation can now be expressed as,

(pqirs) = Z XapYﬂqX'yTY;SS(aﬂl’ya)v (5)
afBys

where we have used the following convention to denote
orbitals:

e Atomic orbitals (AOs): «, 8,7...
e MOs of unspecified occupancy: p,q,r ...
e Occupied MOs: i,j,k...

e Virtual MOs: a,b,c...

Since only closed-shell molecules are targeted in this
work, all MOs are considered spin-free.

In the CC2 model, the doubles amplitudes are only
correct through first-order in the fluctuation potential
(® = H—F). This approximation leads to a closed-form
of the doubles amplitudes,

(ailbj)

fubi
i = ————
€ — €+ € —€

(6)

where ¢, denotes the orbital energy associated with or-
bital p. The CC2 equations can then be formulated
in a CCS-like manner in which the doubles amplitudes
are calculated on-the-fly. In order to take full advan-
tage of this formulation and avoid the storage of any
four-index quantity (amplitudes or integrals), Hattig and
Weigend used the resolution-of-the-identity (RI) approx-
imation for the two-electron integrals?®%* both in the
optimization of the CC2 ground-state and excitation
amplitudes.*> This strategy was later generalized to the
calculation of transition strengths and excited-state first-
order properties.46

In CC response theory, excitation energies and transi-
tion strengths from the ground-state (0) to an excited-
state (m) are obtained from the poles and residues of the
linear-response function, respectively.?” The poles of the
CC linear-response function correspond to the eigenval-
ues of the non-symmetric Jacobian matrix,

Ay, =0, /08, (7)

while electric dipole transition strengths are given by,

Som’ = TomTmos 8)
; o
Ty, = > (D (R) + D5, (M)]V,),, (9)
pg
T = > D5, (L)Vy,, (10)
Pq
where V[jq is a Cartesian component (j = z,y,z) of

the T;-transformed electric dipole integrals in the length
gauge and D}, and ng are one-electron density matrices
(see Appendix A). R and L are the right and left Jaco-
bian eigenvectors following the normalization condition
LR = 1 and M are the transition moment Lagrangian
multipliers. In addition, the ground-state Lagrangian
multipliers t are required for the calculation of the one-
electron density matrices. As for the CC2 ground-state
amplitudes, the CC2 excitation amplitudes and the La-
grange multipliers can be obtained without storing any
four-index quantity by considering an effective Jacobian
matrix,*%:46

— Z AMI’YZA’Y2V1 (11)
€y —w

72 72

Aeﬂ (w) = AHlVl
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where w is an excitation energy and €. = €, —€;+€,—€;.
Using the effective Jacobian, the response equations to be
solved become,

Af(WR, = wRy, (12)
LA (w) = Lyw, (13)
t1A°T(0) = -, (14)
M, (A (—w) + wl) = —mST, (15)

where the subscript 1 denotes the singles part of a vector,
and 75T and m§" are the effective right-hand-sides of the
linear equations for the ground-state and transition mo-
ments Lagrange multipliers, respectively. Once Eqgs. (12)
to (15) have been solved, the one-electron density matri-
ces D}, and ng can be calculated and contracted with

f/piq to get the right and left transition dipole moments
as well as transition strengths. All doubles quantities
can be constructed on-the-fly whenever needed using the
RI approximation for the two-electron integrals. In Ap-
pendix A we collect all the working equations required
to calculate CC2 transition moments in a canonical MO
basis. The equations are given here for completeness but
should be equivalent to the ones in Ref. 46. (A few typos
were present in the original paper and are corrected in
Appendix A).

When studying electronic transitions, one often con-
sider oscillator strengths instead of the transition
strengths given by Eq. (8). Oscillator strengths in the
length gauge are straightforwardly obtained as,

fom = 2um 32 SH, (16)
j=w,y,2

where w,, is the excitation energy for a transition from
the ground-state to the m-th excited-state. The calcu-
lation of excitation energies and oscillator strengths at
the CC2 level has been implemented in a local version of
the LSDALTON program®®%? following the strategy pre-
sented in Refs. 45 and 46.

I1l.  EXCITATION ENERGIES AND OSCILLATOR
STRENGTHS WITHIN LOFEX

In a previous publication®® we have introduced the
LoFEx algorithm as a framework to calculate CC2 ex-
citation energies of large molecules. In this section, we
summarize the LoFEx procedure and extend it to the
computation of CC2 oscillator strengths.

A. Excitation energies

In LoFEx a transition-specific orbital space is con-
structed based on the solutions of the TDHF problem
for the whole molecule and starting from HF canonical
molecular orbitals (CMOs). First, NTOs are obtained by

performing a singular-value-decomposition (SVD) of the
TDHF transition density matrix, b, for each transition

of interest,3?:°0:51
BTBuk:/\kuk, k= 172-,"' 1Nn7 (17)
bbfvy = Nvie, k=1,2,---,N,, (18)

which leads to the transformation matrices from CMOs
to NTOs for the occupied and virtual spaces, respectively,

s uN“)7 (19)
» VN, )7 (20)

U= (u,uz,-
V=(vi,vz, -

Where N, (N,) is the number of occupied valence (vir-
tual) orbitals. Assuming N, < N,, it follows that
Ay = X, for k = 1,2,--+ | N,, while A}, = 0 for k =
N, +1,--- | N,. The relevance of a given pair of NTOs
(k) in the electronic transition associated with the den-
sity matrix b can be evaluated through its singular value
VAr.%%52 For singles-dominated transitions, one pair of
NTOs (with singular value close to one) dominates the
transition, while the other NTOs are far less important
to describe the process and thus have much smaller sin-
gular values. In LoFEx we therefore keep the dominant
pair of NTOs intact, while the remaining orbitals are lo-
calized using the square of the second central moment
of the orbitals as a localization function.?®%* This proce-
dure (summarized in the upper part of Fig. 1) results in
a mixed orbital space composed of orthogonal NTOs and
localized molecular orbitals (LMOs) that is adapted to
the description of a specific electronic transition. Core
orbitals are not considered in the generation of NTOs
and are localized independently to avoid mixing between
core and valence spaces.

In this mixed orbital space, the dominant pair of NTOs
is expected to describe the main character of the targeted
electronic transition, while the LMOs enable an efficient
description of correlation effects. In order to reduce the
computational cost of the CC calculation, a subspace of
the mixed NTO/LMO space is then constructed by con-
sidering the most relevant orbitals based on an effective
distance 7, given by,

S TAp TAp
Tp = mun < NTO,0’ ANTOv | * (21)
A A

where index A denotes atomic centers, 7 4,, corresponds to
the distance between the center of charge of a local orbital
p and atomic center A, and QIXTO’O and QiTO’V are the
Loéwdin atomic charges of the occupied and virtual NTOs
on center A, respectively. The resulting reduced space is
denoted the excitation orbital space (XOS). The inactive
Fock matrix can then be diagonalized in the XOS to ob-
tain a set of pseudo-canonical orbitals. CC excitation en-
ergies (and eventually oscillator strengths) can then be
calculated in the XOS using standard canonical imple-
mentations, as described in Section II and Appendix A
for the CC2 model.
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FIG. 1. Schematic representation of the original LoFEx pro-
cedure. U and V represent the transformation matrices from
canonical molecular orbitals (CMOs in white) to natural tran-
sition orbitals (NTOs in grey) for the valence and virtual
spaces, respectively. 67 6, and V represent the transforma-
tion matrices to local molecular orbitals (LMOs in stripes) for
core, valence, and virtual orbitals, respectively, excluding the
dominant pair of NTOs. 7, is the effective distance measure
given by Eq. (21), w(¥ is the excitation energy correspond-
ing to the 4-th excitation orbital space (XOS®) and 7., is the
LoFEx excitation energy threshold.

In order to preserve the black-box feature of CC theory,
the XOS is optimized as depicted in the lower part of
Fig. 1, i.e., a first guess for the XOS (XOS™M) is built and
the CC problems are solved in that space to provide the
excitation energy w(), the XOS is then extended based
on the list defined by Eq. (21) until the difference between
the last two excitation energies is smaller than the LoFEx
excitation energy threshold 7,,, (w1 — w™| < 7).
We have shown in Ref. 39 (where 7, was denoted mxo0s),
that this procedure can result in significant speed-ups
compared to standard CC2 implementations without loss
of accuracy.

B. Oscillator strengths

For the calculation of oscillator strengths with LoFEx,
we consider the following strategies:

1. The XOS is optimized solely based on the excita-
tion energy (as described in Fig. 1 and Ref. 39)
and the oscillator strength is only calculated once
in the optimized XOS (X0S(*—1).

2. Both excitation energies and oscillator strengths
are calculated in each LoFEx iteration and only
the oscillator strength is checked for convergence.
In other words, the XOS is considered converged
when, [f™ — f("=D| < 7, where 7; is the LoFEx
oscillator strength threshold.

Note that in the XOS optimization, the last step (step
n) is necessary to check that step n — 1 was already con-
verged. The calculation of oscillator strengths in point 1
is therefore done in the penultimate XOS to ensure min-
imal computational efforts.

In the following section, we will refer to point 1 as
the standard-LoFEx strategy, while point 2 is denoted
the spectrum strategy. Indeed, in point 2 the oscillator
strength threshold 7; has a different purpose than the
excitation energy threshold 7,,. Checking only the oscil-
lator strength for convergence is expected to provide a
balanced description of the transitions in the sense that
transitions with large oscillator strengths should be well
described, while weak transitions (with f ~ 0) are ex-
pected to converge in minimal XOSs and lead to less
accurate excitation energies, while using less computa-
tional resources. The standard-LoFEx strategy is thus
preferred if accurate excitation energies are requested for
all transitions, while the spectrum strategy is more ap-
propriate if one is only interested in transitions with a
significant oscillator strengths.

IV. RESULTS

In this section we present numerical results for excita-
tion energies and oscillator strengths using the standard-
and spectrum-LoFEx strategies introduced in Section III.



For that purpose, we consider the following set of
medium-sized organic molecules,

e caprylic acid,
e lauric acid,
e palmitic acid,

e 15-oxopentadecanoic acid (15-OPDA),

prostacyclin,

e an a-helix composed of 8 glycine residues (a-Glys),
e leupeptin,

o latanoprost,

e met-enkephalin, and

e 11-cis-retinal.

The molecular geometry for 11-cis-retinal was obtained
from Ref. 26, while for the other systems, the Cartesian
coordinates as well as details regarding the optimization
of the structures are available in Ref. 39 and its support-
ing information. All the calculations presented in this
section have been performed with a local version of the
LSDalton program,*®% using the correlation consistent
aug-cc-pVDZ’ basis set®>°¢ with the corresponding auxil-
iary basis, aug-cc-pVDZ-RI’ for the RI approximation.®”
The prime in the basis set notation indicates that diffuse
functions have been removed on the hydrogen atoms.
The parameters used in the following investigation
have been set to the same default values as in Ref. 39,
i.e., the LoFEx excitation energy threshold was set to
7o = 0.02 eV and the number of orbitals added to
the XOS in each LoFEx iteration corresponds to ten
times the average number of orbitals per atom. For the
spectrum-LoFEx strategy we have chosen 7, = 0.001.

A. Calculation of oscillator strengths within LoFEx

In Table I we report the LoFEx excitation energies
and oscillator strengths for the lowest electronic transi-
tions of the molecules presented above when using the
standard-LoFEx strategy. Absolute errors in the excita-
tion energies and the oscillator strengths as well as speed-
ups compared to conventional CC2 implementations are
also reported. Since in the standard-LoFEx strategy, the
oscillator strength is only calculated in the converged
(penultimate) XOS, we report excitation energies corre-
sponding to both the expanded (step n) and converged
(step n — 1) XOSs. We note that, as demonstrated in
Ref. 39, the excitation energies in the expanded steps
are “overconverged” (all errors are well below 0.02 eV),
while in the penultimate steps the errors in the excitation
energies are of the order of the LoFEx excitation energy
threshold (0.02 eV). For the oscillator strengths, the ab-
solute errors are equal or below 0.005 and are strongly

correlated with the intensity of the transitions (larger os-
cillator strengths correspond to larger errors), except for
11-cis-retinal which include the complete orbital space.

Regarding the speed-ups of the standard-LoFEx al-
gorithm compared to a conventional (multi-state) CC2
implementation, it is found that the state-specific ap-
proach of LoFEx remains advantageous in most cases,
even for the computation of several transitions. This is
of course strongly dependent on the character of the tran-
sitions and on the size of the molecule, e.g. in the case
of 15-OPDA, the two lowest transitions are rather lo-
cal and converge in only two LoFEx iterations but the
third transition has a more delocalized character®® and
requires almost the complete orbital space to be included
in the XOS which limits significantly the obtained speed-
up (1.52). Another less favorable case for LoFEx is the
lowest transition of 11-cis-retinal. Both the excitation
energy and the oscillator strength are perfectly recov-
ered by LoFEx. However, the complete orbital space
is required in order to determine the excitation energy
to the desired precision, and the oscillator strength thus
also has to be calculated in the complete orbital space,
which results in a “speed-up” of 0.61. This behaviour
can be understood by looking at the dominant pair of
NTOs in Fig. 2, which shows that the transition is basi-
cally affecting the whole molecule, preventing any com-
putational savings using LoFEx. This should be put in
contrast with the performance of LoFEx for the met-
enkephalin molecule, where both the excitation energy
and the oscillator strength are well described with only 3
LoFEx iterations, resulting in a significant speed-up (34).
It should be emphasized that the gain in terms of compu-
tational efforts for met-enkephalin is much greater than
the computational overhead observed for 11-cis-retinal.
These two examples demonstrate that LoFEx is designed
to ensure error control and accuracy of the results, while
computational savings are transition and system depen-
dent.

With the idea of producing electronic spectra of CC2
quality at a reduced computational cost, we now turn
our attention to the spectrum-LoFEx strategy. In elec-
tronic spectra, it is important to provide a good descrip-
tion of the transitions with large oscillator strengths and,
for that purpose, the standard-LoFEx strategy might be
inappropriate since it converges the XOS based on the
excitation energies and not on the oscillator strengths.
In Table II we report the LoFEx excitation energies and
oscillator strengths for the lowest electronic transitions of
the molecules presented above when the spectrum-LoFEx
strategy is used with 74 = 0.001. Absolute errors in the
excitation energies and the oscillator strengths as well
as speed-ups compared to conventional CC2 implemen-
tations are also reported. Since in the spectrum-LoFEx
strategy, the oscillator strengths and excitation energies
are calculated in each LoFEx iteration, we only report
the values corresponding to the most accurate results,
i.e., the ones from the expanded XOS (step n). Note also
that, while in the standard-LoFEx procedure at least two



TABLE I. Comparison of standard-LoFEx (7., = 0.02 eV) and conventional CC2 excitation energies and oscillator strengths.
The LoFEx excitation energies are given in eV for the largest XOS (step n) and for the converged XOS (step n — 1), while
oscillator strengths are only reported for the converged XOS. Absolute errors are given for both excitation energies and oscillator
strengths. Finally, the number of iterations in the XOS optimization (n) as well as speed-ups of LoFEx compared to conventional

CC2 algorithms are also reported.

System State No. iter. (n) w® Sw™ wm=b Sw™=b fon Y ] Speed-up
Caprylic acid S1 2 6.06 0.00 6.07 0.01 0.000 0.000 0.72
S2 3 6.83 0.00 6.83 0.00 0.066 0.003 :
Lauric acid S1 3 6.05 0.00 6.06 0.00 0.000 0.000 1.29
S2 3 6.81 0.00 6.82 0.01 0.065 0.005 :
Palmitic acid S1 3 6.06 0.00 6.06 0.00 0.000 0.000 4.07
S2 3 6.81 0.01 6.83 0.03 0.065 0.005 :
15-OPDA S1 2 4.44 0.00 4.45 0.01 0.000 0.000
S2 2 6.06 0.00 6.08 0.02 0.000 0.000 1.52
S3 5 6.19 0.00 6.19 0.00 0.040 0.001
Prostacyclin S1 5 4.98 0.00 4.99 0.01 0.005 0.000 1.16
a-glys Si 4 5.43 0.00 5.43 0.00 0.001 0.000 2.46
S2 4 5.73 0.00 5.73 0.01 0.003 0.001 :
Leupeptin Si 3 4.27 0.01 4.28 0.01 0.001 0.000 3.37
Latanoprost Si 3 5.08 0.00 5.08 0.01 0.001 0.000 16.8
Met-enkephalin S1 3 4.78 0.00 4.79 0.01 0.024 0.002 34.0
11-cis-retinal S1 5 2.14 0.00 2.14* 0.00* 1.384* 0.000* 0.61

a The full molecule was included in step n which was not yet converged, so in this case, w(™=1) and f("=1) are effectively calculated in

X0Ss™),

TABLE II. Comparison of spectrum-LoFEx (7y = 0.001) and conventional CC2 excitation energies and oscillator strengths.
The LoFEx excitation energies and the corresponding absolute errors are given in eV. We also report the oscillator strengths
and corresponding absolute errors as well as the number of iterations used in the XOS optimization (n) and the speed-ups of

LoFEx compared to conventional CC2 algorithms.

System State No. iter. (n) w™ Sw(™ F sFm Speed-up
Caprylic acid S1 1 6.07 0.01 0.000 0.000 0.65
S2 3 6.82 0.00 0.069 0.000 :
Lauric acid Si 1 6.08 0.02 0.000 0.000 0.79
Sa 4 6.81 0.00 0.070 0.000 ’
Palmitic acid Si 1 6.09 0.04 0.000 0.000 0.88
S2 5 6.80 0.00 0.070 0.000 :
15-OPDA Si 1 4.45 0.01 0.000 0.000
S2 1 6.08 0.02 0.000 0.000 0.97
S3 5 6.19 0.00 0.040 0.001
Prostacyclin S1 5 4.98 0.00 0.005 0.000 0.71
a-glys S1 2 5.46 0.03 0.001 0.000 111
Sa 2 5.76 0.04 0.004 0.002 ’
Leupeptin S1 1 4.30 0.04 0.000 0.001 69.0
Latanoprost S1 3 5.07 0.00 0.001 0.000 9.31
Met-enkephalin S1 4 4.78 0.00 0.022 0.000 5.01
11-cis-retinal S1 5 2.14 0.00 1.384 0.000 0.42

steps are necessary to check the convergence of excitation
energies (n > 2), in the spectrum strategy we consider
that the first step can be directly converged if f™) < 7.

From Table II, we see that for the strongest transitions
(with f > 0.01) the errors in both the excitation ener-
gies and the oscillator strengths are very satisfactory. As
expected, for weaker transitions, larger errors occur in
the excitation energies (up to 0.04 eV) which is related
to the fact that only the oscillator strengths are used to

converge the XOS. For example, for the lowest transition
of leupeptin (f = 0.001 and dw = 0.04), the weak charac-
ter of the transition leads to a converged XOS in the first
iteration and a significant speed-up (69.0) is observed.
However, the results in Table II also show that, even if
some computational time is saved on the weakest transi-
tions, more time has to be dedicated to the stronger ones
since larger XOSs are required to achieved the desired ac-
curacy and since the oscillator strengths have to be calcu-



,

FIG. 2. Stick representation of the 11-cis-retinal molecule.
Natural transition orbitals for the lowest transition are rep-
resented with a contour value of 0.02 a.u. (bottom: occupied
NTO, top: virtual NTO).?®

lated in each LoFEx iteration. As a consequence, less im-
pressive speed-ups are observed for the spectrum-LoFEx
strategy (except for a-glys and leupeptin). However, as
for the standard-LoFEx strategy in Table I we note that
the potential speed-ups are much larger than the addi-
tional overhead present in the less favorable cases.

Comparing Tables I and II we note that for all the
transitions with f > 0.01, the number of required it-
erations with the spectrum strategy is always larger or
equal to the number of iterations used in the standard-
LoFEx strategy. In accordance with Ref. 27, this sug-
gests that a fine-tuned description of (strong) oscillator
strengths requires larger orbital spaces than the excita-
tion energy alone. Finally, we note that both the ac-
curacy and the computational savings are driven by the
main LoFEx threshold (7; for the spectrum strategy)
and that in practical applications of LoFEx, 7; could of
course be increased to reduce the computational efforts at
the expense of obtaining slightly less accurate oscillator
strengths.

B. Large-scale application: the bivalirudin molecule

In order to demonstrate the potential of LoFEx for
large molecules, we apply both the standard and spec-
trum strategies for the calculation of the lowest excita-
tion energy and the corresponding oscillator strength of
the bivalirudin molecule (see Fig. 3). Bivalirudin is a
synthetic polypeptide containing 20 residues. The struc-
ture used in this paper was obtained from the Chem-
Spider database,? hydrogen atoms were added and the
geometry was relaxed at the molecular mechanics level
(MMFF94%° force field) using Avogadro.5!:62 The Carte-
sian coordinates of the optimized structure are available
as supplementary material. The calculations have been

FIG. 3. Stick representation of the bivalirudin molecule. Nat-
ural transition orbitals for the lowest transition are repre-
sented with a contour value of 0.02 a.u. (bottom: occupied
NTO, top: virtual NTO).?®

performed using the cc-pVDZ and aug-cc-pVDZ’ basis
sets which (for the whole molecule) contain 2860 and 4255
basis functions, respectively.

One of the goals of LoFEx is to provide CC results with
a computational cost that can compete with TDDFT. In
order to evaluate this feature for the bivalirudin calcu-
lations, we have performed TDDFT/CAM-B3LYP%365
calculations using the same basis sets and targeting the
same transition as for the LoFEx calculations. We
note that for a fair comparison, the density-fitting*366.67
approximation for the Coulomb integrals was used in
both the TDDFT calculations and in the TDHF part of
LoFEx. We have also performed the LoFEx calculations
without density-fitting in the TDHF part and verified
that the final LoFEx-CC2 results were not affected by
this approximation (to the desired precision). Note, that
the calculations in Section IV A were performed with-
out using density-fitting in the TDHF part of LoFEx.
In Table III, we report timings for LoFEx as well as for
the TDDFT calculations. For LoFEx, we also report the
fraction of the time (in %) spent in the CC part of the cal-
culations denoted Toc/tor- All the calculations reported
in Table IIT were performed on Dell C6220 II compute-
nodes, with 2 ten-core Intel E5-2680 v2 CPUs @ 2.8 GHz



TABLE III. LoFEx CC2 calculations of excitation energies and oscillator strengths for the lowest transition of the bivalirudin
molecule. For standard-LoFEx, 7, = 0.02 eV and we report values for w™ and f("’l)7 while for spectrum-LoFEx, 7y = 0.001
and we report values for w™ and f. For comparison TDDFT/CAM-B3LYP results are also reported. Timings are given in
hours for all calculations and the fraction of time spent in the CC part of the LoFEx calculations is given in % as Tccoytot-

Basis set method No. iter. (n) w f Time (hours) Tec/tot
standard-LoFEx 3 4.98 0.030 7 3.2

cc-pVDZ spectrum-LoFEx 4 4.98 0.029 8 15
CAM-B3LYP — 5.14 0.034 13 —
standard-LoFEx 3 4.82 0.028 157* 14

aug-cc-pVDZ’ spectrum-LoFEx 4 4.82 0.026 164 5.5
CAM-B3LYP — 5.01 0.029 205" —

2 For the aug-cc-pVDZ’ results, the TDDFT calculation and the TDHF parts of the LoFEx calculations were performed in parallel
using 6 compute-nodes. Timings for those parts was therefore scaled by the number of nodes.

and 128 GB of memory.

Regarding the computational efforts in LoFEx, the val-
ues for Toctor in Table IIT indicates that only a few per-
cents of the time is spent in the CC2 part of the calcula-
tions. In the best case, for the standard-LoFEx/aug-cc-
pVDZ’ result only 1.4 % is spent in the CC2 algorithm,
while 15 % are used in the spectrum-LoFEx/cc-pVDZ
calculation. Of course, for a given type of transition, the
larger the molecule, the smaller Toc)tor Would be. This
indicates that, as expected, LoFEx effectively enables CC
calculations of excitation energies and oscillator strengths
at roughly the cost of a TDHF calculation, provided that
the transition of interest is local compared to the size of
the molecule. In fact, the LoFEx calculations are be-
tween 1.2 and 1.9 times faster than the corresponding
TDDFT/CAM-B3LYP calculations.

In Table III, we also report the excitation energies and
oscillator strengths obtained with the different methods
(TDDFT and LoFEx). Both LoFEx strategies give the
same excitation energies for which a red-shift of 0.16 eV
is observed when adding diffuse functions in the basis set.
The TDDFT numbers lie 0.16 and 0.19 eV higher than
the CC2 excitation energies for the cc-pVDZ and aug-cc-
pVDZ’ basis sets, respectively, which shows reasonably
good agreement between the two methods. As expected,
the values for the oscillator strengths are slightly more
dependent on the choice of the LoFEx strategy. Since
CC2 reference numbers are out of reach, one should con-
sider the results of the spectrum-LoFEx strategy to be
superior (it takes one more iteration to converge). The
TDDEFT oscillator strengths are slightly higher for both
basis sets but still very close to the CC2 results.

V. CONCLUSION

In this paper we have presented an extension of
the LoFEx algorithm to the computation of oscillator
strengths using CC2 linear-response theory. In LoFEx,
a state-specific mixed orbital space is generated from a
TDHF calculation on the whole molecule by considering

the dominant pair of NTOs, while the remaining orbitals
are localized. A reduced excitation orbital space (XOS),
is then determined in a black-box manner for each elec-
tronic transition. Two different strategies have been sug-
gested for the computation of oscillator strengths within
LoFEx: a standard strategy in which the XOS is opti-
mized solely based on the CC2 excitation energy, while
the oscillator strength is only calculated in the converged
(penultimate) XOS, and a spectrum strategy which per-
forms the XOS optimization directly based on the oscil-
lator strength. The first approach is designed to provide
accurate excitation energies for all targeted transitions,
while the second strategy is dedicated to the calculation
of electronic spectra, such that strong transitions are de-
scribed accurately, while less computational efforts are
spent on weak and forbidden transitions.

Both strategies have shown promising results in terms
of accuracy when applied to a set of medium-sized or-
ganic molecules. Significant computational savings with
respect to conventional CC2 implementations are ob-
tained whenever the considered transitions are local com-
pared to the size of the molecule. However, we note
that for the strongest transition investigated in this work
(S1 of 11-cis-retinal), no computational savings could be
obtained due to the delocalized electronic structure of
the molecule. Many spectroscopically interesting chro-
mophores have a delocalized electronic structure,®® and
for such species, little or no computational savings would
be obtained using LoFEx. In order to extend the applica-
bility of LoFEx, it might therefore be necessary to further
reduce the size of the XOS by considering, e.g., pair nat-
ural orbitals (PNOs),2426 or improved NTOs. This issue
will be addressed in future publications. Nonetheless,
the current LoFEx algorithm could be applied success-
fully to the bivalirudin molecule with 4255 basis func-
tions, demonstrating that for transitions that are local
compared to the size of the molecule, LoFEx can pro-
vide CC2 excitation energies and oscillator strengths at
a computational cost competing with that of TDDFT.
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See supplementary material for the Cartesian coordi-
nates of the molecular geometry of bivalirudin.
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Appendix A: Working equations for CC2 transition
moments

In this appendix we summarize the working equations
of the CC2 model for the calculation of excitation en-
ergies and (ground-state to excited-state) transition mo-
ments for closed-shell molecules. For the derivation of
those equations we have considered spin-free canonical
orbitals and the following biorthonormal basis,*?

(] = (HF| Ej, By, (Ala)
%) = Eaify; [HF), (A1)
~ 1 1 1
ab| Y [ Labp, L oab Al
<” 1+ 6aibj (3 Gl 6 G ) 7 o
<‘;7” }c‘f> = Saibj,ckdl, (Ald)

where E,; is a singlet excitation operator in second-
quantization. The singles and doubles cluster operators
are then defined as follows,

Ty =Y t¢Eai, (A2)
ai
1
Ty = >t EaiEpj. (A3)

aibj

In the following section we only provide the CC2 work-
ing equations, for the details regarding the algorithm and
the use of the RI approximation for the two-electron re-
pulsion integrals, we refer to Refs. 45 and 46.

1. Overview

The computation of transition moments from CC2
linear-response theory can be performed as follows (all
the intermediate quantities are given in the following sec-
tions),

1. Determine the ground-state singles amplitudes ¢{
from Eq. (1) and using Table V (left).

2. Determine the ground-state singles Lagrangian
multipliers ¢¢ from Eq. (14) and using Table VI
(left) with w = 0 and with the right-hand-side from
Eq. (A22).

3. Determine the “right” singles excitation amplitudes
R¢ from Eq. (12) and using Table V (right).

4. Determine the “left” singles excitation amplitudes
L¢ from Eq. (13) and using Table VT (left).

5. Check that right and left excitation energies agree
to the desired precision and normalize the excita-
tion vectors using Eqgs. (A25) and (A26),

1
S eRt+ S LRy =1
ai

aibj

(A4)

6. Determine the transition moment Lagrangian mul-
tipliers M from Eq. (15) and using Table VI (left).
The right-hand-side has to be computed before-
hand from Table VI (right) which requires the opti-
mized right excitation amplitudes and the ground-
state Lagrangian multipliers. The corresponding
doubles quantities are computed on-the-fly from
Egs. (A25), (A27) and (A30).

7. Compute the one-particle density matrices given in
Appendix A5 using the doubles quantities in Ap-
pendix A 4.

8. The density matrices can then be contracted with
electric dipole moment T'-transformed integrals to
get the transition strengths as in Eqgs. (8) to (10).

2. Integrals and Fock matrices

We write two-electron repulsion integrals in the Mul-
liken notation as,

(pqlrs) = Z CapCpqCrrCss(aB]y0)

afByé

(A5)

where the C,, are Hartree-Fock canonical MO coeffi-
cients.
A general inactive Fock matrix is given by

Fpq =hpq + Z[Z(qu) — (piliq)] = dpqep (A6)

hpq = Z CopCpohap (AT)

ap



where we have introduced the one-electron integrals hy,
and Hartree-Fock orbital energies €y, €, ...

We consider integrals transformed with the singles
ground-state amplitudes,

(pQTTS) = Z XquﬁqX’w'KSS(am“/(S) (AS)
afByé
hpg = Z XapYpghap (A9)
af
Xai = Cai Xaa = aa Z ccmt
Yai = Cai‘l’za Caat;;l Yaa = Caa

(A10)
We also have integrals transformed with a general
“right” singles vector, b¢,

(pQ‘TS) =P Z (XapY3q + XapY3q) Xor Yss (aBl79)

afyé
(Al1)
PRI =13+ A1)
hpq = Z(Xapyﬂq + Xquﬂq)h’aﬁ (Alg)
ap
Xai =0 Xaa = _Eic‘lib?
Vi = 3, Coal® V. =0 (A14)

where, depending on the context, by may correspond to
the trial right excitation amplitudes or the optimized
right excitation amplitudes Rf'.

Similarly, we consider integrals transformed with a
general “left” singles vector, b¢,

(pQ|’S) =Py Z (Xapyﬁq + XapYBQ)XWYJS(a/jl’V‘S)
afBvyé
(A15)

(N‘

2o Xaab}

ai—o aa

(k(

aa = 0 _
_Zi Yaibg

ai

(A16)

where, depending on the context, E? may correspond to
the trial left excitation amplitudes, the optimized left
excitation amplitudes L{, the ground-state Lagrangian
multipliers ¢, or the transition moment Lagrangian mul-
tipliers Mg.

Finally, we also introduce the following one-index
transformed integrals,

(ialjb) = —Pg (Z 7 R (kaljb) + Zt’sz@cuw) BNONT))
ck ck
Expressions for the different blocks of the Tji-

transformed and “right”-transformed Fock matrices are
given in Table IV.

10
3. Linear-transformed vectors and right-hand-sides

In Table V we gather the working equations for the
ground-state singles residual,
Qui =% +05 + Q8 + ol +Qf, =0, (A18)

and for a “right” linear-transformed vector,
Oai = § A-(u b]

while Table VI contains the working equations for a “left”
linear-transformed vector,

Z bbAb;,az

and for the effective right-hand-side of the transition mo-
ment Lagrangian multipliers,

i Uaz+gaz+0al+gaz+gal7 (Alg)

=5%45%+a8 451,457, (A20)

_ eff, H

I-f
eff e 0 +m

_ _off
me =1 eG

_ eff 1
i +m,

+ g, ‘eﬁJ

+m, (A21)

The effective right-hand-side for the ground-state La-
grangian multipliers is given by,

el =2F, + Y i (cklda) = > i (cklil),  (A22)
ckd ckl
o(ialib) — (ibl
ﬁ%b =9 (la|jb) (lblja) (A23)

€ — € T € — €

4. Doubles quantities

All doubles quantities can be calculated on-the-fly from
the corresponding singles which are kept in memory. We
consider the ground-state doubles amplitudes,

1i|bj
p = (ailbg) (A24)
€ — €+ € — €
the right doubles excitation amplitudes,
.7b .
R - (albg) (A25)
€ — €+ € —€tw
the left doubles excitation amplitudes,
A Y. b Al _ l
b 200l = Gtlja) + PRRLEE — L) )
€ — €+ € —€tw
the ground-state doubles Lagrangian multipliers,
b — b 4, 20ialib) = (blja) + PRIFy — [iFa) o)

€ — €+ € — €

and the transition moment doubles Lagrangian multipli-
ers,
2(ialjb) — (zbba) + PAY[2M 3 Fyy — NE Fy)

NP = FEP + . (A28)
—€ate€ —€—w
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TABLE IV. Inactive transformed Fock matrices.

FM = hpq + Z [2(pqlid) - (piliq)]

}fl] =3, k[2(z]|kc) (ic|kj)]ty + €idij

Fiu = Sop 2liafke) — (iclka)li

Foi= ch[Q(aich) - (ac\]ei)]ti + (€a — €)t7
Fuy =X [2(ablke) — (aclkb)]tg + €adap

Fpq = hpg + 3, [2(palid) — (piliq)]

Fyj = S [2(ij]ke) — (iclkj) | Rf, + 3, Ry Fy

Fia =32, [2(ialke) — (iclka)] Ry .
Fu; ZkC[Q(azU@C) (acucz)]Rz + 3, RiFw — Y RS Eys
Fop=3,.02(a b\kc) (ac|kb)]RC. > By Fjb

TABLE V. CC2 working equations for the ground-state residual Q,; and a “right” linear-transformed vector ;.

Terms Qai Oai = AZ?IU( )b?

0 (€a — €)t] X >, Banb? — > Bjib§

G + 3,0 1 (kelad) + 3 i (eclad)

H =3 o Eie (k) — 3 o b (i)

1 + o B Fe + Yo [B Frc + B e

J + 3. [2(kclai) — (kilac)]t; + 3. [2(kclai) — (kilac)]b;

jab _ 2(ailbj)—(bilaj)
T ej—eatej—ep

Eab _ 2(ai[bj)—(bi]aj)
€j—€atej—eptw

Ej; = F], + Zpdkt e (keljd)
Eap = Fup — 3, T (kellb)

Where ﬁfjb and Fi‘}b have been defined in Eq. (A23) and
Table VI (right), respectively. The ground-states doubles
amplitudes and the doubles excitation amplitudes are of-
ten used in the form,

teh =otgh — 10, (A29)
R{} =2R{} — RlY. (A30)

5. One-particle density matrices

The CC2 transition moments are calculated from the following one-particle density matrices,

Df(X) = =D Xt

D5 . (X)

=X

(A31)
abk
X) =) Xifi (A32)
ck
(A33)
= Xpet (A34)

»(X)

ijc

where X denotes either the “left” excitation amplitudes L or the transition moment Lagrangian multipliers M.
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TABLE VI. CC2 working equations for a “left” linear-transformed vector 74; and the right-hand-side of the transition moment

Lagrangian multipliers equation mST.

Terms Gai = I_J_?Aiim (w) mel
0 > Evab} — 3, Eisb§ > Evalt — 32, Eijl§
G + 2 car bk (cklda) + 2 car[FiE (ck|da) + F (cklda)]
H = 2y bik (k| il) = 2ot [P (k] i) + 25 (ckil)]
I + > [2(kclia) — (kalic)]Cy + >k [2(kclia) — (kalic)]Cy
. . +23 i [2(kclia) — (kalic)] R

J + >k [2(cklia) — (calik)]b; + 3. [2(ck]ia) — (calik)]E,

fob _ 20alib)—(iblja)+ PEP (26 Fyy—b3 Fiy] jrab _ 2Galib)—Gblja) + PE (22 Py —15 Fiy)

LA ~ bibslfetﬁre] —eptw A - b_;i—ea+ej—q,—w
Cf =3 tiy'b; Ci =3, Rijt;

Eij = Fij + 2 g, 1 (kelid)
Eba = Fra — 3 oy tre(kclla)

Eij = Fij + g, R (kelid)
Eva = Foa — 3 1 REE(Kc|la)

Finally, we have,

DI(R) ==Y #R =Y TR

abk

DIL(R) 2R + S H R~ Y
ck b
DIL(R) =0

DIL(R) = taR+ > LRI,
i

ijc
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We present a new method for calculating coupled cluster (CC) excitation energies at a reduced computational
cost. It relies on correlated natural transition orbitals (NTOs), denoted CIS(D’)-NTOs, which are obtained
by diagonalizing generalized hole and particle density matrices obtained from configuration interaction singles
(CIS) information and additional terms that represent correlation effects. The determination of the CIS(D’)-
NTOs formally scales cubically with the size of the system. A transition-specific reduced orbital space is
determined based on the eigenvalues of the CIS(D’)-NTOs, and a standard CC calculation of excitation
energies is then performed in that reduced orbital space. The new method denoted SNOFLEx (Simplified
Natural transition Orbital Framework for Large-scale coupled-cluster Excitation energy calculations) is tested
by calculating second-order approximate CC singles and doubles (CC2) excitation energies for a set of organic
molecules. It is shown that SNOFLEx generally yields excitation energies of CC2 quality at a significantly
reduced computational cost, even for relatively small systems and delocalized electronic transitions. SNOFLEx
is also applied to solvated formamide containing an increasing number of water molecules to illustrate that

the method can be applied to large molecular systems (up to 4836 basis functions).

I. INTRODUCTION

Nowadays, coupled cluster (CC) theory,’? together
with the response function®” or the equation-of-
motion® ! formalisms, is well established as the method
of choice for the calculation of electronic transition prop-
erties of molecules dominated by a single electronic
configuration. However, the steep computational scal-
ing with system size of CC theory limits its applica-
tion to molecules with a few tens of atoms. For the
calculation of transition properties of large molecules,
more affordable but less reliable methods, such as time-
dependent density-functional-theory (TDDFT), are gen-
erally preferred.'? The limitations of DFT methods are
well known, 314 and it is therefore very important to pro-
vide more robust alternatives for large scale calculations
of transition properties.

The steep computational scaling of CC theory can
be attributed to the use of highly delocalized canonical
Hartree-Fock (HF) orbitals, while the correlation effects
described at the CC level are of local nature.!®'6 For
the calculation of CC ground state energies, many meth-
ods have been developed to take advantage of the local-
ity of correlation effects to reduce the cost of CC calcu-
lations, and some efficient linear-scaling algorithms are
now available.!™2! We note that the ground state corre-
lation energy is a size-extensive quantity, and by defini-
tion, CC algorithms that target size-extensive properties
have to scale at least linearly with the system size. The
key to achieving a reduction in computational cost with-
out affecting significantly the accuracy of the calculated
quantities is to formulate the CC equations in a basis

a)kasperk@chem.au.dk

where the inherent locality of electron correlation can be
efficiently exploited. While local and orthogonal occu-
pied orbitals are universally used,??72% the virtual space
can be described by local orthogonal virtual orbitals,?5 27
or non-orthogonal alternatives such as projected atomic
orbitals (PAOs),?® orbital-specific virtuals (OSVs),?? or
pair-natural orbitals (PNOs).30 32

More recently, some attention has also been given
to the calculation of excitation energies and other
frequency-dependent properties. In this context it is im-
portant to realize that electronic transition properties are
size-intensive. For local electronic transitions, it should
therefore be possible to devise a procedure where the
computational cost depends only on the character of the
electronic transition but not on the system size. How-
ever, electronic transitions may involve changes in the
electronic density of the entire molecule, and it is there-
fore not straightforward to use the same locality approxi-
mations in calculations of transition properties as for the
ground state energy.

In the design of approximated CC methods for exci-
tation energy calculations, the size-intensivity of elec-
tronic transitions has often been ignored. Instead, the
local approximations for ground state calculations have
been extended to take into account the potential delo-
calized character of electronic transitions by relying on
information from low level calculations (typically from
the configuration interaction singles (CIS) model).33 4!
Such strategies allow for a more uniform description of
size-intensive and size-extensive properties but it limits
significantly the potential computational savings. On the
other hand, some approaches have been designed specif-
ically for the calculation of size-intensive properties and
cannot be used to obtain, e.g. correlation energies.?~47
Finally, computational savings can be obtained by sim-
ply truncating the virtual orbital space in the canonical



orbital basis.18:49

In a previous publication, we have introduced a lo-
cal framework for calculating CC excitation energies
(LoFEx),*7 which provides a general approach to calcu-
late excitation energies at a reduced computational cost.
The orbital space in the LoFEx approach is a mixed space
containing natural transition orbitals (NTOs) and local-
ized molecular orbitals (LMOs). A subset of this mixed
orbital space is then optimized in a black-box manner
to ensure error control on the calculated quantities. In
Ref. 47, it was shown that a very compact description
of electronic transitions could be obtained for transitions
that are localized to a small part of the molecular sys-
tem considered. However, as mentioned above, electronic
transition are not necessarily local, and for transitions
that are delocalized over a large part of the molecule, no
computational savings can be obtained with LoFEx.

In this paper we investigate alternative orbital spaces
that are not relying on LMOs and can be used to effi-
ciently describe all types of transitions (including delocal-
ized transitions) and avoid the need for an optimization
of the reduced orbital space. The new orbital spaces are
made of generalized NTOs that include correlation effects
and an optimal reduced orbital space can be obtained
based solely on the NTO eigenvalues as described in
Section II. The new method entitled SNOFLEx (Simpli-
fied Natural transition Orbital Framework for Large-scale
coupled-cluster Excitation energy calculations) is tested
on a set of 22 spectroscopically interesting medium-sized
molecules to calculate excitation energies at the second-
order approximated CC singles and doubles (CC2) level
(Section III). Significant speed-ups can be achieved even
for the smallest systems and the most delocalized tran-
sitions. We also calculate excitation energies of solvated
formamide clusters of increasing size to illustrate the ca-
pabilities of the new method.

Il. THEORY

Our overall goal is to reduce the computational cost
of CC response calculations by employing a reduced set
of orthogonal molecular orbitals (MOs). In this work
we consider excitation energies calculated using the CC2
model introduced by Christiansen et al.,’ where the
resolution-of-the-identity (RI) approximation is used for
the two-electron repulsion integrals, as introduced by
Hittig and Weigend.?! We refer to Refs. 50,51 for a de-
tailed description of the CC2 model and focus here on the
generation of orthogonal MO spaces adapted to describe
electronic transitions.

Throughout the paper we consider closed-shell
molecules and spin-free orbitals using the following in-
dex convention:

® i, 7, k,l: Occupied canonical MOs

® a,b,c,d: Virtual canonical MOs

e [, J K, L: Occupied MOs in the CIS-NTO basis
e A B,C,D: Virtual MOs in the CIS-NTO basis
e p: MOs of unspecified nature and occupation

e «,f3,7,0: Atomic orbitals

In Section IT A, we introduce the concept of NTOs at
the CIS level and summarize the generation of a CIS-
NTO/LMO mixed orbital space similar to the one intro-
duced in Ref. 47. In Sections II B and II C we generalized
the concept of NTOs to include correlation effects at the
CC2, and CIS(D)>? levels of theory, while an approxima-
tion to CIS(D)-NTOs is introduced in Section IID.

A. CIS-NTOs and mixed orbital space

NTOs are usually obtained from a singular-value-
decomposition (SVD) of one-particle transition density
matrices (TDM).5354 At the CIS level, the TDM associ-
ated to a given electronic transition is obtained from the
following eigenvalue problem,>®

(HCIS _ EHF].)RCIS — wCISRCIS' (1)

where HCS is the CIS Hamiltonian, Eyp is the HF
ground-state energy, and the eigenvalue w® is the exci-
tation energy associated to the TDM or excitation vector
RS, An SVD of R is equivalent to the diagonaliza-
tion of the following hole and particle density matrices,

X' =3 "ROSRYS (2a)
a

VS = 3ROSR, )

[

CIS-NTOs are thus obtained from,

XCISCIS _ \CISyCIS (3a)
Y OISy CIS _ 3CISy/CIS (3b)
where A®S and AC™S are diagonal matrices with eigen-

values )\IC,IS and S\SIS on the diagonal. The UCS/vCIS
matrices represent the transformation from the occu-
pied/virtual canonical MO basis to the occupied/virtual
CIS-NTO basis. In the following discussion it is assumed
that the eigenvalues in Egs. (3) are numbered in order
of decreasing magnitude and that the number of virtual
orbitals is larger than the number of occupied orbitals,
(V > 0), which is the case in all practical applications.
In order to simplify the following discussion we note that
for a real matrix B of dimension (m,n), the number of a
priori non-zero singular values of B is given by its rank,
such that we have,

rank(BTB) = rank(BB7) = rank(B) < min(m,n) (4)



Thus, from Egs. (2) it follows that

rank(X ) = rank(R“*®) < O (5a)
rank(Y°™) = rank(R°"®) < 0 (5b)

which implies that the last (V — O) eigenvalues of Y8
are zero. Furthermore, the first O virtual eigenvalues
/\CIS equals the occupled eigenvalues /\C15 e’
3CIS
Ap

CIS
=S (1<p<0)  (6a)

5CIS _
Ay o =0 (O<p<V) (6b)
We also note that normalization of the CIS excitation
vector is equivalent to requiring the sum of the eigenval-
ues to equal one,

DA =1 (7)

p

The magnitude of the eigenvalues can be related
to the importance of a given pair of CIS-NTOs to de-
scribe the transition of interest at the CIS level of the-
ory. It would thus be convenient to choose a subset of
CIS-NTOs based on their eigenvalues and then carry out
a correlated CC calculation within this reduced orbital
space in order to decrease the computational effort of the
CC calculation. However, such a strategy is not useful
in practice since it discards at least all the virtual CIS-
NTOs with zero eigenvalue which ultimately results in
too large errors in the subsequent CC calculation. In
Ref. 47, this issue was alleviated by generating a mixed
orbital space in which the dominant pair of NTOs was
kept unaltered since they represent the main character-
istic of the transition (for single-replacement dominated
transitions), while the remaining orbitals were localized
to enable an efficient description of correlation effects.
The importance of a given LMO p to describe the con-
sidered transition was then evaluated through an effective
distance measure, 7,

CIS
>\P

- . T Ay T Ay
p = mun ( CIE.NTOS QCIS-;TO,V> (®)
A A
where index A denotes atomic centers, 74, corresponds
to the distance between the center of charge of a lo-
cal orbital p and atomic center A, and QCIS NTO© and
QCIS NTOV are the Lowdin atomic charges (with values
between 0 and 1) of the dominating occupied and virtual
NTOs on center A, respectively. The 7, distance mea-
sure is thus small if the center of orbital p is close to an
atom where one (or both) of the CIS-NTOs have a large
Lowdin charge. Using this measure, the LMOs are listed
according to their 7, values, and the LMOs with small 7,
values are assumed to be most important for describing
the electronic transition of interest. The mixed orbital
space was then used in LoFEx to reduce the computa-
tional cost of the CC2 model for excitation energies. This
strategy is successful when applied to transitions that are

local compared to the size of the considered molecule.
However, for molecules with a more delocalized electronic
structure, no computational savings could be achieved.*”
We note that in Ref. 47, time-dependent HF (TDHF)-
NTOs were used instead of CIS-NTOs but this difference
has very minor effects on the final orbital space since the
TDHF and CIS methods are closely related.?®

In the following sections we generalized the concept
of NTOs to include correlation effects with the objective
of calculating accurate CC excitation energies within a
reduced orbital space of correlated NTOs.

B. CC2-NTOs

In order to add the effects of CC2 doubles excitations
in the NTOs, we consider the following generalized hole
and particle density matrices at the CC2 level of theory,

X YRR LS RGRG (o0)
abk
1
CCQ CC2 CC2 CC2 pCC2
ZR(L’L R iijchauJRbu'j (gb)

where RS2 and RSSJQ are the singles and doubles com-
ponents of the solution vector of the right CC2 eigenvalue

problem,?°

ARCC2 _ ,CO2RCC2 (10)
and A and w®C? are the CC2 Jacobian and CC2 exci-
tation energy, respectively. In analogy with Egs. (3) for
the CIS density matrices, the CC2-NTOs are obtained
by diagonalizing X°©? and Y©©2,

XCCZUCCZ _ )\CC?UCCQ (113)

(11b)

For the following analysis, it is convenient to interpret
the total R®2 eigenvector entering Eq. (9a) as a matrix
R with a singles block of dimension (V,0) and elements
RE$? and a doubles block of dimension (V20, O) and

clements %Rbcgi (see Fig. 1, left).

write the X°C? matrix in Eq. (9a) as,

XCC2 — (RX)TRX (12)

YCCZVCCZ _ S\CC2VCC2

This enables us to

Similarly, we consider a matrix RY with a singles block

of dimension (V,0) and elements RS$? and a doubles

CC2
a,ibj (see

Fig. 1, right) and write the Y2 matrix in Eq. (9b) as,
YCCZ — RY(RY)T (13)

block of dimension (V,0%V) and clements %R

Using the general identity in Eq. (4) and the dimen-
sions of the RX and RY matrices it then follows that

rank(X“?) < min(V + V20,0) =
rank(Y°°?) < min(V, 0 4+ 0%V) =

(14a)

0
vV (14b)



FIG. 1: Representation of the RX (left) and RY (right) matrices
used to calculate generalized transition density matrices.
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This should be put in contrast with the ranks of the CIS
density matrices in Egs. (5). Comparing Egs. (2) and
(9) we thus see that the inclusion of the doubles excita-
tion vector component enables the existence of nonzero
eigenvalues for all of the CC2-NTOs generated by di-

agonalization of XC©? and Y2, We also note that,
in contrast with the CIS case in Eq. (6), the occupied
and virtual CC2-NTO eigenvalues are generally different,
)\CCZ # 5\002.
» P

The generation of the CC2-NTOs requires the deter-
mination of the CC2 excitation vector for the full molec-
ular system, and the CC2-NTOs are therefore primarily
of analytical interest whenever CC2 excitation energies
are targeted. It is thus intructive to look at the explicit
expression for the CC2 doubles excitation vector in order
to consider approximations in Sections II C and IID that
could be invoked in practical calculations of CC2 excita-
tion energies. From Ref. 51, the CC2 doubles excitation
vector is given by,

RCC2 _ (ailbj)“ (15)
W T e —eq +€j — € + wOC2

where the transformed integrals are written as,

(a7 = PP 3 (RSEPASE? + ASTRG)ASAS B (1)

afvyé

with
P faivy = faivj + Fojai (17)

and

ASS? = =) Cai RS (18a)
AGT? = LCMRSFQ (18b)
Age? = Caaa - Z Caitai (18c)

: (18d)

ASLCQ = Cai + Z Caalai
a

where C is the standard (canonical) MO coefficient ma-
trix and t,; are the ground state CC2 singles amplitudes,
while ¢; and €, represent occupied and virtual orbital en-
ergies, respectively. The expensive part of the CC2-NTO
procedure is the calculation of the doubles excitation vec-
tor components RSZ%]Z in Egs. (15) and their contraction
in Egs. (9), both of which scale as O(N®) where N is
a measure of the size of the molecular system. In par-
ticular, the determination of RSSJZ requires the iterative
solution of both the ground state CC2 equations (to de-
termine ¢,;) and the subsequent iterative solution of the

CC2 eigenvalue problem in Eq. (10).

C. CIS(D)-NTOs

As a first approximation to the CC2-NTOs, we con-
sider NTOs generated from the simpler CIS(D) model.>?
In Eq. (15), this effectively corresponds to setting the
ground state singles amplitudes to zero (t¢ = 0) and us-
ing the CIS excitation energy and excitation vector in-
stead of the corresponding CC2 quantities. Thus, within
the CIS(D) model, the Ry} " amplitudes may be de-
termined in a non-iterative O(N®) process according to

ROISO) _ (ailbj) ™S
aibj € — €+ € — € + wCIS

(19)

where the transformed integrals are given by,

(ailbf) S = P (AL CoitCaali®) CruCojBlys)

afBvys

(20)
AGY == CuRS® (21a)
ASE =Y CaaRSS (21Db)

The CIS(D)-NTOs are then obtained by diagonalizing
the CIS(D) hole and particle density matrices, which are



constructed analogously to Egs. (9),

1
LIb(D) ZRCISRCIS + 5 Z RacZI;C(D)Rub(D) (22a)

CIS(D ZRCISRCIS 4= ZRCIS(D)RCIS(D)

aicj bicj
ije

(22b)

D. CIS(D’)-NTOs

While the generation of X and Y according to
Egs. (22) rather than Egs. (9) represents a significant
reduction in terms of computational effort, it is still an
O(N?) process. We now propose that the generation
of correlated NTOs can be simplified even further to re-
duce the computational scaling by using CIS information
to approximate the doubles terms in Egs. (22). The re-
sulting orbitals are denoted CIS(D’)-NTOs, since they
represent an approximation to the CIS(D)-NTOs.

The occupied and virtual CIS-NTO bases are defined
by the U and VIS transformation matrices, respec-
tively, [see Eq. (3)]. We consider two mixed bases—one
where the occupied orbitals are canonical and the vir-
tual orbitals are expressed in the CIS-NTO basis, and
vice versa— leading to the following approximate dou-
bles vectors

CIS(DY) (Ai[Bj)©'S
R . = 2 -
Fais; € — Faa+¢€j — Fpp +wC (232)
R ITbJ)CIS
RCIS(D ) _ (a 23h
albJ F[]—€a+FJJ—€b+UJCIS ( )

where we have used capital letters to denote the CIS-
NTO basis. We have made the approximation to use di-
agonal Fock matrix elements in the CIS-NTO basis. The
use of Egs. (23) alone does not reduce the computational
effort compared to CIS(D). However, from Egs. (2), (3),
and (6) we note that the CIS excitation vector in the CIS-
NTO basis is of dimension (V,0) and has the following
simple form,

RS = (@) (24)

where VACIS is a diagonal square matrix of dimension
(0, O) with diagonal elements y/A,. From Egs. (20) and
(21) it thus follows that, in the CIS-NTO basis, only
elements of the AC™S matrix associated with sizable CIS-
NTO eigenvalues will contribute significantly to the dou-
bles vectors in Egs. (23). Using Eq. (7) we therefore
define a subset of Z important CIS-NTOs for which the
eigenvalues add up to one minus some threshold 7/,

z
: CIS
mzln<§1)\p >>177" (25)
=

where p refers to either occupied (p = I) or virtual
(p = A) CIS-NTOs. Our basic assumption is now that

the subset of CIS-NTOs defined by Eq. (25) is sufficient
to generate a reasonable approximation to the CIS(D)
density matrices in Eq. (22). We thus use the doubles
excitation vectors in the mixed canonical/CIS-NTO ba-
sis defined by Egs. (23) to define the following CIS(D’)
hole and particle density matrices,

CIS(D’) ,CIS(D
- SRR ] SRR (o

A’B’k

CIS(D ) _

CIS(D) ZRCISRCIS+ Z RSIIi(]Jj')RbCII/S.;(?f) (26b)
I’J’

where the prime indicates that the summations run only

over the subset of Z CIS-NTOs defined by Eq. (25), while

the summations in the canonical basis run over the full

set of orbitals.

The generation of CC2-NTOs and CIS(D)-NTOs are
iterative and non-iterative O(NN®) processes, respectively.
An algorithm for generating CIS(D’)-NTOs using the
RI approximation is given in Appendix A where it is
shown that the generation of CIS(D’)-NTOs has a for-
mal O(N3) scaling behaviour (assuming that the reduced
dimension Z is independent of system size for a given
type of electronic transition). It follows that CIS(D’)-
NTOs can be calculated for much larger molecular sys-
tems than CC2-NTOs or CIS(D)-NTOs. We thus pro-
pose to use CIS(D’)-NTOs to reduce the computational
cost and thereby extend the application range of CC ex-
citation energy calculations in terms of the following pro-
cedure:

1. Solve the CIS eigenvalue problem in Eq. (1) and
determine CIS-NTOs according to Egs. (3).

2. Choose a 7' threshold to define a subset of CIS-
NTOs according to Eq. (25).

3. Construct CIS(D’)-NTOs by diagonalizing the den-
sity matrices calculated from Egs. (26),

XCIS(D) (yCIS(D?) _ 3 CIS(D) yCIS(D?) (27a)

Y CIS(D7)yCIS(D) _ 3 CIS(D")y/CIS(D?) (27b)

4. Scale the CIS(D’) density matrix eigenvalues, such
that they add up to one (equivalent to normalizing

the CIS(D’) excitation vectors),
cIs(o’ 3 CIS(D’
RICEUED S LT
3 »

5. Choose a subset of occupied and virtual CIS(D’)-

NTOs defined as in Eq. (25) but from CIS(D’)-NTO
eigenvalues,
Zo
rr%in < )\CIS(DW) >1-7 (29a)
o \od
Zy
I‘%ln < AS IS(DW) >1-7 (29Db)



This subset of orbitals containing Z, occupied
CIS(D’)-NTOs and Z, virtual CIS(D’)-NTOs is de-
noted the excitation orbital space (XOS).

6. For the chosen CC model (CC2 in this work), de-
termine the CC excitation energy associated to
the targeted transition by solving the CC ground
state amplitude equations and the CC eigenvalue
problem, both of which are solved using only the
CIS(D’)-NTOs within the XOS.

We denote the approach defined by these six steps as
the Simplified Natural transition Orbital Framework for
Large-scale coupled-cluster Excitation energy calcula-
tions (SNOFLEx). We emphasize that the SNOFLEx
procedure should be applied to each electronic transition
of interest.

In analogy with Eqgs. (14) for CC2, the ranks of the
CIS(D’) density matrices obey the following equations,

rank(XCBM)) < min(0,V + 022%) =0
rank(YS®PY) < min(V,0 + 22V) =V

(30a)
(30b)

and, in general, the eigenvalues of all CIS(D’)-NTOs are
thus nonzero. The importance of having nonzero eigen-
values for all NTOs can now be understood from the
SNOFLEx procedure above. Indeed, the nonzero eigen-
values are required to ensure a smooth convergence to
the target CC excitation energies with decreasing values
of 7/—i.e., the full CC calculation is reproduced in the
limit where 7/ — 0, since Z, — O and Z, — V.

It should be noted that the use of CIS(D’)-NTOs im-
plies that only single-replacement dominated electronic
transitions that are described at the CIS level of theory
can be addressed. However, many transitions of inter-
est in typical organic and biological molecules are of this
type. Furthermore, for the CC2 model, which is the tar-
get model is the present study, single-replacement dom-
inated transitions are correct through second order in
the fluctuation potential, while double-replacement dom-
inated transitions are correct only to zeroth order.’” The
CC2 model thus provides accurate results only for tran-
sitions dominated by single-electron replacements. The
fact that our CIS(D’)-NTOs can be generated only for
such transitions is therefore not a severe limitation from
a practical point of view.

In practice we transform the CIS(D’)-NTOs within the
given XOS to a pseudo-canonical basis by diagonalizing
the occupied-occupied and virtual-virtual subblocks of
the Fock matrix. In this way, a standard CC code may
be used for the ground state and excitation energy cal-
culations in the sixth step above. We also note that the
number of atomic orbitals and auxiliary functions used
to express the MOs in the XOS can be reduced by remov-
ing orbital tails using the least squares fitting procedure,
which is detailed in Appendix B of Ref. 58.

In summary, we have described four different sets of or-
thogonal MOs that may be prioritized according to their
expected importance for describing a given electronic

excitation process: the CIS-NTO/LMO mixed orbital
space, CC2-NTOs, CIS(D)-NTOs, and CIS(D’)-NTOs.
The NTOs are defined by the unitary transformation ma-
trices that diagonalize the hole and particle density ma-
trices in Eqgs. (2), (9), (22), and (26) for the CIS, CC2,
CIS(D), and CIS(D’) models, respectively. When defin-
ing a reduced orbital space (the XOS), the CC2-NTOs,
CIS(D)-NTOs, and CIS(D’)-NTOs may be prioritized ac-
cording to their eigenvalues, while the orbitals of the CIS-
NTO/LMO mixed orbital space can be prioritized using
the measure in Eq. (8).

I1l.  RESULTS

In this section we present numerical results and investi-
gate the quality of the different orbital spaces introduced
in the previous section for the calculation of excitation
energies. We consider the lowest CC2 excitation energy
for the following molecules:

e The twenty molecules from XLI to LX in the test
set presented in Ref. 59 (depicted in Scheme 3 of
that paper).

e 11-cis-retinal using the geometry from Ref. 60.
e Met-enkephalin using the geometry from Ref. 47.

e Molecular clusters of solvated formamide contain-
ing up to 144 water molecules. The structures were
obtained by modification of a single snapshot taken
from Ref. 61 and are available in the supporting in-
formation.

All calculations have been performed with a local version
of the LSDalton program,5%%3 using the frozen core ap-
proximation. The correlation consistent aug-cc-pVDZ’
and aug-cc-pVTZ’ basis setsf*% were used with the
corresponding auxiliary basis sets aug-cc-pVDZ-RI’ and
aug-cc-pVTZ-RI’ for the RI approximation.®® The prime
in the basis set notation indicates that diffuse functions
have been removed from the hydrogen atoms.

In Section IITA we perform a comparison of the four
different orbital spaces described in Section II for two se-
lected molecules that represent a local (met-enkephalin)
and a delocalized (11-cis-retinal) electronic transition. In
Section III B we apply the SNOFLEx method to a test
set composed of molecules XLI to LX, 11-cis-retinal, and
met-enkephalin. The calculated excitation energies and
computational timings are compared to full CC2 calcu-
lations. In Section III C we demonstrate the potential of
SNOFLEx by applying it to solvated formamide with an
increasing number of water molecules.

A. Comparison of NTOs

In this section, we consider the lowest electronic transi-
tions in met-enkephalin and 11-cis-retinal, which are de-
picted in Figs. 2 and 3 together with the dominant pair



FIG. 2: Illustration of lowest electronic transition in
met-enkephalin in terms of the dominant occupied (red, bottom)
and virtual (blue, top) CIS-NTOs (aug-cc-pVDZ’ basis). The
contour plot value was set to 0.02 a.u.67:68

FIG. 3: Illustration of lowest electronic transition in 11-cis-retinal
in terms of the dominant occupied (red, bottom) and virtual
(blue, top) CIS-NTOs (aug-cc-pVDZ’ basis). The contour plot
value was set to 0.02 a.u.67-68

of CIS-NTOs corresponding to the lowest electronic tran-
sition. For met-enkephalin, it is clear that the transition
is localized in a relatively small region of the molecule,
while the transition in 11-cis-retinal involves almost the
entire molecule. The met-enkephalin and 11-cis-retinal
cases are therefore prototypes of a local and a delocal-
ized transition, respectively.

We have carried out CC2 calculations within restricted
XOSs using the four different sets of orbitals described in
Section II, i.e., the CIS-NTO/LMO, CC2-NTO, CIS(D)-
NTO, and CIS(D’)-NTO orbital spaces using 7/ = 1074
for the generation of CIS(D’)-NTOs. For a given XOS
we simply solve the CC2 ground state amplitude equa-
tion and CC2 eigenvalue equation using only the subset
of orbitals within the XOS. The orbitals are prioritized
as described in section II, and the dimension of the XOS
is increased until the full CC2 calculation is reproduced.
In Figs. 4 and 5 we present the lowest CC2 excitation en-
ergies and associated errors for the met-enkephalin and
11-cis-retinal molecules as a function of the number of
MOs included in the XOS. For a given XOS, errors com-
pared to full CC2 calculation arise since (i) the ground
state amplitude equations and (ii) the CC2 eigenvalue

full CC2
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FIG. 4: Calculated CC2/aug-cc-pVDZ’ excitation energy (top)
and error (bottom) as a function of the size of the excitation
orbital space (XOS) for met-enkephalin (aug-cc-pVDZ’ basis)

using different choices of orbital spaces.

problem in Eq. (10) are solved in the restricted XOS. We
note that the (i)-errors affects the (ii)-errors indirectly,
since the Jacobian matrix A in Eq. (10) is determined
from ground state amplitudes.’® All in all, the complex
interplay of these two error sources ultimately leads to
the errors observed in Figs. 4 and 5.

The CIS-NTO/LMO mixed space behaves markedly
different for the two molecules. For met-enkephalin the
excitation energy error is below 0.1 eV when about 200
orbitals have been included in the XOS based on eq. (8)
[see Fig. 4 (bottom)], while almost 500 orbitals are re-
quired to achieve the same accuracy for 11-cis-retinal [see
Fig. 5 (bottom)]. This behaviour is expected based on
the localities of the two transitions. For the local transi-
tion in met-enkephalin (Fig. 2), the use of LMOs enables
a significant reduction of the XOS, since a large region
of the molecule is unaffected by the transition. On the
other hand, for the delocalized transition in 11-cis-retinal
(Fig. 3), the transition induces changes in the electronic
structure throughout the molecular system and the use of
LMOs offers very modest reductions of the XOS. These
two examples clearly show the strength and weaknesses
of the CIS-NTO/LMO approach introduced in Ref. 47,
i.e., significant computational savings are possible for lo-
cal transitions, while a delocalized transition essentially
requires the full molecular CC calculation to be carried
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FIG. 5: Calculated CC2/aug-cc-pVDZ’ excitation energy (top)
and error (bottom) as a function of the size of the excitation
orbital space (XOS) for 11-cis-retinal (aug-cc-pVDZ’ basis) using
different choices of orbital spaces.

out.

From Figs. 4 and 5 it is seen that the calculations using
CC2-, CIS(D)-, or CIS(D’)-NTOs exhibit much smaller
errors than the calculations using the CIS-NTO/LMO
mixed space. For the delocalized transition in Fig. 5,
the use of either CC2-, CIS(D)-, or CIS(D’)-NTOs allow
for errors below 0.1 eV with only around 100 orbitals
included in the XOS, and, even for the local transition in
Fig. 4, the use of either CC2-, CIS(D)-, or CIS(D’)-NTOs
leads to much smaller errors than the CIS-NTO/LMO
mixed space for a given size of the XOS.

The results in Figs. 4 and 5 obtained using the CC2-,
CIS(D)-, and CIS(D’)-NTOs are very similar, indicating
that all three sets of NTOs contain information about
the basic correlation effects. This is a very important re-
sult, since the CIS(D’)-NTOs are much cheaper to gen-
erate than the CIS(D)- and CC2-NTOs (see Section II
and appendix A). We note that both negative and pos-
itive errors occur, and it is notable that in many cases
the CIS(D’)-NTOs yield smaller absolute errors than the
CIS(D)- and CC2-NTOs. This can happen due to a can-
cellation of the error sources (i) and (ii) mentioned above.

In summary, the met-enkephalin and 11-cis-retinal re-
sults presented here indicate that the CIS(D’)-NTOs can
be used to generate a reduced orbital space that may
significantly lower the computational cost of CC2 calcu-

lations for both local and delocalized transitions.

B. Performance of SNOFLEx for test set

In this section we use the test set of 22 molecules pre-
sented at the beginning of this section to compare the
accuracy and computational cost of the SNOFLEx proce-
dure described in Section IID with conventional (canon-
ical) CC2 calculations. In Tables I and II, we report a
statistical analysis of the lowest excitation energies for
the considered test set using the aug-cc-pVDZ’ and aug-
cc-pVTZ’ basis sets. In order to evaluate the convergence
of the excitation energies with the size of the XOS, we
have performed calculations using 7/ = 1073, 10~%, and
10=%. For each transition, a conventional CC2 calcu-
lation (using the complete orbital space) has been per-
formed to serve as a reference in the statistical analysis.
We report the individual errors in the excitation energies,

A; = WPNOFLEx _ jref along with the mean absolute er-
ror,
_ 1 n
Aabs = gZ‘Al‘v (31)
=1

the maximum absolute error,

Amax = max |AZ|7 (32)
1
the mean error,
_ 1 n
A=-3"A,; (33)
n
i=1

and the standard deviation,

LS A A (34)

Astd =
n—l

where n = 22 is the number of molecules in the test set.
From Tables I and II, we see that the excitation ener-
gies obtained with SNOFLEx are very well behaved. For
example, using 7/ = 10, accurate results are obtained
compared to a conventional CC2 calculation, with a mean
absolute error of A,ps = 0.01 eV for both aug-cc-pVDZ’
and aug-cc-pVTZ’ basis sets. However, the maximum
absolute errors and the standard deviations are slightly
larger in the aug-cc-pVTZ’ basis (e.g., Apax = 0.02 eV
and Apax = 0.05 ¢V in the aug-cc-pVDZ’ and aug-cc-
pVTZ’ basis sets, respectively). Overall, these result
indicates that SNOFLEx with 7/ = 10~* provides ex-
citation energies of CC2 quality and it is therefore the

threshold that we recommend in practical applications.
In contrast, the results obtained with 7/ = 1073 are
significantly less accurate. The mean absolute errors
(Aaps = 0.11 eV and A, = 0.09 €V in the aug-cc-pVDZ’
and aug-cc-pVTZ’ basis sets, respectively) and the max-
imum absolute errors (Aabs =0.28 eV and Ay = 0.23



TABLE I: Statistical analysis of the lowest excitation energy from SNOFLEx calculations compared to conventional CC2 calculations
using the aug-cc-pVDZ’ basis set. The error (A) is reported in eV for each transition together with the reference excitation energy wef.
Three different values of 7/ have been used and are specified in parenthesis in the header of the relevant columns. The mean absolute
error (A,pg), the maximum absolute error (Amax), the mean error (A), and the standard deviation (Agq) are also reported.

Molecule A(107?) A(107%) A(1077) wret
XLI 0.13 0.01 -0.00 4.80
XLII 0.19 0.02 -0.00 4.48
XLIII 0.07 0.00 -0.00 4.06
XLIV 0.10 -0.00 -0.00 2.42
XLV 0.07 -0.00 -0.00 3.70
XLVI 0.11 0.00 -0.00 2.92
XLVII 0.05 -0.00 -0.00 2.52
XLVIII 0.11 0.01 -0.00 3.60
XLIX 0.21 0.00 -0.00 3.94
L 0.05 -0.01 -0.00 3.81
LI 0.04 -0.00 -0.00 2.10
LII 0.05 -0.01 0.00 2.67
LIIT 0.07 -0.01 0.00 2.93
LIV 0.07 0.01 -0.00 2.45
LV 0.06 0.01 -0.00 2.33
LVI 0.13 -0.02 -0.00 3.78
LVII 0.07 -0.02 -0.00 3.37
LVIIT 0.21 0.01 -0.00 3.44
LIX 0.28 -0.02 -0.01 2.67
LX 0.14 0.00 -0.00 3.85
11-cis-retinal 0.00 -0.01 -0.01 2.14
met-enkephalin 0.14 -0.00 0.00 4.78
Aabs 0.11 0.01 0.00 —
Amax 0.28 0.02 0.01 —
0.11 -0.00 -0.00 —
Agta 0.07 0.01 0.00 —

TABLE II: Statistical analysis of the lowest excitation energy from SNOFLEx calculations compared to conventional CC2 calculations
using the aug-cc-pVTZ’ basis set. The error (A) is reported in eV for each transition together with the reference excitation energy wref.
Three different values of 7/ have been used and are specified in parenthesis in the header of the relevant columns. The mean absolute
error (A,pg), the maximum absolute error (Amax), the mean error (A), and the standard deviation (Agq) are also reported.

Molecule A(1073) A(107%) A(107°) wref
XLI 0.12 0.00 -0.00 4.77
XLII 0.18 0.01 -0.00 4.45
XLIIT 0.05 -0.01 -0.00 4.04
XLIV 0.09 -0.01 -0.00 2.42
XLV 0.07 -0.01 -0.00 3.67
XLVI 0.11 -0.00 -0.00 2.90
XLVII 0.03 -0.01 -0.00 2.51
XLVIII 0.09 0.01 -0.00 3.57
XLIX 0.20 -0.01 -0.01 3.93
L 0.02 -0.02 -0.00 3.78
LI 0.02 -0.01 -0.00 2.08
LII 0.03 -0.02 -0.00 2.65
LIII 0.05 -0.02 -0.00 2.92
LIV 0.06 -0.00 -0.00 2.42
LV 0.05 0.00 -0.00 2.32
LVI 0.12 -0.02 -0.00 3.77
LVII 0.04 -0.04 -0.01 3.37
LVIIT 0.17 -0.01 -0.01 3.44
LIX 0.23 -0.05 -0.02 2.66
LX 0.13 0.00 -0.00 3.83
11-cis-retinal -0.03 -0.03 -0.01 2.12
met-enkephalin 0.13 -0.01 -0.00 4.76
QAabs 0.09 0.01 0.00 —

Amax 0.23 0.05 0.02 —

A 0.09 -0.01 -0.00 —

Agta 0.07 0.02 0.00 —




TABLE III: Speed-ups of SNOFLEx calculations compared to full
calculations (Tt /TsNorFLEx for the molecules in the test set
using the aug-cc-pVDZ’ basis and different values of 7/.
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TABLE IV: Speed-ups of SNOFLEx calculations compared to full
calculations (Tt /TsNorFLEx for the molecules in the test set
using the aug-cc-pVTZ’ basis and different values of 7/.

Molecule ' =107"? ' =10""* T =10"° Molecule r=10"? ' =10"* =10"°
XLI 1.5 1.1 0.9 XLI 1.3 1.1 0.9
XLII 2.1 1.4 0.8 XLII 1.9 1.4 1.1
XLIIT 1.5 1.3 1.0 XLIIT 1.7 1.4 1.1
XLIV 2.0 1.2 0.9 XLIV 1.8 1.3 0.9
XLV 1.5 1.1 1.0 XLV 1.4 1.1 1.0
XLVI 1.6 1.1 1.0 XLVI 1.5 1.2 1.0
XLVII 1.8 1.0 0.9 XLVII 1.6 1.1 1.0
XLVIII 3.8 2.0 1.3 XLVIIT 3.6 1.9 1.3
XLIX 1.5 1.2 1.0 XLIX 1.3 1.1 1.0
L 3.2 1.9 1.3 L 3.0 1.9 1.2
LI 2.8 1.5 1.0 LI 2.4 1.5 1.1
LIT 2.2 1.7 1.2 LIT 2.2 1.5 1.2
LIIT 2.8 1.7 1.3 LIIT 2.4 1.7 1.3
LIV 2.1 1.3 1.0 LIV 2.1 1.4 1.1
LV 2.1 1.3 1.0 LV 2.0 1.3 1.0
LVI 3.5 2.0 1.3 LVI 2.4 1.7 1.2
LVII 3.1 1.4 1.0 LVII 2.5 1.3 0.9
LVIIT 3.0 1.8 1.3 LVIIT 2.5 1.6 1.3
LIX 2.6 1.3 1.3 LIX 2.0 1.5 1.1
LX 3.3 1.9 1.3 LX 3.1 2.0 14
11-cis-retinal 2.9 1.9 1.4 11-cis-retinal 2.5 1.9 1.4
met-enkephalin 96.2 54.7 33.5 met-enkephalin 63.2 27.9 10.9
Max. 96.2 54.7 33.5 Max. 63.2 27.9 10.9
Min. 1.5 1.0 0.8 Min. 1.3 1.1 0.9
Mean® 2.4 1.5 1.1 Mean® 2.2 1.5 1.1

2 Met-enkephalin was excluded from the test set

eV) indicate that the results obtained with 7/ = 1073 can
have errors as large as the typical deviations of CC2 exci-
tation energies from FCI results.*®6%70 SNOFLEx with
7/ = 1073 should thus only be used for very preliminary
investigations.

Finally, when SNOFLEx is applied with 7/ = 1075,
very accurate results are obtained with virtually no errors
compared to conventional CC2 results, (AabS = 0.00 eV
with both aug-cc-pVDZ’ and aug-cc-pVTZ’ basis sets).
Such calculations can thus be performed to confirm the
quality of the SNOFLEX results obtained with 7/ = 1074,
In the following, we will refer to the 7/ values of 1073,

10~* and 107° as loose, standard, and tight, respectively.

It is also interesting to note that the conventional CC2
results for molecules XLI to LX in Tables I and II differ
from the aug-cc-pVTZ results in Ref. 59 by at most 0.03
eV and 0.004 eV for the aug-cc-pVDZ’ and aug-cc-pV'TZ’
basis sets, respectively. It is thus seen that the removal
of diffuse basis functions on hydrogen atoms has a negli-
gible effect on the calculated excitation energies, but also
that the aug-cc-pVDZ’ basis is sufficient to obtain a good
description of the considered transitions. Triple-¢ qual-
ity basis sets and higher are however generally needed to
describe higher lying excited states.*®

In order to analyze the computational cost of
SNOFLEx compared to conventional CC2 calculations,
we have reported speed-ups in Tables IIT and IV for all
the molecules in the test set with the loose, standard, and
tight thresholds, as described previously. The speed-ups

2 Met-enkephalin was excluded from the test set

are calculated from,

Trun

_ 35
TSNOFLEx (35)

speed-up =
where Tty corresponds to the time spent in the correla-
tion part of a conventional CC2 calculation, (i.e., deter-
mination of the CC2 ground state amplitudes and solu-
tion of the Jacobian eigenvalue problem in the complete
canonical basis), while TsnoFLEx corresponds to the sum
of the time spent in the generation of the CIS(D’)-NTOs
(Section IT C and appendix A) and the time spent in the
calculation of the CC2 excitation energies using the same
algorithms as for the conventional calculation but in the
restricted XOS determined by 7.

The test set used in this discussion consists of 21
medium-sized chromophores with highly delocalized elec-
tronic structures—which represent difficult but very in-
teresting targets for approximated CC methods—as well
as the met-enkephalin molecule with a well localized tran-
sition (see Fig. 2). From Tables III and IV, we see that—
for the chromophores only—an average speed-up of 1.5 is
observed for both the aug-cc-pVDZ’ and aug-cc-pVTZ’
basis sets, with the standard threshold. This is already
quite impressive due to the limited size and the delocal-
ized character of the considered systems. The speed-ups
are of course larger (smaller) for the loose (tight) thresh-
old. We note that even with the tight threshold, only very
few transitions lead to an effective slow-down, which is
then due to the overhead used for the generation of the
CIS(D’)-NTOs. Finally, the results for met-enkephalin
demonstrate that huge speeds-ups are observed when
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FIG. 6: Lowest excitation energy of a series of solvated formamide
with an increasing number of water molecules using the
aug-cc-pVDZ’ basis set. CC2-SNOFLEXx results are reported
using the loose, standard, and tight thresholds. For comparison
the conventional CIS and CC2 (full) results are also reported.

the transition of interested is local (54.7 and 27.9 with
the standard threshold for the aug-cc-pVDZ’ and aug-cc-
pVTZ’ basis sets, respectively).

All in all, the results presented in Tables I to IV, are
very encouraging, both in terms of accuracy and compu-
tational savings.

C. Formamide-water clusters

In order to investigate the potential of SNOFLEx for
large molecular systems, we now consider the lowest ex-
citation energy in a series of solvated formamide clus-
ters with an increasing number of water molecules. All
the calculations have been performed using the aug-cc-
pVDZ’ basis set and the SNOFLEx strategy has been
applied with the loose, standard, and tight thresholds
for clusters including up to 144 water molecules (4836
basis functions). Reference calculations using a conven-
tional CC2 implementation have also been performed for
clusters including up to 44 water molecules (1536 basis
functions).

In Fig. 6, we have plotted the convergence of the ex-
citation energy as a function of the number of water
molecules included in the cluster using the loose, stan-
dard, and tight SNOFLEx thresholds. The excitation
energies obtained with conventional CIS and CC2 algo-
rithms are also reported. Fig. 6 shows that the solvation
effects results in a blueshift of ~ 0.8 eV at the CIS level,
while the blueshift is lowered to around 0.5 eV at the CC2
level. Most of the solvation effects are already included
with only 12 water molecules and adding more waters
results in small oscillations of around 0.03 eV, which are
already relatively well described without correlation ef-
fects (CIS curve in Fig. 6). We note that the observed
solvatochromatic shift is consistent with Ref. 61, but that
a conformational sampling is required to obtain reliable
results.

Number of water molecules

FIG. 7: Computational wall-time spent in the calculation of the
lowest excitation energy of a series of formamide-water clusters of
increasing size using the aug-cc-pVDZ’ basis set. CIS: time spent

in the HF ground state and CIS excitation energy calculations
(prior the SNOFLEx or full CC2 calculation).
Loose/standard/tight: time spent in the correlated part of the
SNOFLEx algorithm (generation of the CIS(D’)-NTOs and
solution of the CC2 equations in the XOS). Full: solution of the

CC2 equations in the full canonical basis. All calculations were

performed on a single IBM iDataPlex dx360 M4 compute-node,

with 2 octocore Intel E5-2670 CPUs @ 2.67 GHz and 64 GB
memory.

Regarding the accuracy of the SNOFLEx calculations,
as described in Section IIIB, the results obtained with
the standard and tight thresholds are effectively of CC2
quality, while the loose threshold leads to much larger er-
rors (=~ 0.4 V). However, it is notable that the main cor-
relation effect (i.e., a lowering of the blueshift compared
to the CIS result) is described reasonably well already
with the loose threshold.

In order to analyze the performance of the SNOFLEx
strategy compared to a conventional algorithm, we have
reported timings for the CIS and the correlated parts
of the calculations in Fig. 7. For SNOFLEx, the time
plotted includes the generation of the CIS(D’)-NTOs and
the solution of the CC2 equations in the restricted XOS,
while only the time for the solution of the CC2 equations
is considered for the full calculation. Fig. 7 shows that
the SNOFLEx calculations (with all three thresholds) are
systematically faster than the conventional CC2 calcula-
tions. For example, for the cluster containing 44 water
molecules, the correlated part of the standard SNOFLEx
calculation is 53 times faster than the correlated part
of a conventional CC2 calculation. Furthermore, the
SNOFLEx calculations can be carried out for molecular
systems that are out of reach of conventional CC2 code
(4836 basis functions).

While the correlated part generally dominates conven-
tional CC2 calculations (“full” curve in Fig. 7), this is
not the case for SNOFLEx. The time spent in the corre-
lated part of the calculations with the loose and standard
thresholds is in fact negligible compared with time spent
in the CIS optimization. Thus, with the standard thresh-
old, CC2 excitation energies are effectively obtained with



the computational cost of a CIS calculation. With the
tight threshold, however, the time spent in the corre-
lated part of the calculation is similar to the time spent
in the CIS optimization, and it therefore represents a sig-
nificant part of the total time. Nonetheless, Fig. 7 shows
that even with the tight threshold, huge savings are ob-
tained compared to conventional CC2 calculations.

IV. CONCLUSION

In this work we have introduced a new method for the
calculation of CC excitation energies on large molecules
entitled SNOFLEx. It relies on a generalization of the
concept of NTOs to include correlation effects. The cor-
related NTOs denoted as CIS(D’)-NTOS are obtained
based on an approximation to the CIS(D) model and
their generation formally scales cubically with the sys-
tem size. Once the CIS(D’)-NTOs have been generated,
a conventional CC excitation energy calculation can be
performed in a reduced orbital space obtained by dis-
carding a subset of occupied and virtual CIS(D’)-NTOs
with low eigenvalues. We have introduced the loose, stan-
dard, and tight thresholds to generate the reduced or-
bital space, which ultimately define the precision of a
SNOFLEx calculation compared to a conventional CC2
calculation.

The SNOFLEXx algorithm has been tested for the calcu-
lation of CC2 excitation energies on a set of 22 medium-
sized molecules resulting in a mean absolute error of
0.01 eV with the standard threshold. Even though the
molecules considered were of limited size, significant com-
putational savings were systematically obtained. These
results have been confirmed by applying SNOFLEx to a
series of formamide-water clusters of increasing size (up
to 4836 basis functions) which indicates that our new
scheme allows CC2 excitation energies to be determined
at the cost a CIS calculation and thus further extend the
capabilities of the CC2 model.

One of the main advantages of SNOFLEx compared
to other reduced scaling methods for the calculation of
CC excitation energies is that it does not rely explic-
itly on local approximations. Computational savings are
therefore obtained for both local and delocalized elec-
tronic transitions. The computational savings and the
precision of the calculated excitation energies are defined
through a single threshold via the concept of CIS(D’)-
NTOs. This also implies that only electronic transi-
tions that are described at the CIS level of theory can
be addressed (single-replacement dominated transitions).
However, these include most transitions of interest in typ-
ical organic and biological molecules. We also note that
the presented developments are not specific to the CC2
model, and more accurate CC models might also benefit
from using the SNOFLEx scheme.
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Appendix A: Algorithm for generating CIS(D’) density
matrices

In this appendix we present an algorithm for calculat-
ing the CIS(D’) density matrices in Egs. (26). First, we
note that the two-electron integrals entering the evalua-
tion of the doubles excitation vectors in Eqgs. (23) may
be written as,

(Ad[B§)1S
(al]bJ)CS

= (Ai|Bj) + (Ai|Bj) + (Ai|Bj) +
= (@I|bJ) + (al|bJ) + (al|bJ) + (al|bJ)

(Ai|Bj) (Ala)
(Alb)

where we have suppressed the CIS superscript on the
right-hand side of the equation and the barred indices
are transformed with the AC™S matrices in Egs. (21),
while the non-barred indices refer to standard MOs in
the canonical basis (lowercase) or in the CIS-NTO basis
(uppercase), e.g.,

(Ai[Bj) = Y ASRCyiCyCsj(aByo).
afBy§

(A2)

We employ the RI approximation to reduced the cost of
the generation of four-center integrals in Eq. (Al). For
example, the integral in Eq. (A2) may be written as,

= (AID)(T|B))

r

(4i|Bj) (A3)

Here, |I') is a Léwdin orthonormalized auxiliary basis
function,

)= (S7/*)rzID)

T

(A4)

where |T) is an auxiliary basis function and S is the as-
sociated overlap matrix. It then follows that the doubles
excitation vectors in Egs. (23) may be written as,

cis() _ 2 PAB[(“MF (T'|Bj) + (AiT)(T'|Bj)]

R Abe
AiBj " Faxtc,— Fpp w0 (ABa)
RO _ Ep PFJb (@) + @ID)EBD]

albt Frr —ea+ Fyj — ey +wO1S

where the action of the permutation operator is defined
in Eq. (17). From Egs. (A5) we see that the following in-
tegrals are required to evaluate the doubles contributions
to the hole density matrix in Eq. (26a),

o (T A%, (T|A%), (T|A%)

while the particle density matrix in Eq. (26b) can be
determined using the following integrals,

o (Tlal’), (T]al’), (T|al’)

We recall that the primed indices denote a subset of or-
bitals of dimension Z as defined by Eq. (25). In the
following analysis, we assume that Z is independent of
the system size for a given type of electronic transition.

In our current implementation we first calculate the six
integrals listed above and store them in memory, but they
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TABLE V: Generation of two-electron RI integrals required for constructing CIS(D’) hole and particle density matrices. Batching of
integrals and reordering of tensors have been omitted for clarity.

Step Operation

Prefactor Scaling

1 Calculate integrals (I'|a3)

O(NrN2)

[|A'8) « 3, Canr (TlaB)
TA'8) « 3, ASK (Tap)
Tal’) < 3, Csr (Tlaf)

Tlal’) « 3, AGH (T|aB)

z O(NrNg)

)

) < 2 Cri(TIA'B)
— Y, AGP(T|A'B)
— 25 Cai(TAB)

=
=
DS

Z O(NrN,O)

Zagaa(ﬂal’)
Yo A (Cal")
>, Caa(T]al’)

Z O(NrN,V)

Z (87/2)pp(L|A
_l/z)rr(mA ¢

z O(N20)

1/2 e (Tlal’

)
i)
) (U] A)
)

w(Llal’)
e (]al’)

(
(S™Y2) g (Tlal’
(s
(8

Z O(NEV)

could of course be written to disk if necessary. The con-
struction of the integrals is detailed in Table V. The first
step is the construction of the (I'|af) integrals, which for-
mally scales as O(NpN2) where N, and Nr denote the
number of atomic and auxiliary basis functions, respec-
tively. However, this scaling is effectively only quadratic
with system size if efficient integral screening techniques
are employed. In step 2, one of the AO indices is trans-
formed to a reduced MO index of dimension Z, which
is generally much smaller than the occupied and virtual
dimensions. It is therefore very important that this re-
duced index is transformed first, and these steps scale as
O(NprN?2). In step 3(4), the second AO index is trans-
formed to an occupied (virtual) index leading to a formal
scaling of O(NrN,O) (O(NrN,V)). Finally, in steps 5
and 6 the auxiliary index is transformed with the S~1/2
matrix to provide the desired three-center integrals listed
above. This last steps scales as O(N2O) or O(NZV) de-
pending on the type of integrals. Since the reduced di-
mension Z is considered to be independent of the system
size, the generation of the integrals in Table V thus scales
cubically with the system size.

Once the integrals have been generated from Ta-
ble V, the density matrices can be evaluated according to
Eq. (26). The algorithm for the hole and particle density
matrices are given in Algorithms 1 and 2, respectively. It
is seen that these algorithms formally are O(N3) scaling,
assuming again that the reduced dimension Z is indepen-
dent of system size.

All in all, we conclude that the generation of the hole
and particle density matrices—according to Table V and

Algorithms 1 and 2—scales cubically with the size of the
molecular system for a given type of electronic transition.
The prefactor depends on the dimension of the reduced
set of orbitals, Z, which depends on the requested pre-
cision (7') and the type of electronic transition under
consideration.
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1 XCISO) _ 5 OIS RS

2: for A’ =1,7 do

3: for B'=1,Zdo

4: for £k =1,0 do

5: for [ =1,0 do

6: for I' =1, Nr do

7 (A'[[B'k)+ = PP [(AUT)(T|B'k) + (AIT)(T'|B'k))]
8: end for I’ B

9: Ranpry = (AUB'k)/(e1 — Farar + €, — Fprpr + wC®)
10: end for |
11: for i =1,0 do
12: for j =1,0 do
13: XEIS(DY)+ = 1RaipuRarjpk

14: end for j
15: end for ¢

16: end for k

17:  end for B’
18: end for A’

ALG. 1: Construction of the hole density matrix, XCIS(P") The necessary two-electron integrals have been determined using Table V.

1. Yuﬁf)IS(D’) =3, ngstczls

2: for I/:l,Z do

3: forJ' =1,Z do

4: for c=1,V do

5: ford=1,V do

6: for I' =1, Nr do o o

7 (dI'le)+ = Pfe, [(JI’\F)(NCJ') + (dIIT)(T (:J’)]
8: end for I’ B

9: Rapreyr = (aI'le])/(Frp — ea + Fyr g — €c + w')
10: end for d

11: fora =1,V do
12: for b=1,V do
13: Y54 = 1Ry pey Ryprew

14: end for b

15: end for a
16: end for ¢

17:  end for J’
18: end for I’

ALG. 2: Construction of the particle density matrix, YCIS(P) | The necessary two-electron integrals have been determined using Table V.
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PhD Thesis
COUPLED CLUSTER THEORY FOR LARGE MOLECULES

Pablo Baudin

This thesis describes the development of local approximations to coupled
cluster (CC) theory for large molecules. Two different methods are
presented, the divide-expand-consolidate scheme (DEC), for the
calculation of ground state energies, and a local framework denoted
LoFEx, for the calculation of electronic excitation energies and oscillator
strengths. After an introduction to the relevant notions of electronic-
structure theory, the principal aspects of DEC and LoFEx are summarized.
For comparison, a selected review of the state-of-the-art is presented for
each domain. This thesis should serve as an introduction to the work
developed and presented in the scientific articles collected as
appendices.

The DEC scheme has been applied successfully to the calculation of
MP2, CCSD and CCSD(T) ground state energies. The intrinsic structure of
DEC allows for a linear-scaling (with system size) and massively parallel
implementation of CC theory. Applications to large molecules have been
reported at the DEC-MP2 level but some limitations remain and prevent
efficient and accurate large-scale applications of the DEC-CCSD and
DEC-CCSD(T) models.

Reqgarding the calculation of electronic transition properties of large
molecules, LoFEx has been introduced and applied to the CC2 and
CCSD models. The black-box character of LOFEx has been demonstrated
on medium-sized molecules and significant computational savings can
be obtained depending on the character of the transition and on the size
of the system. LoFEx has also been applied to large molecules with a
computational cost competing with the most commonly used method
(TDDFT), while maintaining CC accuracy. Finally, a new strategy has
been proposed to overcome the main limitations of LoFEx and enable
computational savings for all kinds of electronic transitions.

The development of CC theory for large molecules is still in its infancy,
especially regarding the calculation of frequency-dependent molecular
properties. Many challenges remain to be solved and some of the ideas
presented in this thesis will hopefully open the door to more innovative
and creative solutions.
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