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Summary

Molecular electronic structure theory attempts to find approximate solutions to the electronic
Schrodinger equation for molecules, and decades of research provided scientists with a plethora
of methods of increasing accuracy and cost. Coupled cluster linear response (LR-CC) and
algebraic diagrammatic construction (ADC) scheme for the polarization propagator are among
the most accurate and hence successful methods for the in silico study of excited state properties.
However, the steep scaling in the computational and storage demands are prohibitive and limit
their application to small molecules. Even in the most cost-effective variants of LR-CC and
ADC, i.e., LR-CC2 and ADC(2), the computational effort and the storage demands scale with
the fifth and fourth power of the system size, respectively. In the past two decades, several
approximations have been made to mitigate the drawbacks of LR-CC2 and ADC(2) and to
extend their application to molecular systems of interest. Rank-reduction techniques for the
electron-repulsion integrals (ERIs) paved the way for efficient implementations based on the
canonical molecular orbitals (MOs), and their combination with the Laplace transformation
technique as well as the semi-empirical scaled opposite-spin (SOS) approximation allowed for a
diminution of the computational scaling to quartic or even cubic. More recently, local excited state
implementations based on spatially confined orbital representations have been proposed showing
low-scaling behavior. Nowadays, state-specific local molecular orbitals (LMOs), natural orbitals
(NOs), natural transition orbitals (NTOs), or combinations thereof are employed. However, the
localization procedures yielding these orbitals increase the prefactor and make the methods less
robust. In this thesis, we present efficient and low-scaling reformulations of SOS-LR-CC2 and
SOS-ADC(2) that, contrary to the current local excited state methods, do not require expensive
localization techniques. Inspired by the preceding low-scaling second-order Mgller-Plesset (MP2)
energy approaches, we reformulate the SOS-LR-CC2 and SOS-ADC(2) methods in the local
atomic orbitals (AO) basis and derive expressions for the excitation energies based on Cholesky
decomposed density matrices (CDD). For systems with a significant HOMO-LUMO gap, the
computational effort, I/O effort, memory and storage demands, as well as their scaling, are
reduced by block-sparse linear algebra that takes advantage of the sparsity manifested by the
density matrices and the AO-based ERIs decomposed within the resolution of the identity (RI)
and tensor hypercontraction (THC) ansatz. For systems with a local electronic structure and
local excitations, the presented local @-CDD-RI-SOS-LR-CC2/ADC(2) implementations show
asymptotical linear scaling computational behavior and memory demands when a local metric is
used. On the other hand, the CDD-THC-SOS-LR-CC2/ADC(2) implementations show a quadratic
scaling behavior in the asymptotic limit and exhibit considerably reduced computational effort
and memory demands with respect to the RI-based variants. Finally, low-scaling reformulations
for computing the one-particle reduced density matrix of excited states and transition density
matrix are provided enabling, e.g., the analysis of the electronic structure of excited states and
transition properties for molecules with hundreds of atoms at the ADC(2) level of theory.






List of Publications

The present work is a cumulative dissertation comprising 3 articles (labeled I-III) published in
peer-reviewed Journals. In addition, a Chapter is provided discussing the ongoing projects. All
articles and the author’s contribution to each of them are stated below:

I F. Sacchetta, D. Graf, H. Laqua, M. A. Ambroise, J. Kussmann, A. Dreuw, C. Ochsenfeld.
“An effective sub-quadratic scaling atomic-orbital reformulation of the scaled opposite-
spin RI-CC2 ground-state model using Cholesky-decomposed densities and an attenuated
Coulomb-metric”

J. Chem. Phys. 157, 104104 (2022).

Contribution by the author: Most of the theory, most of the implementation, implementation
of the block-sparse matrix algebra in cooperation with H. Laqua, all of the test calculations
and the writing.

II M. A. Ambroise, F. Sacchetta, D. Graf, C. Ochsenfeld, A. Dreuw.
“Scaled opposite-spin atomic-orbital based algebraic diagrammatic construction scheme for
the polarization propagator with asymptotic linear-scaling effort: Theory and implementa-
tion”
J. Chem. Phys 158, 124121 (2023).
Contribution by the author: Shared first authorship. Development of the theory in cooperation
with M. A. Ambroise and D. Graf. Contributions to the manuscript.

III F. Sacchetta, F. Bangerter, H. Laqua, C. Ochsenfeld.
“Efficient Low-scaling Calculation of THC-SOS-LR-CC2 and THC-SOS-ADC(2) Excitation
Energies Through Density-based Integral-direct Tensor Hypercontraction”
To be submitted (2023).
Contribution by the author: Shared first authorship. Development and implementation
in cooperation with F. Bangerter and H. Laqua. Most of the test calculations. Equal
contribution to the writing.






Contents

(l__Introduction| 1
[2__Electronic Structure Methods for the Ground Statel 5
[2.1 Hartree-Fock Approximation| . . . . . . . ... ... ... ... ........ 6
[2.1.1  Roothaan-Hall equations| . . . . . ... ... ... .. ......... 7
2.2__FElectron-Correlation Methodsl . . . . . ... .. .. .............. 8
2.3 Second Quantization| . . . . . . . ... ... 9
2.4 Coupled Cluster Theory|. . . . . . ... ... ... ... ... ...... 10
241 PairClusters| . . ... ... ... . . . 10

[2.4.2 The Coupled Cluster wave function| . . . . . ... ... ... ..... 11

[2.4.3  The projected Coupled Cluster Schrodinger equations| . . . . . . . .. 12

2.5  Second-Order Mgller-Plesset Perturbation Theory: MP2| . . . . .. ... ... 14
[2.5.1  Explicit expressions for the closed-shell MP2 energy| . . . . . ... .. 15

2.6  Coupled Cluster Perturbation Theory|. . . . . . ... ... ... ........ 16
[2.6.1  The approximate CCSD method: CC2}. . . . . ... ... ... .... 17

[2.6.2  Explicit expressions for the closed-shell CC2 method| . . . . . . . . .. 18

(3 Electronic Structure Methods for the Excited States| 21
[3.1 Coupled Cluster Response Theory| . . . . . ... ... ... ... ....... 22
[3.1.1 Linear Response CC2| . . . . . ... ... ... ... . ........ 24

[3.2  Algebraic Diagrammatic Construction Theory| . . . . . . ... ... ... ... 24
[3.2.1 Intermediate State Representation| . . . . . ... ... ... ...... 25

[3.2.2 Second-Order Algebraic Diagrammatic Construction Theory: ADC(2)|. 27

[3.3  Solution of the LR-CC2 and ADC(2) eigenvalue problems| . . . . .. ... .. 27
[3.3.1  Explicit expressions for closed-shell CC2 and ADC(2) matrix-vector |

| products|. . . . . . ... 28
3.4 Relation between LR-CC2and ADC2)| . .. ... ... .. ... ... .... 30

[4  Tensor Decomposition and Sparse Linear-Algebra| 33
4.1 Resolution of the Indentity| . . . . . . . ... ... ... ... ... ... ... 33
4.2 Tensor Hypercontraction| . . . . . . . . . ... .. ... ... ......... 35
4.3 Block-Sparse Linear Algebra| . . . . . . ... ... ... L 0L 37

2 __Publications| 39

[5.1 Publication I: An effective sub-quadratic scaling atomic-orbital reformulation of

the scaled opposite-spin RI-CC2 ground-state model using Cholesky-decomposed

nsiti nd an n lombmetric] . . .................

39



xii Contents

[5.2  Publication II: Scaled opposite-spin atomic-orbital based algebraic diagrammatic |
| construction scheme for the polarization propagator with asymptotic linear- |
| scaling effort: Theory and implementation| . . . . . . ... ... ........ 60

[5.3  Publication III: Efficient Low-scaling Calculation of THC-SOS-LR-CC2 and |
| THC-SOS-ADC(2) Excitation Energies Through Density-based Integral-direct |

| Tensor Hypercontraction| . . . . . .. ... ... ... ... .. ........ 85
[6 Ongoing Projects| 153
|6.1  Linear-Scaling Evaluation of Closed-Shell RI-SOS-LR-CC2 and RI-SOS-ADC(2) |

| Excitation Energies| . . . . . . . . ... o 153
16.1.1  Low-scaling reformulation: @-SOS-RI-CDD-LR-CC2 and ®-SOS-RI- |

[ CDD-ADC(2)]. . .« o o e 154
[6.1.2  Outline of the implementation| . . . . ... ... ............ 159

[6.1.3  Scaling Behavior] . . . . ... ... ... ... ... ... .. ... 164

[6.2 Low-scaling Evaluation of Closed-Shell SOS-ADC(2) Density Matrices| . . . . 168
[6.2.1  Closed-shell expressions of the one-particle density matrices| . . . . . . 169

16.2.2  Quartic-scaling RI-MO-based formulation of the one-particle density |

[ MALFICES| . . . . v v e e e e e e e e e e e e e 170

[6.2.3  Low-scaling RI-CDD-based formulation of the one-particle density matrices|1 73
16.2.4  Cubic-scaling THC-MO-based formulation of the one-particle density |

[ MAIICES| . .« v v v e e e e e e e e e e e e e e e 177

16.2.5  Low-scaling THC-CDD-based formulation of the one-particle density |
[ matricesl . . . . . . . e e e e 180
[7_Conclusion| 185



List of Figures

[2.1 ~ Hierarchy of correlation methods,| . . . . . . ... ... ... ... ... 9

4.1 Block-sparsity patterns of the density matrices for linear carboxylic acid with
| 160 carbon atoms (LCA¢) in the def2-SVP basis. %2 The relevant blocks are
1n red, while the non-significant block are in white. The cutoff threshold was
¥, = 10~’. (A) occupied one-particle density matrix. (B) Cholesky decomposed
| occupied one-particle density matrix. (C) virtual one-particle density matrix. (D) |
| AO-based singles transition vector to the lowest singlet state of LCA¢9.| . . . . 37

4.2 Schematic representation of a block-sparse matrix. The red blocks are the signii- |

ant and allocated DIOCK dCl DIOCK NdS 4 ACIINCd mMaximuim row and coluinm

| dimension, X and y, respectively.| . . . . . ... Lo L 38

|6.1  Number FLOP for the evaluation of the matrix-vector product of MO-RI-SOS- |

- an -RI- - and - - -RI- -LR-
[ ®-CDD-SOS-RI-SOS-ADC(2) with @ = 0.0 (CDD-0) and @ = 0.1 (CDD-1) in |
| the def2-SVP basis. The computational scaling and speedups are also reported.| 164
|6.2  Number of relevant blocks 1in the most important intermediates of ®-CDD-RI- |
| SOS-ADC(2) with @ = 0.0 (A) and w = 0.1 (B) for the def2-SVP basis.|. . . . 167







List of Tables

|6.1  Formal and asymptotic computational scaling (with the number of orbitals N) for |
key steps of @-CDD-RI-SOS-LR-CC2 and @-CDD-RI-SOS-ADC(2) within the |
RI standard-Coulomb metric (w = 0) and overlap metric (0 — )| . . . . . . . 163







1 Introduction

Non-relativistic quantum chemistry has at its center the Schrodinger equation!! whose solutions
describe all non-relativistic properties of any physical system, e.g., molecules. However, it can not
be solved analytically for molecular systems containing more than one electron. Therefore, since
the publication of the Schrodinger equation in 1926, scientists relied on approximations to sys-
tematically approach the exact solutions — many-particle wave functions — for any many-electron
molecular system. Within the Born-Oppenheimer approximation,?! the Schrodinger equation is
reduced to the so-called electronic Schrodinger equation. Its solutions describe the correlated
motion of the electrons in a field of fixed atoms. Thus, the electronic Schrodinger equation yields
a potential energy surface for the nuclei to move on. Despite its reduced space, not even the
electronic Schrédinger equation can be solved exactly, and a hierarchy of wave function-based —
ab initio — schemes was proposed to systematically approach the exact electronic wave function. !
The simplest representation of the electronic motion is provided by the Hartree-Fock (HF) wave
function, where the electronic interactions are described in a mean-field approach. The HF method
is known to account for 99% of the electron correlation, the remaining 1% is, however, crucial
for describing chemical properties accurately. The missing correlation effects are recovered by ab
initio methods devised upon the HF wave function and hence called post-HF methods. Amongst
the most popular we list the coupled cluster®1ll (CC) and Mgller-Plesset!®!213] perturbation
theory (MPPT).

The main difficulties associated with the hierarchy of quantum chemical methods are the large
computational effort and memory demands, as well as their steep increase with the size of the
system M defined by, e.g., the number of atoms or atom-centered orbitals (AOs). The compu-
tational effort for solving the simplest ab initio scheme, the HF method, scales conventionally
as O(M?), where 0() denotes the order of the asymptotic scaling behavior.!) That means
the computational cost of HF increases 1000-fold if the size of the system is 10 times larger.
Accounting for the electron correlation effects vastly increases both the prefactor and the scaling
behavior because it typically requires the evaluation of several four-index electron-repulsion
integrals (ERIs) and the solution of the equations involving them. Among the less expensive and
yet often chemically accurate post-HF methods, the so-called second-order Mgller-Plesset!!2!
(MP2) and the approximated coupled cluster singles and doubles!!'>) (CC2) methods show &' (M?)
computational scaling behavior and &(M*) scaling behavior for the memory demands — in their
conventional, canonical molecular orbital (MO)-based formulations. The more accurate coupled
cluster singles and doubles®®! (CCSD) approach shows &'(M®) computational scaling behavior.
Due to the computational cost and memory demands in their conventional formulations, these
methods can be routinely applied to systems with only a few atoms.

Among the ab initio methods listed so far, scientists have shown particular interest in CC2 as it
provides ground state energies and properties at a level similar to MP2 and as it grants access
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to excited states within the linear response“s‘lgl (LR) —or equation—of—motion[w‘zl] (EOM) —
framework retaining the &'(M?) computational scaling behavior. In addition, the possibility of
obtaining explicit equations for the closely related and more compact second-order algebraic
diagrammatic constructor scheme,?2l ADC(2) as a by-product of LR-CC2,[23723 piqued the
interest in this method. Despite the LR-CC2 and ADC(2) methods profiting from the fast
improvement of computer technology, their application to large systems is still hampered by the
scaling behavior of their computational (and storage) demands. An important role in reducing
the prefactor and the scaling behavior with the system size of LR-CC2 and ADC(2) was played
by the decomposition of the ERIs via the resolution of the identity2%2’) (RI) and the tensor
hyper-contraction!28721l (THC). Indeed, they mitigated the bottleneck represented by the storage
demands and reduced the cost of computing the electron integrals in the MO basis. 2324321 [p
addition, the combination of the scaled opposite-spin'>3 (SOS) — that neglects the calculation of
the contributions from electrons with the same spin and scales the opposite spin part by a factor
(i.e., cos = 1.3) — and the Laplace transformation of the energy denominators>*%3/l decreased the
scaling of the MO-based LR-CC2 and ADC(2) methods to &'(M*)I2258] within the RI framework
—here named MO-RI-SOS-LR-CC2 and MO-RI-SOS-ADC(2), respectively. Alternatively, a cubic
scaling implementation of SOS-EOM-CC2 within the THC approximation was proposed22 —
here named MO-THC-SOS-EOM-CC2. Such approximations extended the routine application of
these schemes to molecular systems with ~150 atoms and increased their popularity.
The application of LR-CC2 and ADC(2) to the thousand atoms region is achieved by exploiting
the locality of the electronic structure of systems with a significant HOMO-LUMO gapl!#49 a5
well as the locality of the electronic excitation. The description of the electronic structure of such
systems is often unphysical when the canonical molecular orbitals are used, i.e., these orbitals
are delocalized over the molecular systems, and the sparsity of the electronic structure is not
well represented. On the other hand, the use of localized orbitals such as local molecular orbitals
(LMOs) and projected atomic orbitalst*!*#4 (PAQOs) was first introduced for MP2 to decrease its
computational scaling since they account for the locality of the electronic structure. Later, these
orbitals have been used within CC2 and ADC(2) methods ¥ as well as natural orbitalst2727l
(NOs), natural transition orbitals®?l (NTOs), and correlated natural transition orbitals/®
(CNTOs) reducing their scaling behavior. The major drawback of these local approaches is
that they are often state-specific and hence the set of local orbitals needs to be recomputed for
each excited state — or even each iteration — and it may become a limiting factor for multi-state
calculations.2?9% As an alternative to both MOs and localized orbitals of the above kind, one can
rely on the sparsity of the ERIs expressed in terms of AOs and on the one-particle density matrix
that contains information about the electronic structure while properly reflecting its sparsity.
In fact, the density matrix decays rapidly with the size of systems characterized by a local
electronic structure and hence it contains a linearly growing number of significant — non-zero —
elements in the asymptotic limit.[1440

The aim of the present work is the development of efficient and linear scaling algorithms
for the evaluation of molecular energies and properties at the LR-CC2 and ADC(2) level of
theory, by reformulating their equations in terms of Cholesky decomposed one-particle density
(CDD) matrices and avoiding any kind of localization or integral-screening technique. In order
to exploit the sparsity of the tensors, we implemented fast block-sparse linear algebra routines
which greatly reduce the number of operations as well as the storage demands for systems with



a significant HOMO-LUMO gap (see Sec. and local excitations. In addition, we aim to
develop efficient algorithms that show linear computational behavior and an early crossover with
the existing MO-based implementations. Note that the crossover point indicates the system size
beyond which a certain method is faster than another one, and it depends both on the prefactors
and the scaling of the compared methods. In Chapter 2, we set the theoretical foundations of the
methods that account for the correlated motion of the electrons in the ground state. In Chapter
3, we discuss the linear response coupled cluster (LR-CC) theory and algebraic diagrammatic
construction (ADC) scheme that extends the CC and MPPT methods to the description of excited
states. In Chapter 4, a description of the integral decomposition techniques and an outline of
the sparse linear algebra routines are provided. The last two chapters constitute the main part of
this cumulative dissertation. Chapter 5 reproduces Publication I-III in their entirety, while the
unfinished projects are discussed in Chapter 6.

Publication I (in Chapter 5) focuses on reformulating in the AO basis the problem for the
scaled opposite-spin CC2 ground state energy within the RI approximation (RI-SOS-CC2) to
extend its applicability to molecules with several hundreds of atoms and large basis sets. We
exploit sparse linear algebra and, for the first time, a local RI Coulomb metric to achieve an
asymptotic sub-quadratic computational and storage scaling with the size of the system. The
three-index electron integrals obtained via RI decomposition are treated by our sparse algebra
routines and the number of significant elements grows linearly with the size of systems with
sparse electronic structure. Despite the &'(N) behavior of the three-index integrals, the I/0 of
these tensors eventually becomes an important bottleneck in our local reformulation and hence a
Lagrangian-based minimal-overhead batching scheme!©!! is introduced to alleviate the I/O cost.
In addition, we introduce the Cholesky decomposed density matrices®2°4 (CDD), significantly
reducing the memory requirements of the method on a single node as well as the computational
effort. Hence, an early crossover with the MO-based formulation is achieved. The resulting
®-CDD-RI-SOS-CC2 method proved to be as accurate as the MO-based implementation for
small- to medium-size systems while it shows a linear scaling growth in the error for larger
systems with sparse electronic structures. Both performance and accuracy are controlled by
the sparsity thresholds used within our sparse linear algebra and set by the user (see Sec. 4.3).
The importance of the results achieved in this work relies on the possibility of extending such
local reformulation to the equations for the RI-SOS-LR-CC2 and RI-SOS-ADC(2) excited states
energies as well as their properties. Furthermore, we showed the efficiency and accuracy of
our sparse linear algebra routines that do not present negative effects on the convergence of the
iterative optimization of the CC2 amplitudes. Notice that the algorithms discussed in Publication
I are implemented in the FERMIONS++93-87] program.

Publication II (in Chapter 5) provides a local reformulation of the scaled opposite-spin second-
order algebraic diagrammatic construction SOS-ADC(2) scheme within the RI approximation,
for singlet and triplet states. The equations of the RI-SOS-ADC(2) problem are derived from
RI-SOS-LR-CC2 in order to reduce the size of the RI-SOS-ADC(2) secular matrix22! and hence
the computational effort with respect to the more rigorous intermediate state representation (ISR)-
RI-SOS-ADC(2) matrix. The reformulation strategy proposed in Publication I is used to rewrite
the MO-based equations — for both singlet and triplet excitation energies — in terms of Cholesky
decomposed density matrices (CDD). By exploiting the sparsity of the electronic structure and,
additionally, the locality of the electronic excitation, the new CDD-RI-SOS-ADC(2) implemen-
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tation shows a ¢(N?) computational scaling behavior when the standard RI Coulomb metric
is used. As in Publication I, we take advantage of a local RI Coulomb metric to increase the
sparsity within the three-index integrals and further decrease the effort and the memory demands
to asymptotically linear — for local excitations and sparse electronic structures. The linear scaling
implementation — @-CDD-RI-SOS-ADC(2) — is applied to both linear and three-dimensional
systems in order to test its behavior and accuracy. Furthermore, we propose a CDD-RI-SOS-
ADC(2) implementation based on the so-called quasi-robust®®! RI approximation which provides
a sparse RI metric while retaining the accuracy of the standard (and dense) Coulomb metric.
The presented @-CDD-RI-SOS-ADC(2) method is implemented in a developmental quantum
chemistry package called MEGALOCHEM of M. Ambroise, which is open source and available
athttps://github.com/ambmax00/megalochem.

Publication III (in Chapter 5) presents a highly efficient and low-scaling reformulation of the
SOS-CC2 and SOS-ADC(2) equations — for singlet and triplet states — where the ERIs are
decomposed via least-squares (LS)-THC. Furthermore, a density-based integral-direct approach
for the formation of LS-THC fitting metric is presented. The density-based reformulation allows
the use of existing codes for Coulomb matrix builds facilitating the implementation of LS-THC
in quantum chemistry packages since only the ability to evaluate basis functions on a real-space
DFT-like grid is required. In addition, an optimized kernel for the calculation of the THC metric
improves the efficiency of the THC fitting step. Notice that, in order to obtain chemically accurate
results, different THC-fitting matrices are computed for different kinds of ERIs.

The use of tensor hypercontraction vastly scales down both the memory demands and computa-
tional cost of these methods because the ERIs are decomposed into two-index tensors (matrices).
Contrary to the RI-approximated formulations, the computational scaling of SOS-ADC(2) and
SOS-CC2 is reduced to cubic by introducing the THC decomposition. In order to further extend
the applicability of MO-THC-SOS-LR-CC2 and MO-THC-SOS-ADC(2), we reformulated the
equations for the ground and excited state energies by introducing the Cholesky decomposed
density matrices (CDD), as previously proposed in Publications I-II and made use of our sparse
linear algebra routines. The computational effort to evaluate the excitation energies with the newly
derived CDD-THC-SOS-ADC(2) and CDD-THC-SOS-LR-CC2 formulations scales as &'(N?)
for systems with local electronic structure and local excitations. On the other hand, the solution
of the ground state equations — i.e., SOS-MP2 and SOS-CC2 energies — shows a sub-cubic
computational scaling behavior for the studied systems. The CDD-THC-SOS-ADC(2) model
is applied to linear and three-dimensional systems (e.g., LCAs and DNA fragments) in order to
assess its accuracy and performance. The algorithms and equation presented in Publication ITI
are implemented in the FERMIONS++97] program.

Finally, in Chapter 6 we provide an improved linear scaling algorithm for the evaluation of the
RI-SOS-ADC(2) and RI-SOS-LR-CC2 excitation energies (see Sec. . In addition, in Section
[6.2) we propose a low-scaling reformulation, based on the Cholesky decomposed ground state
density matrices (CDD), of the equations for the formation of the one-particle reduced density
matrices and transition density matrices for SOS-MP2 and SOS-ADC(2) by using either the RI
and THC decomposition of the ERIs.


https://github.com/ambmax00/megalochem

2 Electronic Structure Methods for the
Ground State

The movement of electrons and nuclei in molecules is described by the time-dependent Schrodinger
equation!!)

(), (Ra)ot) = i S W({x), (Ra).) @

where & is Planck’s constant and W is the molecular wave function depending on the coordinates
(including spin) of all electrons x; and the coordinates of all nuclei R4, and the time ¢. The
Hamilton operator H

I'AI = Tn+fé+vnn+ven+vee (2-2)

describes the movements and interactions of all particles as the kinetic energy of the nuclei 7}, and
the electrons 7., the Coulomb repulsion between nuclei V., and between electrons V.., as well as
the Coulomb attraction between electrons and nuclei V,,. The stationary solutions of eq.
can be separated into a time-independent wave function and a time-dependent phase-factor

W({xi}, {Ra}ot) = ({xi}, {Ra})e T H (2.3)

where the wave function W({x;},{Ra}) solves the time-independent Schrodinger equation: /!

W({xi}, {Ra}) = E¥({xi}, {Ra}) 24)

with E being the constant energy of the state described by ({x,} {Ra}). The exact solution of
eq. (2.4) is precluded by the two-particle operators Vyy,, Ven, and Ve, in the Hamiltonian A.

Since the nuclei are much heavier than electrons and therefore move significantly slower, one can
consider the electrons in a molecule to be moving in a field of fixed nuclei (Born-Oppenheimer
approximation).l2l Within this approximation, 7 and Vj, are considered constants, and the
remaining terms of the Hamilton operator result in the electronic Hamilton operator H.. The
Schrodinger equation in the Born-Oppenheimer approximation

HY.({x;}) = E.¥.({x;}) (2.5)

is solved by the electronic wave function W, that depends explicitly on the electronic coordinates
and only parametrically on the position of the nuclei. The total energy of the system is the sum
of E, and the nuclear-nuclear repulsion energy V,,. Despite the complexity of eq. (2.4) being
reduced within the Born-Oppenheimer approximation, its solution quickly becomes unfeasible
to be handled computationally because of the electron-electron repulsion term V,,. Therefore,
additional approximations are required to efficiently determine the electronic energy.
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2.1 Hartree-Fock Approximation

The simplest way to handle the many-electron problem is to consider a system of non-interacting
electrons (independent particle model, IPM) whose Hamiltonian is given by a sum of effective
one-electron operators and hence is described by a wave function that is a simple anti-symmetrized
product of one-electron wave functions (molecular orbitals, MO) ¢;(x;), the so-called Slater

determinant:[©?]

®p = [HF) = —— det ¢: T = e 2.6)

1 (xn)  92(x) oo Oulxn)

where 7 is the number of electrons, ¢; the spin-orbital i, and x; the space-spin coordinates of
electron j. It is easily shown that the Slater determinant wave function satisfies the Pauli principle
(antisymmetry principle), which a Fermionic wave function has to satisfy: 7V

WX, Xiyo oy Xy ooy Xn) = —We (X1, X)) Xiy oo X)), 2.7

Solving the electronic Schrédinger equation — in eq. (2.5) — for |HF) results in the Hartree-Fock
(HF) method. According to the Slater-Condon rules,”!] the expectation value of the electronic
Hamiltonian yields the Hartree-Fock ground state energy

N()(.(. U(_(_ NO(.(. (J(.(.

Exnr = (HF|He|HF) = ) (ilhli) + > Z (ijllify = Y. (ilali)+ 5 Z @iy @8

i ij i

where Ny is the number of occupied orbitals. The one-electron integrals
(lhl) = (i) = [ a0 )i o) @9)
N,

~ atoms ZA
=Ly A 2.10
Vit Lo (2.10)

and the two-electron integrals are given in both Dirac notation

(ijlij) /dxldxwl X1)¢l(x1)| ‘d),(xz)%(xz) (2.11)
(ijllij) = (ijlij) — (ijlji) (2.12)
(2.13)

and Mulliken notation
(ijlij) = (il jj) @ill ) = (il jj) = (ij1j0) (2.14)
Minimizing eq. (2.8) with respect to the one-particle functions (the MOs) according to the

variational principle and ensuring the MO orthonormality leads - after unitary transformation - to
the canonical HF equations!/!)

Foi = & (2.15)
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Since the Fock operator
NOCC
F=h+) [/ (2.16)
J

depends on the molecular orbitals through the Coulomb operator

R 1
Jji(x1) = /dxz(bi(xl)aq);(xZ)ﬁbj(xl) (2.17)
and the exchange operator
N : 1
Rydi(on) = [ dnag;(v) =4 (x2)61(x2) 2.18)

the HF equations must be solved iteratively by employing the self-consistent field (SCF) method.

2.1.1 Roothaan-Hall equations

The molecular orbitals can be expanded in a fixed, finite set of atom-centered basis functions yxy
(atomic orbitals, AOs) in the linear combination of atomic orbital (LCAO) ansatz

¢i(r) =Y Cvixv, (2.19)

employing the linear expansion coefficients Cy;. Inserting this ansatz into and projecting

onto one trial orbital x, leads to the Roothaan-Hall equations!’!
Yl o) Coi = Y (tul v ) it (2.20)
\% \4

which represents a non-orthogonal matrix eigenvalue problem
FC =SCe (2.21)

where S is the overlap metric, C are the molecular orbital coefficients and the diagonal matrix €
contains the orbital energies. The Fock matrix is given by

1
Fav = huv + ¥ Pro | (4A]v0) = S {uAlov) (222)
uv

with the matrix P being the matrix representation of the one-particle density (or Fock-Dirac
density) in the given AO basis.

Pyy = ZC“,-CV,- (2.23)

The HF energy is computed as
1
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with the matrix H representing the core Hamiltonian. The formal scaling behavior with the
number of basis functions N of the HF method is ¢’(N*) due to the computation of the Coulomb
matrix J and K:

1
Iyo =L Pao(uviio) = ¥ Pio [[ dndrasr)a(n) —zi(m)a(m)  225)
Ao Ao

1
Kuw = L Pao(uolva) = ¥ Pi [[ dndnas(r)ze(n) ——i(mav(n)  @26)
Ao Ao

The use of direct SCF methods!”3! and the introduction of integral screening techniques allow
to form the Fock matrix with a computational effort scaling asymptotically as ¢’(N?). Further
reduction to &'(N)!*! is possible by fast multiple methods!”*7/} and exploiting the coupling with
the one-particle density matrix P82 for systems with significant HOMO-LUMO gap.#40% The
diagonalization of the Fock matrix scales with the system size and hence different diagonalization
alternatives exist, achieving asymptotic linear scaling for very large systems. 8983l

2.2 Electron-Correlation Methods

The HF energy accounts only for ~ 99% of the non-relativistic energy. The error results from the
use of a single determinantal wave function describing the spatial distribution of the electrons by
a set of orbitals. In other words, the motions of two electrons are not correlated as the probability
of finding electron 2 at r, does not depend on the position r; of electron one. Although the
antisymmetry of the Slater determinant introduces a partial correlation between electrons with
parallel spins, the Coulomb interaction between two electrons is accounted for in an average
fashion. The missing ~ 1% energy is important to describe chemical properties accurately and is
defined as correlation energy, i.e., the difference between the exact non-relativistic energy Eex
and the HF energy:

Ecorr = Eex — EnF (227)

It is important to stress that the correlation energy is an artificial concept originating from the
independent particle approximation. In order to determine the correlation energy, the description
of the Coulomb repulsion between two electrons (Coulomb correlation) must be improved. Notice
that the electron correlation associated with the Pauli principle is called the Fermi correlation and
is already included in the HF reference and therefore is excluded by the definition of eq. (2.27).
In addition, one can distinguish between dynamic and static correlation. The dynamic correla-
tion is generally associated with the correlated motion of electrons due to their "instantaneous
repulsion”. The static correlation is associated with the electrons avoiding each other as they
occupy different spatial orbitals. The second one becomes important when multiple and nearly
degenerate configurations contribute to the wave function. The conceptually simplest method
to recover the correlation energy is the well-known Configuration Interaction (CI), where the
N-electron Hamiltonian is diagonalized in a basis of all possible Slater determinants (configura-
tions) generated from the one-electron functions obtained as solution of the HF problem. That is
the exact wave function is expressed as a linear combination of N-electron Slater determinants
Prer = co®o+ Y cf D + Y D+ Y e+ (2.28)

J
ia ijab ijkabc
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Exact Solution

AY = F¥

CCSDT  O(N?®)

cc3 O(N7)
CCSD(T) O(N7)
CCSD  O(NS)
cc2 O(N®)
MP2 O(N%)
HF O(N®)

Figure 2.1: Hierarchy of correlation methods.

whose expansion coefficients ¢ are variationally determined. The single (®{), double (CID?;’),

triple (CID?;jf ), etc. excited determinants describe the electronic configurations generated by the
instantaneous repulsion of the electrons. If all possible excited determinants are considered, this
full configuration-interaction (FCI) ansatz represents the correlated wave function exactly. The
correlation energy is given by

Efst =YY ¢ (Pup|HPY) (2.29)

i>ja>b

where the coefficients c?f’ are obtained as a solution of equations involving the contributions from
all excited state determinants that interact with the doubly excited state.

The prohibitive computational effort to form cl‘-‘;’ makes the evaluation of the correlation energy
(i.e., the description of the electron correlation) challenging, and hence a hierarchy of methods
has been developed to approximate eq. (2.29) — see Figure 2.1] These methods like truncated
CI, many-body perturbation theory (MBPT), and coupled cluster theory (CC) are usually known
as post-HF methods as they improve the description of the electronic repulsion provided by the
uncorrelated HF reference wave function. Due to the steep scaling and the lack of size consistency
in the truncated CI approximations, these have fallen out of favor.!’l

2.3 Second Quantization

The formalism of second quantization®®#¢l simply rewrites the Schrodinger equation in terms
of elementary creation d;f, and annihilation 4, operators. The antisymmetry of the electronic wave
function follows from the algebra of these operators.
In second quantization, each determinant is represented by an occupation-number (ON) vector
K),

k) = |ki,ka, ... kn) (2.30)
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where the occupation number k; is 1, if ¢; is present in the determinant (occupied) and O if it
is absent (unoccupied). The creation and annihilation operators raise and lower the respective
occupation number by one and satisfy the following anticommutation rules:]

[ajﬂagh _ [&p,aqL —0 2.31)
it 6| =ata,+a.4 =8 232
a,,dq . apaq+aqa, g (2.32)

with 8, denoting the Kronecker delta. Using egs. (2.31) and (2.32) and introducing the vacuum
state, it can be shown that the antisymmetry property of the wave function has been transferred to
the algebraic properties of the creation and annihilation operators:

|ki,kj) = ala}|vac) = —ala]|vac) = —|k;, k;) (2.33)

In addition, the creation and annihilation operators are used to rewrite the electronic Hamilton
operator
A, =Y hpdha, +% Y. gparsdhaldgdy (2.34)
pq pars
where the first term is the one-electron operator, and the second is the two-electron operator.
From now on, the second quantization formalism will be employed.

2.4 Coupled Cluster Theory

The coupled-cluster (CC) theory represents the most successful way to approach the exact solution
to the electronic Schrodinger equation. It is a size-consistent and size-extensive approach that
recovers a large part of the correlation energy. However, it requires a suitable single-determinant
wave function (e.g., the HF wave function) as a reference and yields poor results, for truncated CC,
when applied to systems with nearly degenerate (or degenerate) electronic configurations. Thus,
the application of the CC approximation is best suited for describing the dynamic correlation,
rather than the static correlation.!

2.4.1 Pair Clusters

As an improvement to the HF wave function, one may consider that the motion of two interacting
electrons — occupying the orbitals ¢; and ¢; — is disturbed by their instantaneous repulsion
which leads to the excitation of the electrons to a different set of orbitals ¢, and ¢, initially
unoccupied. With each excitation, we associate an amplitude tf’jb , representing the probability that
this particular excitation will occur as a result of interactions among the electrons. This excitation
process is mathematically described by the so-called pair cluster expansion:

(2.35)
where f[.“jb is the operator describing the "correlation process" of two electrons occupying the

orbitals ¢; and ¢;
fa,aa; (2.36)
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Assuming a Hartree-Fock reference state and introducing cluster expansions for all pairs of
occupied orbitals, we arrive at the following expression for the wave function:®!

\CCD):[ I1 (1+zg.bff.b)}\HF) 2.37)

J
a>b,i>j

This approximation is also known as coupled cluster doubles (CCD) wave function, in which
only double excitations are allowed and the pair clusters interact with each other.

2.4.2 The Coupled Cluster wave function

The pair clusters dominate the description of the correlated motion of interacting electrons, since
at most two electrons (with opposite spins) may coincide in space and the correlated motion
is especially important for spatially close electrons. Nevertheless, an accurate treatment of the
correlation is achieved by considering clusters of all sizes. Thus, for the three-electron clusters,
we consider the interaction of three electrons resulting in the excitation of three electrons from
three occupied orbitals to three unoccupied ones. The amplitude associated with this process
is tf’ﬁf. In addition, one should allow one-electron processes that represent a relaxation of the
orbitals. A general expression for the coupled cluster wave function is given as:

ICC) = [H(Htu%ﬂ)] HF) = [HF) + ¥ 1) + ¥ taty|1v) (2.38)
u n p>v

where 1, is the excitation operator of unspecified excitation level u and #, is the associated
amplitude. It should be noted that in the CC wave function the excitation operator 1, not only
generates the determinant |t) but a large number of determinants in collaboration with the other
excitation operators (e.g., [LV)).

In general, high-order excited determinants (e.g., |4 V)) can be generated by an operator of the
same excitation level (e.g., T,v) and by a composite operator equivalent to the product of separate
excitations

with an overall amplitude equal to the sum of the individual amplitudes

where 1,y and 7,1, are named connected amplitudes and disconnected amplitudes, respectively. It
follows that a CC wave function — generated, for example, by all possible single- and double-
excitation operators — contains contributions from all determinants entering the FCI wave function.

The exponential ansatz

The coupled cluster wave function can be expressed as the exponential of an operator acting on
the Hartree-Fock determinant

ICC) = ¢ |HF) (2.41)
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known as the exponential ansatz, where the cluster operator is a linear combination of excitation
operators multiplied by the associated (connected) cluster amplitudes: (]

T=Y .ty (2.42)
u

The excitations are included in eq. (2.42)) by partitioning the cluster operator into classes com-
prising all single (one-electron) excitations, all double (two-electron) excitations, all triple
(three-electron) excitations, and so on. We may then write the cluster operator as

T=T+T+T+ - +1y (243)

where N is the number of electrons and

Zt“ ata; =Y 14 (2.44)
ai
=Y Yialaaa =Y Y rhtd = Z 12 (2.45)
a>bi>j a>bi>j abz]

The Coupled Cluster hierarchy

Truncating the cluster operator to include only excitations up to a certain level yields a hierarchy
of CC methods named CCSD,”! CCSDTUYM etc. The excitation processes that contribute at
each excitation level i are:

N .1
el =147 -|-§T12+... (2.46)
- A DA
P =14 T+ (B S T7) +.. (2.47)
A a IS A SN DA
ATt Ts 4 fy +(T2+§T12) +(T3+TIT2+8T13) +... (2.48)

Thus, triple configurations for example are generated by three mechanisms: 73 + 77 75 + %Tﬁ.
The advantages of the cluster parametrization are apparent upon truncation because even at
the truncated level, the CC wave function contains contributions from all determinants in the
FCI wave function, with weights obtained from the different excitation processes leading to the
determinants.

2.4.3 The projected Coupled Cluster Schrodinger equations

The truncated CC wave function satisfies the Schrodinger equation projected onto the Hartree-
Fock state and onto the excited determinants (u| = <HF|’L';1 that enter the coupled cluster wave
function with connected amplitudes

(HF|AT|HF) = E (2.49)
(u|ATHF) =0 (2.50)
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where the so-called similarity-transformed Hamiltonian is equal to:
AT =e TRt 2.51)
The electronic energy in eq. (2.49) can be written as
o IO BN N PO A
Ecc = (HF|H(1+T + 5T2 +...)[HF) = (HF|A (1 +T> + 5TE) |HF) (2.52)

after expanding the exponential ansatz.!*! Notice that cluster operators higher than doubles do
not contribute to the energy since the H is a two-particle operator. In addition, the one-particle
operators contribute only to second-order, because of the Brillouin theorem. As a result, the
coupled cluster energy is no higher than quadratic in the cluster amplitudes — irrespective of the
truncation level. Of course, the higher-order excitations contribute indirectly since all amplitudes
are coupled by the projected equations.
The CC connected amplitudes are computed by iteratively solving eq. (2.50) for a set of excitation
manifolds u. Using the Baker—Campbell-Hausdorff (BCH) formula, we can rewrite eq. (2.51) as
e TS = A (74 ST 7+ ((8,7) 7). 74 o (8,7 7). 7.7] @59
Thus, the projected equations yield at most quartic equations in the cluster amplitudes, with the
BCH expansions terminating because of the special structure of the cluster operators. Introducing
the so-called T1-similarity transformed Hamilton operator!®®!

b =cTigeh (2.54)

which does not affect the particle rank of the Hamiltonian, the expressions for the CCSD
amplitudes are:

0= (u|A + [H,T5] | HF) (2.55)
2 2 A 1 2 A A

It is clear from eq. and eq. that the solution of the CCSD projected equations is
complicated. In fact, the computational effort required to solve these equations formally scales as
NS. In particular, the last two terms from eq. scale as NS, while the other terms required
for the solution of eq. (2.55) and eq. (2.56) scale as the fifth or lower powers of the system size.
In addition, the memory and disk storage demands on the computing machines represent an
important bottleneck. In order to overcome such bottlenecks and widen the application of CCSD,
approximations have been proposed. Integral-direct implementations of CCSD avoid the storage
of integrals in the atomic orbital (AO) basis by recomputing them when needed, thus reducing the
storage bottleneck.[®%% Tn addition, tensor decomposition techniques reduced the computational
effort as well as the memory demands — e.g. the tensor hypercontraction which also reduces the
scaling by two orders.®Y) As discussed in Sec. the complexity of the CC equations can be
reduced by exploiting the perturbation theory approach to approximate the highest-rank excitation
amplitudes while retaining part of the correlation in the energy.
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2.5 Second-Order Mgller-Plesset Perturbation Theory: MP2

Perturbation theory!!3l (PT) represents a different way to systematically approach the exact wave
function. Contrary to CC and CI theories, it is based on the idea that the exact solution differs
only slightly from a previously solved problem for a simpler, related system. In Mgller-Plesset
perturbation theory (MPPT),#2] the Hamilton operator is partitioned as:

H=Hy+® (2.57)
where Hj is the zero-order Hamiltonian with known eigensolutions E© |‘P > and

d=H—-H, (2.58)
is the perturbation. Since the zero-order Hamiltonian of MPPT is the Fock operator

Hy=f=Y eala, (2.59)

the zero-order wave function corresponds to the Hartree-Fock wave function |[HF) and the
perturbation operator takes the form:

d=H—f (2.60)
Notice that the Hartree-Fock wave function satisfies the zero-order Schrodinger equation

fIHE) = Y &[HF) = Eypo[HF) 2.61)

and that the zero-order MPPT energy is equal to the sum of orbital energies. In order to calculate
higher-order corrections in MPPT, one must expand the wave function |¥) and the energy E in
orders of the perturbations n and collect terms to order n in the perturbation — choosing |¥) to
fulfill intermediate normalization.®™!2l Note that the wave function to order (n — 1) determines
the energy to order n, and the exact energy is recovered by summing all energy corrections. The
first-order correction to the energy is

1 A N
EY) = (#0)d|90) = (HF|d|HF) (2.62)
Thus, the HF energy is equal to the sum of the zero- and first-order Mgller-Plesset energies:
Eur = EG)+EU) (2.63)
For a first estimate of the electron correlation energy, we consider the MP2 energy
EX = w09y = (HF|AT" |HF) = (HF|[A, 1" ]|HF) (2.64)

where the |‘P(1)> wave function is expressed as generated by the application of an operator to the
HF state:

|lP<‘)> =17, |HF) (2.65)
ab\V) st A At A
Ztuzfuz = Z Zt,jb] aZaiaZaj (2.66)
a>bi>j
) _ (polH[HE) (HF|[a,d,:aj, ”HF> (2.67)

Y Eu, & — &+ & —
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Notice that the total energy at the MP2 level of theory is equal to
Emp2 = Enr + Eﬁ% (2.68)
and the wave function corrected up to first-order is:
IMP1) = (1+7,")|HF) (2.69)

Contrary to the CI energy, which is determined variationally and therefore has a lower bound, the
same is not true for MP theory. Also, it does not converge monotonically towards the correct limit
with increasing order of perturbation: #2122l due to the irregular convergence behavior of MPPT,
higher-order corrections like MP3 or MP4 have fallen out of favor in recent years. Moreover, the
requirement of the single-determinant HF wave function being a suitable starting guess makes
MPPT, as CC theory, ill-suited to describe static correlation effects.

2.5.1 Explicit expressions for the closed-shell MP2 energy

To calculate the energy to second-order, we must determine the singlet wave function to first-order,
introducing the doubles cluster operator in the singlet spin symmetry

L1

CEED) 1 E4iEp (2.70)

aibj
where E,; is the singlet excitation operator and tl.“jb = tj?i“. Insertion of eq. 1i in equation
eq. (2.64) leads to the closed-shell formula for MP2 energy
2 s
Exp = Y (260 — 130 ) ial ) 2.71)
aibj

where the closed-shell first-order doubles amplitudes are equal to:

i
160 = __ (ailb)) 2.72)
Ea—E&+E—E
The MO-based electron-repulsion integrals are formed as
(pq|rs) = 8pqrs = Z CupCvgCorCis (uviol) (2.73)

uvoi

where 1, Vv, 0, A are the indices for the AO orbitals and C are the solutions to the Roothaan-Hall
equations. The solution of the MP2 problem formally scales as N° with the system size, due to
the formation of the MO-based four-index integrals in eq. (2.72). The formation of the amplitudes
and the calculation of the energy formally scale as N*, as well as the memory demands. In order
to extend the application of MP2 to large molecules, several reduced-scaling approaches have
been proposed based on, e.g., the use of localized molecular orbitals (LMOs)#1#403790] o atomic
orbitals (AOs).P77191 With the help of a Laplace transform3#32537) for decomposing the orbital
energy denominator in eq. (2.72), and in combination with integral screening approaches or sparse
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linear algebra, the scaling behavior of AO-MP2 can be reduced to linear in the asymptotic limit.
In addition, the RI-CDD-MP2 method!!%21%3 fyrther increases the efficiency of AO-MP2 by
using the resolution of the identity (RI) approximation (see Sec. 4.1)) and Cholesky decomposed
pseudo-density matrices. (0319371901 More recently, the RI-CDD-MP2 has been improved further
by introducing a local attenuated Coulomb metric!!%71% for the RI and by efficiently exploiting
the resulting additional sparsity in the three-index integrals (see Sec. [4.I). Furthermore, the
tensor hypercontraction (THC, see Sec. [4.2) — has been employed to efficiently reduce both
computational effort and scaling of the MP2 method. A4

In the past decades, variations of the conventional MP2 theory have been proposed. In spin-
component scaled MP2 (SCS-MP2) from Grimme, 2] the Coulomb and exchange type contri-
butions to the MP2 energy are scaled using different constant factors, which has been shown to
further improve the accuracy. In the related scaled opposite-spin MP2 (SOS-MP2) from Jung et
al.,>3 the computationally demanding exchange contributions can be neglected entirely without
degrading the accuracy of MP2. The THC approximation has been applied to SCS-MP2 and
SOS-MP2 as well BIIITIATI6]

2.6 Coupled Cluster Perturbation Theory

Contrary to MP perturbation theory, we assume an exponential parametrization for the perturbed
wave function R

|CC) = ¢’ [HF) (2.74)
where T is the cluster operator defined as in eq. ( - The Hamilton operator is again separated
into the zero-order Fock operator f and first-order fluctuation potential &

AH=f+d& (2.75)

The zero-order wave functions are the HF determinant, |HF), and the excited determinants, |i).
We expand the full CC wave function, the CC electronic energy in eq. (2.49), and the amplitude
equation in eq. (2.50) in orders of the fluctuation potential, generating in this way expressions
that are equivalent to those of MPPT. The general expression for the amplitudes and the energy
correction within CCPT are:

utyl’ = —(u|[®"]"HF) 276)
E™ = (HF|[&"]")HF) (2.77)

where [@T] (") contains the nth-order part of the similarity-transformed fluctuation potential. Since
the fluctuation potential contains no terms to zero order:

1V =0 (2.78)

To third order in the perturbation, eq. becomes
gutl)) = —(u|d|HF) (2.79)
%#¥>ﬂMA“WME (280

euty) = —(u|[®,7 1mm—4mu 7], 7] HE) (2.81)
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and the CCPT energies are given by

EO = E, (2.82)
E") = (HF|®|HF) (2.83)
E® = (HF|[®, V] HF) (2.84)
E® = (HF|[®, 7\”]|HF) (2.85)

The CC wave function can be calculated to any order according to the expression
@) = ("] |HF) (2.86)

Expanding the exponential and collecting terms to the same order in the fluctuation potential, the
perturbed CC wave functions are, up to third order:

’1p(0)> = [HF) (2.87)

vy = 7(V|HF) (2.88)
N DA

|\p(2)> - (T(Z) + ET(I)T(I))\HF) (2.89)

w0y = (70) 4 770 4 L0070 Ry (2.90)

After some manipulation of the previous equations for the energy and the amplitudes, we would
demonstrate that, for the CCSD approximation, the singles and doubles amplitudes are correct
to second-order in the fluctuation, while the wave function is correct to only to first-order.!*! In
addition, we conclude that the CCSD energy is correct to third-order in the fluctuation potential.

2.6.1 The approximate CCSD method: CC2

Perturbational approaches may also be used to obtain approximate hybrid coupled cluster meth-
ods. For example, we can simplify the equations for the CC amplitudes while retaining some
approximate description of the highest-rank excitations. Therefore, we may approximate the
doubles equations of CCSD to first-order in the fluctuation potential. The resulting method is
known as approximate coupled cluster singles and doubles (CC2),12! whose energy is correct to
second-order in the fluctuation potential. It is important to stress that the singles cluster operators
are treated as zero-order operators, thus ensuring that any large adjustments in the orbitals may
be incorporated into our perturbational treatment at any stage. This is important when properties
are considered and, in particular, for the treatment of time-dependent properties.10117]

As stated before, the CC2 equations are obtained from their CCSD counterpart by treating the
doubles equations to first order:

£ty = — (11| D[HF) — (1 |[, 5] [HF) (2.91)
Elty, = — (| ®|HF) (2.92)
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where we introduced the tilde notation for the T1-similarity transformed fluctuation potential. By
solving for the doubles, we can rewrite the CC2 equations as

ety = — (| DHF) — (11 |[®, 0] |HF) (2.93)

where we introduced the approximated doubles cluster operator:
0, =-Y &, (1| PHF) 1, (2.94)
Ha

Similarly, the CC2 wave function may be written as
ICC) = (T2 |HF) (2.95)

The CC2 wave function can be considered as intermediate in quality between those of MP2 and
CCSD theories. Most of the correlation energy is recovered at the MP2 and CC2 levels, which are
similar in quality and cost except that CC2 is iterative. Indeed, the attraction of the CC2 method
relative to MP2 lies not so much in the calculation of the energy as in the calculation of various
molecular properties.

2.6.2 Explicit expressions for the closed-shell CC2 method

As for MP2 theory, to formulate the CC2 equation in closed-shell expressions, we must introduce

the needed cluster operators in the singlet spin symmetry®
Ty =Y 1fE,i (2.96)
ai
.1
=3 ) 17 Eaibs (2.97)
aibj

where E,; is the singlet excitation operator and ti‘;-b = t;’l“ By inserting eq. li and eq. |i in
eq. (2.49), one obtains the following closed-shell expression for the CC2 energy:

1 . 1 .
Ecco = Epp + 3 ) t,.“zj? (HF|[[H,Ei], Ey,][HF) + Et"afb (HF|[H, E,Ep;]|HF)
aibj

= Enp + (012 + 1) [2(ia| jb) — (ib| ja)} = Eyr + (617 + 13 ) Liajv (2.98)

The singles and doubles amplitudes are required to compute the CC2 energy. As stated in Sec.
2.6.1] we can explicitly solve for the doubles and solve for the singles iteratively. The CC2
doubles amplitudes are computed from eq. (2.92)

ab __ (leb])

L = e e g
Ea—E+E—Ej

(2.99)

formed as in MP2, but we used the T1-similarity transformed two-electron integrals:#13]

(qurs) = Gpgrs = Z AﬂpAl‘l,qA%rA}is(‘uv\G?L) (2.100)
uvoi
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with p, g, r,s indicating general MO orbitals. The transformation matrices are given by

AP =C(1-t)) (2.101)
AM=C(1+t)) (2.102)
and the matrix for the singles is:
0 0

t = <fla O) (2.103)

The right hand side of eq. (2.93), is solved as:
Qui = (|H + [H, B]HF) = Y uif Gacka — Y uff Guite + Y Fre + Fui (2.104)

ckd ckl ck

where u?;’ = 2ti“jb - t;?,.b and F is the T1-similarity transformed inactive Fock matrix:

Fyq = hpg + Y [2(pdlj) — (pilia)] (2.103)
J

The overall formal computational scaling behavior of CC2 is N°. On the other hand, the memory
demands formally scale N* with the system size.!'>) Both RI and THC approximations have
been used to improve the efficiency of CC2.2332 n addition, SCS-CC2, and SOS-CC2
approximations have been proposed,P31811201 with a formal N* computational scaling for the
opposite-spin contributions. Alternatively, as for MP2, several local approaches have been
implemented to further reduce the scaling behavior of CC2 methods,#04#7525301601 211122

In Publication I, we reformulated the SOS-CC2 method, within the resolution of the identity
framework (RI), into the AO basis and expressed its equations in terms of ground state one-
particle density matrices. For systems with a significant HOMO-LUMO gap, it was possible
to take advantage of the sparsity of both the electron integrals and density matrices! 40 via
block-sparse linear algebra and hence reduce the computational scaling behavior to &'(N?).
Moreover, we employed an attenuated RI Coulomb metric which increased the sparsity of the
three-index integrals, resulting in an effective asymptotic sub-quadratic computational scaling.
As for RI-CDD-MP2, the Cholesky decomposition of density matrices!®3%1%4 improved the
efficiency of the method — accordingly named CDD-RI-SOS-CC2 — both computationally and
memory-wise. In Publication III, we decomposed the four-index electron integrrals using the
tensor hypercontraction (THC) approximation directly reducing the computational scaling of the
method and providing a considerable diminution of both the computational effort (the prefactor)
and memory demands. As previously proposed by Hohenstein e al.? the cost for solving the
MO-based SOS-CC2 equations scales cubically with the system size and only two-index tensors
are stored reducing the memory demands scaling behavior to quadratic. In addition, we derived
a low-scaling formulation of the THC-SOS-CC2 method in terms of Cholesky decomposed
densities, 024104 45 in Publication I, and hence proposed an efficient CDD-THC-SOS-CC2
method showing a sub-cubic scaling behavior in the asymptotic limit and for systems with a
significant HOMO-LUMO gap. Note that the methods presented in Publication I and Publication
III are implemented in FERMIONS ++ 163671






3 Electronic Structure Methods for the
Excited States

A quantum system is said to be in an excited state if that state is at a higher energy level than the
ground state, for example by absorption of one or more photons. Excited states display chemical
and structural properties usually different than the ground state. Moreover, the system in an
excited state will eventually decay back to the ground state via several different mechanisms. 123!
In order to describe the properties of excited states, as well as the various decay mechanisms, a
plethora of methods have been developed, each with its strengths and weaknesses. This chap-
ter will only treat the coupled cluster (CC) and algebraic diagrammatic construction (ADC)
methods, 1 which are single-reference methods, with a focus on the approximate second-order
truncations.

As discussed in Sec. @], the correlated CI methods, except full CI, are not size-consistent.
Similarly to the ground state correlation energy, excitation energies, transition moments, and
excited state properties are also not size-consistent.*! However, the advantage of these methods
relies on the Hermiticity of the CI problem which allows for a straightforward computation of
excited state properties and transition moments. The CC-based excited state methods comprise
four related methods referred to as linear response coupled cluster (LR-CC),101717T245126]
equation-of-motion coupled cluster (EOM-CC),I27H311 symmetry-adapted cluster configuration
interaction (SAC-CI),l13271341 apd unitary coupled cluster (UCC), 35537 which yield identical
algebraic expressions for the excitation energies but differ in the calculation of properties.[*13¢l
All CC methods are non-Hermitian and thus lead to a dual wave function representation of the
excited states, corresponding to right and left eigenvectors of the CC Jacobian matrix. This means
that, for a rigorous calculation of excited state properties, both the right and left excited states are
required — i.e., the CC problem for excited states must be solved twice. Notice that the accuracy
of the properties is not affected by non-Hermiticity. In contrast to CC methods, the ADC secular
matrix is Hermitian and the ADC equations need to be solved only once. Hence, the computation
of excited states and of their properties is simpler than CC.

The LRCC and ADC methods are fully size-consistent, thus the excitation energies, ground
state transition moments and excited state properties are all size-consistent.!!3% For the remaining
CC methods, only the excitation energies are size-consistent.!!”] An additional advantage of
LR-CC and ADC over CI methods is their compactness, defined as the size of the configuration
space needed for a consistent perturbation-theoretical description of the singly excited states
to specific order .44 However, it should be specified that the ADC methods are the most
compact ones.
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As we consider approximations higher in the hierarchy, the biggest advantage of CC over ADC
methods is the improved description of the ground state. However, due to the higher compactness
of ADC, the scaling of the computational effort with the system size is more favorable for the
ADC schemes. For instance, both CC2 and ADC(2) methods show the same N° computational
scaling. However, the computational cost of the ADC(3) scheme scales as N® — as CCSD —, while
the CC3 method scales as N7 with the system size, 1261421441

Finally, the most remarkable advantage of ADC methods is the consistently high order of
perturbation-theoretical treatment of the excited state properties, which is always as high as the
one of the singly excited configurations.!1*]

3.1 Coupled Cluster Response Theory

The response function formalism offers a consistent approach for deriving expressions for the
physically observable quantities, based on the idea that if a system is known to be in the ground
state in the limit of vanishing perturbation (an adiabatically switched-on external field) we gain
knowledge of the unperturbed excited states by studying its time evolution. Information about the
excited states will be obtained from the response functions, only requiring the ground state wave
function to be determined.!OUIIAI24A120] Ty particular, the CC excitation energies are known to
be found at the poles of the CC linear response function, which occur at the poles of the firs-order
amplitude responses.!!2!128] In order to obtain the expressions for the CC amplitude responses,
the quasi-energy Lagrangian approach is used, starting from the time evolution of a CC state,
described by the time-dependent CC wave function

ICC(1)) = T D [HF)e®) = |CC)ee) 3.1)
where T'(¢) is the time-dependent cluster operator and &(¢) is a time-dependent phase.[l17126]
Notice that the reference wave function is fixed and not time-dependent, hence the following
approach is said to be "unrelaxed". The perturbation of the external field has the following form:

N

Vi)=Y Y ea(w))Ae ™" (3.2)
j=—N A

where the set {A} contains frequency-independent Hermitian operators and €4 (®;) is a strength
parameter.l174200 For finite N, the perturbation is T-periodic — V(¢ +T) = V() — and T is
the least common multiple of periods for the terms of V(¢).'1Y) By projection of the time-
dependent Schrodinger equation for |CC(z)) onto (HF| and (|, one determines the quasi-energy
Lagrangian: (67724 1%6)

L) = (HFVAICT) + Y (1) ele ™ (A1~ )|CC) (33)
ke

with H = Hy+ V (¢) as the perturbed Hamiltonian and t as the Lagrangian multipliers. Notice
that Hj is the time-independent Hamilton operator.



3.1 Coupled Cluster Response Theory 23

Introducing the time-averaged Lagrangian

1 to+T
{L(z)}T =7 [ Lo (3.4)

and expanding the quasi-energy Lagrangian, the CC amplitudes, and the CC multipliers in orders
of the time-dependent perturbation, we can obtain the expression for the CC response equations

by requiring the Lagrangian to be optimal with respect to variations!1221120]
S{L(t) }T —0 (3.5)
The zeroth-order amplitudes #, and multipliers 7, are given by:
(uele ™" AylcC) = 0 (3.6)
tOA=—n (3.7)

with the CC Jacobian matrix A and the vector 1] given by:

1y, = (HF|[Hy, %,,]|CC) (3.8)
_7O) A A
A, = (uile™ ™" [Ao, 3,))|CC) (3.9)

Notice that the zeroth-order equations for the amplitudes are equivalent to those discussed in the
previous Chapter, i.e., the ground state amplitudes. On the other hand, the first-order amplitude
response equations are obtained as:

(I — At = —&4 (3.10)
with )
&l = (wle TV A|cC) (3.11)

From eq. (3.10) it is seen that the excitation energies become the eigenvalues of the nonsymmetric
CC Jacobian matrix A, computed by solving either the left or the right eigenvalue problem:

AR = oR (3.12)
LA=Lw (3.13)

where the vectors are chosen to fulfill the biorthonormality condition
L'R' =gy, (3.14)

where [,J refer to excited states. Although the determination of the excitation energies only
requires the solution of either the left or the right eigenvectors, when we wish to determine other
properties, for example, one- or two-photon transition probabilities or excited-state properties,
we need both the left and the right eigenvectors. In addition, since the Jacobian is nonsymmetric,
it may have complex eigenvalues.
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3.1.1 Linear Response CC2

For approximate CC models, response functions are simply obtained by introducing the corre-
sponding approximated CC equations as constraints for the Lagrangian !'17120) Thys, consider-
ing a time-dependent one-electron perturbation, the CC2 quasi-energy Lagrangian can be written
as:

N+ o
T T IIF =1 T N+T(t
L(t) = (HF]He Heh{e ‘ +§ tul )(Mile” hi( 2U(H—l 3t> 1()+D(r ‘HF)

Hi
+Zt,,2 W a|[F + V(t)—i;,fz(t)]+(ci>+\7(t))\HF> (3.15)

In linear response CC2, the operator F is considered as the zeroth-order problem perturbated by
two distinct perturbations V (¢) and &. The singles amplitudes are, thus, treated as zeroth-order
parameters in the fluctuation potential & and first-order in the perturbation V(t). The doubles are
approximated to first order in the fluctuation potential and all terms are kept in V (z).113126] This
approach provides an alternative to explicit orbital relaxation due to the particular treatment of
the singles. If orbital relaxation is treated explicitly —i.e. when describing geometrical derivatives
— the Lagrangian needs to be modified to allow for this.[!20]

The response equations for the CC2 amplitudes have the form of eq. (3.10). As stated in the
previous section, only zeroth-order quantities are needed to compute the properties of excited
states. The excitation energies at the CC2 level are found by solving eq. (3.12), where the
Jacobian matrix is built as

qcc _ <<u1[ﬁo,fvd+nﬁo,fw1 7, |HF) <ul|[ﬁ{o,%vQ1|HF>> 516
HYi <N2| [H()? TVI] ’HF> <,u2][F, %Vz] ’HF>

Notice that we used the T1-similarity transformed Hamiltonian in eq. (3.16)). Since the singles
amplitudes are correct to second-order, the single-single block of the CC2 Jacobian is correct
to second-order. The coupling blocks in eq. are correct to first-order because the lowest-
order coupling to the singles is retained. At the end, singly-excited states are correct through
second-order. On the other hand, doubly-excited states are included in zeroth-order and the

double-double block contains only diagonal elements that are orbital energy differences. 121120l

3.2 Algebraic Diagrammatic Construction Theory

The algebraic diagrammatic construction (ADC) schemes originate from Green’s functions,
also known as propagators.[22140l The kind of propagator determines which property of the
system will be described. The one-electron propagator, for example, describes the time evolution
of one electron within an N-electron system. Accordingly, they are used to obtain ionization
potentials and electron affinities of a molecular system.!!*/1148] Finally, the polarization propagator
acts on the time-dependent ground-state wave function and propagates time-dependent density
fluctuations of the many-body system.!#’] The latter propagator can be expressed in the well-
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known spectral representation

(Wolaja,|Wr) (Wrlalas|Wo)
w—+Ey—E;

(Wolaias W) (Walata, o)
—w+Ey—E;

Mg rs(@) = Z
k0

)

k0

(3.17)

where ¥y is the ground-state wave function with energy Ey. The sum is carried out over all
electronically excited states |¥;) with total energy Ej. It is clear from eq. that the
polarization propagator carries information about the exact excited states of the many-electron
system. In fact, the poles are found at w, = Ej — Ey and the residues are the transition probabilities
of the corresponding excitation. Since both parts in the right-hand of eq. contain identical
physical information, it is sufficient to consider only one of them. The polarization propagator
can be written in the general algebraic form (ADC form):[22]

I(w)=f(0—M)"'f (3.18)

where the physical information of interest is obtained from the ADC matrix M, the shifted
Hamiltonian matrix, and the matrix f which corresponds to the effective transition moments. The
excitation energies are obtained as a solution to the following problem:

MX = X2 X'X=1 (3.19)

where (2 is the diagonal matrix of eigenvalues and X is the matrix of eigenvectors that gives
access to the spectroscopic amplitudes y according to:

y= X't (3.20)

The ADC procedure expands the perturbation-theoretical expressions for the polarization prop-
agator following the MP partitioning of the Hamiltonian, which then contains only approximate
information on the excited states.!?2l Following the ADC procedure, algebraic expressions are
derived by expanding the matrices M, f, and the propagator in orders of perturbation in the
fluctuation potential:

=19+ +1m® 4+ ... (3.21)
M=MO®+M®D +M®? + ... (3.22)
=10 ) ¢4 (3.23)

For ADC schemes derived from the polarization propagators, only transition energies and proper-
ties between the ground state and excited states are theoretically accessible.!2%l Thus, explicit
expressions for the excited state wave functions are elusive.

3.2.1 Intermediate State Representation

A simpler way of deriving the algebraic ADC expressions is through the so-called intermediate
state representation (ISR), 14048114 which does not require knowledge about propagators.
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The unknown set of exact excited states ¥, in eq. (3.17)) can be expanded in terms of a complete
set of intermediate states:

P, = Zxk,lil, (3.24)
J

The intermediate states are required to be orthonormal and orthogonal to the ground state. Thus,
starting from the correlated wave function |¥y), a correlated excited state basis {¥;} can be
generated by acting on it with excitation operators {C; } representing the excitation classes:

¥, =%, (3.25)

The definition of {C;} determines the kind of ADC scheme, i.e., whether a PP, IP, or EA scheme
is obtained:

{CPP = {alagalajavars... } (3.26)
(G} = {asaiaay... } (3.27)
{CyF = {alalaas... ) (3.28)

These correlated excited states {'¥;} are not orthogonal but can be successively orthogonalized
via Gram-Schmidt procedure yielding directly the orthogonal intermediate state basis {¥;}. The
ADC matrices M and f can be expressed by employing the IS basis as follows:

(M) = (¥|H - Eo|¥)) (3.29)
(F)1.pg = (P1|a}a,[Po) (3.30)

Thus, once the eigenvalue problem is solved by diagonalization, the excitation energies, IPs, or
EAs are known, and the ADC vectors of the excited states can be used to construct the explicit
wave function of the corresponding states via eq. (3.24). The eq. can be contracted with
the dipole operator to obtain transition dipole moments.!2%l In addition, the ISR framework
enables the computation of excited states properties because any one-particle operator O can be
represented in the intermediate states basis as

(0)y = (P1|0¥,) (3.31)

and the corresponding expectation value is evaluated by contraction with the ADC eigenvectors
according to:

(0)ij =Y Xu(0) Xy (3.32)
7

Choosing the nth-order MP ground state as a starting point for the derivation of the IS basis, one
arrives at the ADC(n) scheme for excitation energies and excited state properties.
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3.2.2 Second-Order Algebraic Diagrammatic Construction Theory: ADC(2)

The perturbation-theoretical expansion of ADC matrices is given as
MAPC) — K 4 ¢+ Cc® 4B 4 .. (3.33)

where K corresponds to the zeroth-order contributions, and CW to C™ are the first to nth-order
corrections. At zeroth-order, the ADC matrix is diagonal and the matrix elements are orbital
energy differences of the occupied and virtual molecular orbitals involved in the electronic
transition. The ADC matrix up to second-order comprises the singly excited states and doubly
excited states.!1*130 For the well-known strict ADC(2)-s scheme, which is rigorously derived
when starting from the MP2 ground state, the single-single block of M is expanded to the second

order of perturbation theory.!1>3!
c2 2
M::Sb () = Kia,jb + Ci(al,)jb + Ci(a,)jb (334)
On the other hand, the single-double coupling blocks are expanded to first order:[12>]
ADC(2) (1)
M,y vica” = Ciakica (3.35)
ADC(2) _ (1)
M;iap ke = Cijab ke (3.36)

Finally, since the double-double block of M is expanded to zeroth-order, it contains only diagonal
elements: (1>
ADC(2
M; jab’k(lc)d = Kijjab kicd = (€a — & + € — €}) Ouc Ot Opa 81 j (3.37)
As discussed for LR-CC2, the singly-excited states are correct through second-order, while the
doubly-excited states are included in zeroth-order.

3.3 Solution of the LR-CC2 and ADC(2) eigenvalue problems

As discussed in Sec. [3.1]and Sec. [3.2] the excitation energy, at the CC2 and ADC(2) levels, is
obtained as an eigenvalue of the following problem:

AX = o'X! (3.38)

where A can be either the CC2 Jacobian or the ADC(2) secular matrix, X’ is the eigenvector for
the state 7, and @’ is the excitation energy. We will consider only the right eigenvalue problem of
ccC2.

The eigenvalue problem is typically solved using the Davidson procedure to extract the first few
eigenvalues. Instead of forming the whole matrix A, one computes the matrix-vector products
(MVP) of the different blocks with a trial vector X. We can write the MVP Separating the singles
and doubles excitations parts of the X vector:

O = ApviXv, +Ap X, (3.39)
Ou, = A#z\/lx\/l +AH2V2XV2 (3.40)
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Although the usage of eq. and eq. avoid the storage of the entire A matrix, storing
X, and oy, for the aimed excited states can easily become a major bottleneck. Therefore, most
implementations of CC2 and ADC(2) take advantage of the diagonality of the double-double
block of A and partition the CC2 eigenvalue problem as:

A Ay
[A# o Mo ]}xv = oy, 341
11 % €, — O 1 1
Xy, = _ Auw (3.42)
? &, — O

where we directly solved for the doubles part of the excitation vector in eq. (3.42)) and eq. (3.41)
is the effective, but nonlinear, eigenvalue equation in the singles manifold that we must solve
iteratively.2228] The MVP in the singles manifold, thus, reads as:

A A
G (xv,, ® Z AT (@)xy, =Y [A - ‘327_*2;1} Xy, (3.43)
Vi W

In addition to the Davidson procedure — that must be modified for the problem in eq. (3.41)) — the
DIIS technique is often used to find and optimize the eigensolutions.23!

3.3.1 Explicit expressions for closed-shell CC2 and ADC(2) matrix-vector
products

Inserting the singlet cluster operator from eq. (2.96) and eq. into the blocks of the CC2
Jacobian matrix, we obtain the following expression for the MVP in the singles manifold!23!

GLSCZ Fab-x aFjl ZEabx Zx Eji + Z 28 aike — gackl]

+) 2x! — X G1dac — Z[zxkl — X B1ani
Ide 1dk

+Z x84 — i Fld+2 2080 — 18 Fy (3.44)

with the similarity transformed integrals and amplitudes are computed as in Sec. [2.6.2] The
doubles amplitudes for CC2 are similarity transformed as well — see eq. |b The Ey, Ejj, Fiy
intermediates are given by:[23

Euy =) [268f — 1§\ g1aro (3.45)
ldk

Eij =Y [t — 1§ |g1aje (3.46)
ldc

Fia =Y [281ake — &ickalX; (3.47)
ck

The doubles part of the excitation vector is:23!

X = — L (3.48)
€~ E+E—E—@
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where the modified two-electron integrals are

Gaivj = (ailbj) :S?J?’ (ARAD; + AR A AR, AY j(uv|oa) (3.49)
uvoi

The symmetrization operator S“b acts as: Sf’f’ Y,‘J’b Yy ab Yj ba_The transformation matrices are
formed as follows:

AP =—cx], (3.50)
A" = Cxy, (3.51)

From the equations in Sec. [3.2.2] the ADC(2) MVP for the singles manifold is formed:[23
G‘ﬁDC(Z) (€4 — &)x§ —ZDabx Zx D; ,+Z 28aike — acki) X,

+ Y [2x5" — x5 81dac — Z[zxkl —x{{1g1axi

ldc ldk
+5 Z 2647 — 151 Frg + = Z 28iatd — gidki)Dia (3.52)
ck
with
Dy 5 [ 268 — 108 1wy + (2158 — 1} )gldka} (3.53)
1dk
1
Dij > ; [(Zt tf,-d)gzdjb + (2tjc~ld — llcjd)gld,'b} (3.54)
C
Dyg =Y (215 —1i)x; (3.55)
ck

Contrary to CC2, the doubles amplitudes tl-“jb in the MVP of eq. are the MP2 amplitudes
and the canonical MO coefficients are used instead of A. The number of operations required to
form GﬁlDC(Z) and GEICZ, as well as the x,, scales with the fifth power of the system size (i.e.,
N?). Due to the interest in excited states, great efforts have been made to decrease the scaling
of ADC(2) and CC2 and improve their efficiency. As for ground state energies, the Cholesky
decomposition of the electronic integrals, as well as the RI approximation, are employed to
reduce the effort in building the MVP.[23243820] The tensor hypercontraction approach has been
proven to additionally reduce the computational scaling of CC2 in the canonical MO basis.[>*!
Low-scaling CC2, as well as ADC(2), implementations have been proposed which are based
on local orbital representations. B1#7525356159160056] The main drawback of these approaches
is the state-specificity of the localization, thus, requiring different localization procedures for
each investigated excited state. As discussed for ground state MP2 and CC2 methods, a scaled
opposite-spin (SOS) approximation of both CC2 and ADC(2) schemes have been presented to
show N* scaling behavior with the system size.[2258110
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3.4 Relation between LR-CC2 and ADC(2)

The previous sections made clear how much the ADC(2)-s and LR-CC2 methods are closely
related both from a theoretical and computational point of view. Not only the perturbation-
theoretical treatment of singly- and doubly-excited states is the same in both LR-CC2 and
ADC(2)-s methods but, in addition, the ADC(2)-s secular matrix MAPC(2) can be mathematically
derived from the CC2 Jacobian matrix AC2.2372338] Rirgt, neglecting the ¢,,, amplitudes present
in the CC2 Jacobian yields the so-called CIS(D.) Jacobian ACBSO=).

ACts®o) _ (bl [Ao, 8] + [[Ao. 2). " IHF) (] [Ho, 5] HF) (3.56)
e (k| [Flo, ) |HEF) (1| [F %,,] [HF)

Finally, the ADC(2)-s secular matrix is obtained by symmetrization:
MADC®) :% ACISD.) | ACIS(DK,),T} (3.57)

It must be noted that, if the HF determinant fulfills the Brillouin condition, the symmetrization in
equation eq. (3.57) affects only the second-order contribution to the single-single block.!>*! All
other contributions to the matrix MAPC(2) are already Hermitian.

For canonical ADC(2)-s schemes, the secular matrix in eq. (3.57) is equivalent to the ISR-
ADC(2)-s matrix in eq. (3.33). However, contrary to the ISR derivation, obtaining the secular
matrix from the CC2 Jacobian results in important computational savings when the SCS-ADC(2)-s
and SOS-ADC(2)-s schemes are employed. Within the rigorous ISR approach, only the single-
single block of MAPC() i affected by the SOS approximation, showing a N* computational
scaling.”2! On the other hand, the removal of the same-spin components in the double-double
block in eq. is retained from the SOS-LR-CC2 Jacobian matrix:[2>]

AS0S-CC2 _ (141 [Ho, 2] +cos[[Ho, ], T [HE) (| cos[Ho, 23] [HF) (3.58)
isVj /Y A S A0S .
e (u3*[[Ho, Tv,|[HF) (u3*|[F, 23)][HF)

Although the formal scaling is not affected by the reduced dimension of MAPC(2) | the prefactor
is reduced. Publication II presents a reformulation of the SOS-ADC(2)-s scheme, within the
RI-approximation (see Sec. , based on the Cholesky decomposed densities.[9304194 For
systems with a significant HOMO-LUMO gap and local electronic excitations, the computational
and memory scaling behaviors are reduced to &(N?) with the system size. The resulting method
can be referred to as CDD-RI-SOS-ADC(2). For the first time, the attenuated RI Coulomb
metric was employed to increase the sparsity of the three-index integrals and hence further reduce
the scaling behavior of the method. The resulting implementation shows computational and
memory demands scaling linearly with the size of systems with a local electronic structure and
local excitation. In alternative, and for the first time, we proposed a linear scaling quasi-robust
RI approach to reduce the scaling of CDD-RI-SOS-ADC(2) while retaining the accuracy of
the standard Coulomb RI metric. The reformulation proposed in Publication II is extended
to RI-SOS-LR-CC2 in Sec. [6.1] except the quasi-robust approach. In addition, the improved
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algorithm for CDD-RI-SOS-ADC(2) (and CDD-RI-SOS-CC2), based on our block-sparse linaer
algebra and implemented in FERMIONS++,19767) is discussed. Finally, Publication III proposes
reduced-cost and low-scaling reformulations of the SOS-LR-CC2 and SOS-ADC(2) equations
for the excitation energies based on the THC decomposition (see Sec. 4.2)). The MO-based
THC-SOS-LR-CC2 and THC-SOS-ADC(2) methods show computational effort and memory
demands scaling as &'(N?) and €(N?), respectively. On the other hand, the new implementations
based on the Cholesky decomposed density matrices — CDD-THC-SOS-LR-CC2 and CDD-THC-
SOS-ADC(2) — show ¢(N?) computational scaling behavior for systems with local electronic
structure and excitations. Note that the CDD-THC-SOS-LR-CC2 and CDD-THC-SOS-ADC(2)
methods presented in Publication III are implemented in FERMION S++.[62767)






4 Tensor Decomposition and Sparse
Linear-Algebra

As stated in the introductory part, the aim of this work is to extend the application of LR-CC2 and
ADC(2) to systems with ~ 1000 atoms by developing highly memory- and computational-efficient
low-scaling algorithms. In particular, we focused on the scaled opposite-spin contributions to the
LR-CC2 and ADC(2) energies and properties. In their conventional MO-based formulations, the
major bottlenecks of these methods are the transformation of the ERIs from the atomic orbital
(AO) to the molecular orbital (MO) basis, the evaluation of the working equations involving them,
and the storage of such ERIs-dependent quantities that would easily exceed the storage capability
on a computing node. Rank-reduction approaches like the resolution of the identity (RI) and
tensor hypercontraction (THC) decompose the two-electron integral tensor into lower-rank tensors
and reduce the computational cost and the memory demands. The reduction of the memory
and computational scaling — and the additional diminution of both computational and memory
demands — is achieved by reformulating the RI- and THC-SOS-CC2/ADC(2) in term of Cholesky
decomposed density matrices and by taking advantage of the sparsity in the decomposed ERIs and
density matrices. The cost- and scaling-reduction are achieved via block-sparse linear algebra.
In Sec. .1 we outline the RI approximation of the four-index two-electron integrals into three-
index integrals which played an important role in the development of efficient SOS-LR-CC2 and
SOS-ADC(2) algorithms. In Sec. .2 we discuss the main aspects of the THC approximation that
decomposes the two-electron integrals in two-index tensors vastly reducing the memory demands
and I/O, and directly affecting the scaling of the treated methods. In Sec. 4.3] we briefly discuss
the sparsity of the ERIs and density matrices. Moreover, the main features of our block-sparse
linear algebra are outlined.

4.1 Resolution of the Indentity

The four-index two-electron integrals in the AO basis can be expressed in terms of the one-electron
charge densities:!1>7)

1 1
(uv|do) ://Xu(rl)%v(”l)a%z(Vz)%c(rz)drldi’z ://va(”l)agkcr(’?)drld”z 4.1
Within the RI-approximation, the charge densities p are written as

Quy(r) =Y By Xa(r) 4.2)
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where y, is a set of auxiliary functions and Bffv are fitting coefficients found by solving the
following set of linear equations:

By, = %(Jl)aﬁ (Bluv) (4.3)

with
Bluv) = [[ 1) Xu(r2))cv(rz)dr1d"2 @44
(Nap = («[B) / Xa(r1) Xﬁ(rz)drldf’z 4.5)

Notice that (J *l)aﬁ are the elements of the inverse Coulom metric. The three-index integrals
in eq. (4.4) decay exponentially with the square of the distance between u and v, but decay
only with rle as a function of the bra-ket distance. The number of non-negligible elements,
therefore, scales with & (Nz). The two-center integrals — i.e., the Coulomb metric — as well as
its inverse are not sparse and scale with ¢’(N?), which also imposes at best a quadratic scaling
for the number of non-negligible elements in the fitting coefficients in eq. (4.3). The standard
Coulomb metric has the disadvantage of introducing an unphysical long-range behavior between
the charge density and the auxiliary functions. Introducing a short-range metric addresses this
problem. For example, the overlap metric shows an exponential decay of the overlap metric and
hence the number of non-zero elements in eq. (4.3) scales linearly with the system size. Such a
sparse metric is bound to decrease the accuracy of the RI-approximation and its application is not
recommended for most applications.[C#19%L0I38] The attenuated Coulomb metric represents a
compromise between the standard and the overlap metrics. The three- and two-index integrals are
given by:

f
(Bluv)o —//x,; ) C(C‘:m)x (r2) 2w (r2)dr1dr (4.6)

erfc(ryy)

(So)ap = (@IB)o = [[ xalr) xp(r2)dndr, @7

2

where erfc is the complementary error function with an attenuation factor @. The fitting

coefficients are now obtained as1024110158]
Biy =) a)ap(BlHV)e (4.8)
B
with
Jo=5,'IS,' (4.9)

When @ — 0 or @ — oo, the standard Coulomb metric or the overlap metric are recovered,
respectively. The attenuation factor @ thus controls the degree of sparsity and numerical accuracy.
A value of @ = 0.1 was found to grant a linear number of elements significant!1% in the integrals
of eq. while providing accurate results. In Publication I the erfc-Coulomb metric was
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applied for the first time to the SOS-CC2 method achieving a sub-quadratic scaling behavior
in the calculation of the ground state energy, as discussed. In addition, in Publication II, the
attenuated metric has been applied for the first time to the SOS-ADC(2) scheme to reduce its
computational scaling to ¢(N) with the system size. In Chapter 6, we exploit again the locality of
the attenuated Coulomb metric to develop a &'(N) scaling algorithm for the calculation of SOS-
LR-CC2 excitation energies. Moreover, the linear scaling algorithm proposed in Publication II
has been improved and extended to the formation of the transition density between the ground
and the excited states at the ADC(2) level.

As discussed in Publications II, the use of the local attenuated Coulomb metric introduces an
error in the RI procedure which can become problematic within iterative procedures. Therefore,
we used a quasi-robust formulation of the RI approximation®® that introduces locality in the
three- and two-index integrals while retaining the accuracy of the standard Coulomb metric
approach. Despite the promising accuracy-locality ratio, the computational time of the existing
quasi-robust algorithms may exceed the time for HF, MP2, and even ADC(2) steps in the case of
large systems with dense electronic structures or large basis sets.

4.2 Tensor Hypercontraction

Within the THC framework, we approximate the four-index electron repulsion integral tensor as a
product of five factor matrices XZ82LLI10

(uv|do) ~ Y XFxPzPOxCx e (4.10)
PO

where P indicates the grid points and the X correspond to the AO basis functions evaluated on a
real-space grid:

XL = o wpou(rp) @.11)

The index of the radical is chosen, so that multiplying X, 5 n times gives back the grid weights wp.
The matrix Z represents the interaction operator. Since evaluating its elements as Z"2 = ||r5}||
would lead to singularities for (P = Q), the least-squares (LS) method!"!!) is recommended to
evaluate Z.

The Z matrix is obtained by minimizing the Euclidean norm of the residual
1
0 =5 l(uviio) —%XﬁXﬁZPQXfXgHz (4.12)
with the following stationary condition:

o0

570 =" L xFxy [(uch) - Y xIxPzPox2x2|x2x¢ =0 (4.13)
PQ

uvio

Inserting eq. (4¢.12) in the stationary condition and introducing the following notation for pairs of
X matrices

Ry, =X.X) (4.14)
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yield the analytical solution to Z[22!129]

=Y [ZRP Ry v/]i [ Z R v(1V[Ao)R } [Z [RA’G’R)L’G’:|

PQ v uvioc Ao’
IR 00
=3 (S‘l) EP? (S_l) 4.15)
P/Q/

/

PP
where (S 4) are the elements of the pseudo-inverse grid metric matrix. In Publication III,

we compute the matrix S~! via pivoted Cholesky decomposition of S, automatically determin-
ing optimized (pruned) grids.!!°% The matrix E can either be computed by using the ERIs or
their three-index RI approximation. B0 1n addition, it is possible to avoid the explicit
calculation of the matrix Z by forming the T" intermediates:[113/1141116]

L=y Y () R VB @16

P/ uv
zZ =Y rireg 4.17)
o

where (J~ ) pa are the elements of the inverse square root of the standard or attenuated Coulomb
RI metric. In Publication III, we propose for the first time density-based integral-direct al-
gorithms for the calculation of the I matrix of transformed ERIs, based on the J-engine,! 1%
RI-J,10 and natural-blocking!M2"14) approaches as well as a newly implemented routine that is
discussed in details in said publication. It is important to stress that the first two algorithms allow
for a straightforward implementation of a THC algorithm in any quantum chemistry software.
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(A) (8) (@ (D)

Figure 4.1: Block-sparsity patterns of the density matrices for linear carboxylic acid with 160
carbon atoms (LCA 4p) in the def2-SVP basis.![1%2] The relevant blocks are in red,
while the non-significant block are in white. The cutoff threshold was ¥, = 1077,
(A) occupied one-particle density matrix. (B) Cholesky decomposed occupied one-
particle density matrix. (C) virtual one-particle density matrix. (D) AO-based singles
transition vector to the lowest singlet state of LCA¢g.

4.3 Block-Sparse Linear Algebra

Even within the RI and THC frameworks, several rank-two and rank-three tensors (7;; and Tli,
respectively) are stored and several tensor operations are performed to evaluate the SOS-LR-CC2
and SOS-ADC(2) energies and properties. Some of these tensors are sparse, i.e., a large number
of elements has a very small or zero value. For instance, the AO-based three-index integrals are
sparse — due to the locality of the basis functions!!*) — and the number of relevant elements (uv|a)
scales as @(N?) and ¢(N) in the standard and attenuated Coulomb metric, respectively (see Sec.
. Similarly, the AO-based THC X matrices are sparse and the number of relevant elements X 5
grows linearly with the system size.l'13! Since these tensors become dense upon transformation
to the MO basis, we reformulate SOS-LR-CC2 and SOS-ADC(2) in terms of ground state sparse
one-particle density matrices and Cholesky decomposed density matrices, 0304104 whose number
of relevant elements grows linearly with the size of systems with a significant HOMO-LUMO
gap — see Figured.T| A, B, and C. Moreover, we use the singles part of the transition vector in the
AO basis representing the locality of the excitation, i.e., it contains a constant number of relevant
numbers in the asymptotic limit for local excitations — see Figure 4.1 D.

Linear algebra operations involving sparse tensors can be accelerated significantly by avoiding
the negligible elements during the calculation, hence reducing the required number of floating
point operations (FLOP). For instance, many operations are omitted during the transformation of
the decomposed AO-based integrals with the one-particle densities. In addition, the transformed
decomposed integrals are still sparse and thus significant memory savings are achieved because
we only allocate the relevant information. In practical implementations the use of sparse algebra
can lead to a significant computational overhead compared to highly optimized routines for dense
tensors. Therefore, efficient algorithms to exploit the sparsity of the tensors are crucial for any
implementation of ab initio methods formulated in the AO basis, in order to achieve low-scaling
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X
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No. of rows (i)

No. of columns (j)

Figure 4.2: Schematic representation of a block-sparse matrix. The red blocks are the significant
and allocated blocks. Each block has a defined maximum row and column dimension,
x and y, respectively.

behaviors with the smallest possible overhead.

Our block-sparse linear algebra was implemented in FERMIONs++92707] 1o efficiently control
memory demands, accuracy, and performance when the tensors are sparsely occupied. Consider-
ing the rank-two tensor 7;; (i.e., a matrix) in Figure @ it is divided into blocks of defined sizes
X,y (e.g., 96x96). A so-called block-allocator takes care of the allocation of each block storing
them in one large and dynamically growing "memory pool", hence improving the performance
for the allocation substantially (>20x). A memory pool is unique for each matrix, however, in
the case of three-dimensional tensors Tli (I matrices with i rows and j columns), we allocate the
blocks from all / matrices in the same pool. Whether or not a block is allocated depends on
the allocation threshold ¥¥,. Thus, only the blocks with L2-norm > 1, are stored (red blocks in
Figure [4.2). A second screening threshold 9, is used within the matrix-matrix multiplication
routine, whose pseudo-code is provided in the Supporting Information of Publication I. In this
algorithm, we multiply only the elements of two allocated blocks if the product of their L2-norms
is bigger than 9,,. If such criterium is not met, the operation will not be performed. Overall, the
use of our block-sparse linear algebra comes with a small overhead of ~1.6 due to the use of
such a block-based structure.
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ABSTRACT

An atomic-orbital reformulation of the Laplace-transformed scaled opposite-spin (SOS) coupled cluster singles and doubles (CC2) model
within the resolution of the identity (RI) approximation (SOS-RI-CC2) is presented that extends its applicability to molecules with several
hundreds of atoms and triple-zeta basis sets. We exploit sparse linear algebra and an attenuated Coulomb metric to decrease the disk space
demands and the computational efforts. In this way, an effective sub-quadratic computational scaling is achieved with our w-SOS-CDD-
RI-CC2 model. Moreover, Cholesky decomposition of the ground-state one-electron density matrix reduces the prefactor, allowing for an
early crossover with the molecular orbital formulation. The accuracy and performance of the presented method are investigated for various

molecular systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0098719

I. INTRODUCTION

Coupled cluster (CC) theory"” is among the most success-
ful approaches to obtain accurate correlation energies.”* However,
the large computational and memory demands prohibit its routine
application to large molecular systems. Among the most popular
models are, e.g., CCSD and CCSD(T), whose computational effort
scales as O(M®) and O(M”), respectively,”® where M is a mea-
sure for the system size. In an effort to reduce the computational
scaling associated with the accurate CCSD model, the second-order
approximate coupled cluster singles and doubles model (CC2) was
proposed by Christiansen et al.” in 1995. The CC2 ground-state
energy is expected to be of similar quality as the MP2 energy’ and
is computed with O(M®) computational scaling (as canonical MP2).
Moreover, despite being the simplest approximation of the coupled
cluster hierarchy, the space demand and I/O effort needed for CC2
are severe bottlenecks, scaling as G(M*). While low scaling MP2

methods” '* are now widely used to compute ground-state proper-

ties of systems with hundreds of atoms and large basis sets, CC2 is
not limited to ground-state properties, highlighting the importance
of developing efficient low scaling CC2 methods. An important step
in the CC2 progress has been the use of the resolution of the identity
(RI) approximation, " largely reducing the storage requirements
needed for two-electron integrals while maintaining O(M’) com-
putational scaling.”! As an alternative, the Cholesky decomposition
of the two-electron integral matrix can be used.””*" In 2004, a
simplified variant of Grimme’s spin-component scaled (SCS)-MP2
method’® was proposed by Jung ef al.® in order to reduce the compu-
tational complexity. The so-called scaled opposite-spin (SOS)-MP2
method® completely neglects the calculation of the same-spin con-
tributions and scales the opposite spin part by a factor cos = 1.3,
providing an accuracy comparable to that of the unscaled models.*’
Later, the combination of this SOS approximation®’ employing
also the Laplace transform of the energy denominator’ *’ within
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the RI-approximation led to an efficient fourth-order scaling CC2
implementation by Winter and Hittig,”’ providing computational
and memory/disk space savings already for small systems. Although
the promising scaling behavior of the SOS-RI-CC2 model allows
routine calculations of energies for systems with a few hundreds of
atoms and large basis sets, it is essential to develop low or even lin-
ear scaling formulations in order to extend the CC2 applicability to
even larger systems. To that end, approaches based on local molec-
ular orbitals’ " and natural orbitals” " have been used in the
context of CC2 showing reduced computational scaling. However,
to the best of our knowledge, atomic-orbital (AO) reformulations
of CC2 have not yet been considered in literature and will be pro-
posed in the present work for the ground-state energies as a first
step toward reformulating CC2 excited state energies and properties.
We reformulate the ground-state SOS-RI-CC2 equations presented
by Winter and Hittig’ in a pure atomic-orbital basis (Sec. 1I B),
taking as reference the previous studies on RI-MP2,"*'*'**** CC,*
and CPSCF"' theory. The AO approach has the crucial advantage
of depending explicitly on the one-particle density matrix P (and
its virtual counterpart Q) that contains all the necessary informa-
tion regarding the reference determinant and becomes sparse for
growing system sizes in contrast to molecular orbitals. Such an
AO-SOS-RI-CC2 approach can be further improved by introduc-
ing the Cholesky factorization of the one-particle density matrix,
as previously shown by our group.'”'®"'™" The resulting SOS-
CDD-RI-CC2 model, described in Sec. II D, is based on so-called
Cholesky orbitals inheriting the locality from the density matrix
and whose number is equal to the number of MOs in the occu-
pied space. Consequently, the SOS-CDD-RI-CC2 implementation
features a lower prefactor and reduced memory demands'*'* with
respect to AO-SOS-RI-CC2 and shows an early crossover with
the MO formulation. Additional improvements in terms of local-
ity (and, therefore, performance) are gained by employing the RI
Coulomb metric attenuated by the complementary error function
that introduces only small errors.'"* As a result, quadratic or
even sub-quadratic scaling is obtained by exploiting the locality of
the atomic/Cholesky orbitals and efficient sparse algebra routines,
bypassing localization procedures of any kind. This allows for a
more direct control of the accuracy, contrary to previous studies
on local CC2 implementations’"”>** based on the Pulay and Saebe
approach,'”'" where excitations between spatially distant orbitals
are neglected if their contributions to the correlation energy are neg-
ligible. Accordingly, a priori restricted local MO (LMO) pair lists
and pair specific excitation subspaces of projected AO (PAO) are
specified and amplitudes outside these lists are neglected.”"”” The
downsides are the strong dependence on a successful localization
procedure and the larger size of the correlation domains required
for small errors.”®

This article is structured as follows: First, in Sec. II A, we sum-
marize the key components of the ground-state MO-SOS-RI-CC2
model proposed by Winter and Hittig.” Section 11 B describes
the reformulation of the equations in the atomic-orbital basis. In
Sec. 11 C, we introduce the Coulomb metric attenuated by the com-
plementary error function for the RI-approximation, which moves
the scaling toward sub-quadratic. The Cholesky decomposition of
density matrices is introduced in Sec. II D, significantly reducing
the prefactor of the AO implementation. Then, we provide an out-
line of our w-SOS-CDD-RI-CC2 method in Sec. II E and discuss
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the accuracy (Sec. IV A), scaling behavior (Sec. IV B), and per-
formance (Sec. IV C). Finally, we show the performance of our
w-SOS-CDD-RI-CC2 method when applied to systems of chemical
interest.

Il. THEORY

The CC2 model has been introduced by Christiansen et al.” as
an approximation to the CCSD model, where the singles are treated
as zeroth-order parameters in terms of the fluctuation potential. On
the other hand, the double excitations are treated at first order in the
fluctuation potential as in the MP2 theory.” The SOS-CC2 energy is
given by

E* = (HF|H + cos[H, T5']|HF), (1)

where H is the similarity-transformed Hamiltonian and T3 is the
two-electron excitation operator, which acts on two electrons with
different spins.””’ The cluster amplitudes are determined by solving
the coupled cluster equations,

Qu = <H1|ﬁ + COS[H) T5°]|HF) = 0, (2)

w = (U3°|H + [F, T5°]|HF) = 0, (3)

where Q are the so-called coupled cluster vector functions and
F is the Fock operator. We use the same scaling factor as for
SOS-MP2,"" ¢os = 1.3. Since the CC2 singles (t,, ) and doubles (¢,,)
amplitudes depend on each other, the nonlinear Egs. (2) and (3)
must be solved iteratively. The CC2 calculations start with an ini-
tial guess for the singles amplitudes that are usually set to zero. The
optimization scheme is based on the quasi-Newton equation for the
nth iteration,”’

Q. t(”)
AL = —72’(_ - ), (4)
a 1
The correction Atsin ) is then used to obtain the new singles

amplitudes t"*") by

ai
£ = 0 A, (5)

The convergence may be improved significantly by application of the
DIIS acceleration scheme*® and it is reached when the norm of Q,
and the variation of the energy are below the given thresholds 9ocony
(i.e., 1075) and econy (i.e., 1076), respectively.

A. MO-SOS-RI-CC2

In 2011, Winter and Héttig proposed an efficient fourth-order
scaling implementation to compute the SOS-RI-CC2 ground-state
energies,’’ given as the sum of the HF energy (Enr) and the discon-
nected (Ep) and connected (Ec) double amplitudes contributions as
follows:

S0S
Eccy = Enr + Ep + Ec

= Eur + Cosztaithj(ai|bj) + Cosztaibj(ai|bj)- (6)
aibj aibj
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In order to solve Eq. (6) with a fourth-order scaling, the 4
orbital energy denominator is factorized using the Laplace transform
technique followed by a numerical quadrature according to

1

Eaibj

oo N:
_ f e Caiti Jf = Z WTefsmbjfr, (7)
0 T

where &4 = €a — € + &, — ¢ is the MO energy denominator and
wr and the t; are the weights and grid points of the numerical
quadrature procedure, respectively, which are optimized using, e.g.,
the minimax approximation in order to reduce the error.”””’ In
addition, the RI-approximation decomposes the four-index electron
repulsion integrals (ERIs) to bypass an expensive four-index AO to
MO transformation,””*"*"

(palrs) = Z (8)
By = Z;QCWCW(#WQ)]&;/Z, 9)

v,

- 210

using the Mulliken notation for two-, three-, and four-center inte-
grals. In Eqs. (8) and (9), p, ¢, 1, and s are MO indices, y, v are AO
indices, and P, Q are auxiliary functions for the RI-approximation.
C is the MO coefficient matrix. Moreover, some of the CC2
three-center integrals are modified according to

P h
By = ZAﬁpAvq(VwP)’ (11)
‘L‘V

with the transformation matrices AP and A" given by

0 0
AP=CcI-t]) A'=c+t) = . (12)

{tai} 0

The t;-dependent doubles amplitudes are then calculated as

Z ZBP —s,,,t,. P —sbjt (13)

and the expression for the MO-SOS-RI-CC2 correlation energy can
be rewritten as

Ep = Cosztmtb]ZBmej (14)
aibj

= _COSZWTZZBMBP “ulrg T TBSIBI?J

T aibj PQ
= —COSZWTZN?PNTQP, (15)
T PQ

where N2 is given in Table I. The converged t;-amplitudes are
obtained at the end of the iterative optimization, where, in each iter-
ation, doubles amplitudes are computed “on-the-fly” by inserting
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TABLE 1. Explicit expressions of the singles amplitudes vector function terms for
SOS-RI-CC2 in the MO and the SOS-CDD-RI-CC2 formulation. The Einstein notation
is used.

MO-SOS-RI-CC2 SOS-CDD-RI-CC2
6 o< c A N
Qai = BanYtgA QHV = QW‘ (B;?v’ Y?z )LVi
Qi = -V B} Off = (- V3B L
. “ TP
QL = —coswent BE et QI = (—coshtt” Byi)Lyi
Q’a,. = P QWF v'Pv'v
1?2 = 7c05w11§§,»N QP p=eaits YQ COSTBZN ?P
N = BBpe o' Nfs BR By
nt = Bi’]F et nk = Tﬁﬁiﬁzy
= AL ALBE T N = JorNzTep
_7-1,R
= JprMz

Eq. (13) into the singles part of the vector function [Eq. (2)], yield-
ing the working expressions in terms of computational convenient
intermediates,

Qui(t™) = Q5" + QB (") + L (1) + AL, (1), (16)

whose explicit expressions are listed in Table I. The solution of
Eq. (16) requires a considerable amount of memory and disk space
for the calculation of intermediates. The memory limitations are
overcome by employing batching algorithms to evaluate the three-
center integrals and the intermediates (see the algorithm proposed
by Winter and Hittig™).

The MO-SOS-RI-CC2 equations in Table I have been imple-
mented in the FermiONs++"'** program as proposed by Winter
and Hittig’® In contrast, we do not batch over the Laplace
quadrature points (see the supplementary material).

B. Reformulation of the SOS-RI-CC2 method
in the AO basis

In order to extend the applicability of the SOS-RI-CC2 model
to systems with hundreds of atoms and large basis sets, we reformu-
lated the MO-expressions summarized in Table I in the AO basis.
The quasi-Newton expression for the correction of the CC2 singles
amplitudes [Eq. (4)] has an important role during this reformu-

lation. Indeed, we can back-transform At(") [Eq. (4)] to the AO
basis [Eq. (17)] via the Laplace transform of the energy denominator
(€a — &), along the lines of Beer and Ochsenfeld*! for the U}; matrix,

S Gt C, = Zw > e CuaQuiCrie™™. (17)

ai o ai

In that way, the SOS-RI-CC2 equations are rewritten in the AO basis
employing a convenient transformation that generates a formula-
tion where all integrals and excitation amplitudes are written with
AO indices. Even though this procedure allows us to completely
avoid the canonical MO basis,*! it increases the computational effort
by a factor of N, that is, the number of Laplace quadrature points
employed in [Eq. (17)] (generally 6-10 points). In order to overcome
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this drawback, we limited the back-transformation to the vector
function for the singles amplitudes [the numerator in Eq. (4)],

> Cua ()t = 0y (1)
=08, (1) + ff (1) + 0l (£7) + , (¢7).
(18)

Such a strategy enables the reformulation of the intermediates in the
AO basis, while the use of canonical MOs is limited only to Eq. (4)
and does not affect the overall efficiency of the method. In the fol-
lowing, the most important steps in the reformulation of the CC2
method in the AO basis will be presented. The computational scaling
of the main SOS-RI-CC2 steps is reported in Table II. The Einstein
summation convention is used in the following equations.
The first two contributions to the vector function are reformu-
lated according to
Qg = CuaQCoi = CuaBEY3Cyi = QueBE TS, (19)

1

Q= CuaQliCri = ~Cua YA BRCy = -V BE Py, (20)

1
with the CC2 virtual (Q) and occupied (P) densities given by
va = CydAid = Q#v - Qw’sy'ata)ts/lv’Pv’w (21)
pﬂv = AZICVZ = P/w + Qw’ y’ota/\SAv’Pv’w (22)

where QW = 24CuaCrq and Py, = 3,C,iCy; are the virtual and occu-
pied ground-state densities and S is the overlap matrix. The for-
mation of the densities scales cubically with the system size, but

TABLE II. Formal and asymptotic computational scaling (with the number of orbitals
N) for key steps of w-SOS-CDD-RI-CC2 models within the RI standard Coulomb
metric (w = 0) and overlap metric (w — o0).

Asymptotic scaling

Step Formal scaling w=0 W — 00
Cholesky decompose P N? O(N) O(N)
Form J N? O(N?) O(N?)
Invert J N? O(N?) O(N?)
Form lffjv N? O(N?) O(N?)
Form B;; and B}, N* O(N?) O(N)
Form B, N? O(N?) 6(N)
Form N N* O(N?) O(N)
Form nf N? O(N?) O(N)
Form N& N? O(N?) O(N?)
Form 7’ N? O(N?) O(N?)
Form Q, N? O(N?) O(N)
Form ¥} N* 6(N?) 6(N?)
Form Bsz N* O(N?) O(N)
Form Q, N* O(N?) O(N)
Form Q) N* O(N?) O(N)
Form (), N? O(N?) O(N?)
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its computational cost is negligible compared to other steps. The
intermediate Y is computed as

A AP -
Y;?v = _CosTB‘qu?P> (23)

where the three-center integrals and the intermediates N depend-
ing on the Laplace quadrature points 7 are given by

AP N R
TB[w = Q;y’B/};’v’Pz’w (24)
N = JarN:Tse (25)
RS R AS —eyitr R A S » R T3S
N = Bbijje Hifr = BIMVQ;O'BO'/\P;V = B;AVTBW- (26)

The matrices Q" and P” are the CC2 virtual and occupied pseudo-
densities, respectively,

1
A 1 —eat,
Q:w =wr Cyde “ Aid = Q;v - Q;y’sy’otmls}w’Pv’v» (27)

1

A T oh .
P;v =w; Ayleﬂt vl = P;v + ny’sy'ato)tszlv’Pz'w (28)
with
Qi = Wi Cuae " Cyq (29)
P;V = WTZ CﬂiesitT Cyi. (30)

An example of the sparsity pattern of wa for the first Laplace
quadrature point is displayed in Fig. 1 for the linear alkane Csz0Hg4z.
The remaining contributions to the singles vector function are
given by

~PT AP

Oy = Cua2%iCui = ~Cosiy By (31)
Q}/w = CyaQ{Iini = QA[AIA’FI,{’V’PV’V) (32)
where
iy = ngJwps (33)
R A pBR —eyits A A R £ A AR
ny = thbje it = [JVQ;OBU)LP;[J = F#VTB[AW (34)

Moreover, the modified Fock matrix is built from the CC2 density,
showing an asymptotically quadratic scaling for the calculation of
the Coulomb contributions:

Fyy = hyw + Y Po[2(uvAo) — (uoAv)]. (35)
o

Due to the long-range nature of the electron-electron interaction
operator (i ), the formation of the three- and two-center integrals

(Bﬁv and Jpq) shows a quadratic scaling with system size while the
inversion of the two-center integrals scales cubically. These steps
are carried out only once and the time demands are not significant
as compared to the rest of the CC2 calculation. In order to retain
the sparsity of the three-center integrals, the multiplication with the
dense ];Q1 matrix is delayed until the NP and nf intermediates are
formed.
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[ [

FIG. 1. Sparsity patterns of occupied and
virtual CC2 pseudo-densities for the lin-
ear alkane CaoHsgs2, in the def2-svp (a)
and def-tzvp (b) basis sets with a cut-
off threshold equal to 10=°. (a.1, b.1)
P;, from Eq. (46) and (a2, b.2) Q7 from
Eq. (27).

Once all the contributions to ,, are computed, we transform
the vector function to the MO basis according to

Qui(t(n)) = CﬂuSW’Qy’v’(t(n))sv’vcvi: (36)

and the correction At,; is then given as in the canonical MO imple-
mentation [Eq. (4)]. The updated CC2 single amplitudes in the AO
basis are finally given by

AP = Cutrt$ Cy, (37)

(n+1) _ (n) (n)
iy =ty + Al (38)

C. Using the erfc-attenuated Coulomb metric:
w-SOS-AO-RI-CC2

The presented reformulation in the atomic-orbital basis results
in a cubic asymptotic scaling G(M>) with molecular size, since the
auxiliary functions couple to the AO basis-function pairs with a i
decay within the standard Coulomb metric (see Table IT). Density
fitting calculations are generally performed with the Coulomb met-
ric because it yields the most accurate results for the commonly
employed auxiliary basis sets.”*>*” The slow long-range decay of this
metric has no disadvantage when transforming to the canonical MO
basis. However, in local bases (i.e., Cholesky and atomic orbitals),
no sparsity can be gained. Therefore, the overlap metric represents a
promising alternative due to the increased locality and sparsity."*’
The drawback is the decreased accuracy. A third choice would be a
metric that combines the accuracy of the Coulomb metric and the
sparsity of the local overlap metric. The attenuated Coulomb metric
given by

¢= erfc(wrlz) (39)
r12

has this property, as described by Jung et al*® in SOS-MP2 cal-
culations. The three-, two-, and four-center integrals are then
given by

B erfc(wriz)

(uv|P) = (‘uv Y P), (40)
(] erfe(wra)

(Sa)re = (1172 o), (41)

Jo =S41S, ", (42)

(uvloh) = (uvIP)]52 (Qloh). (43)

As with the standard Coulomb metric, we postpone the multiplica-
tion with the two-center integrals to the step in Eq. (33) in order to
preserve locality through the previous time-determining steps. The
extent of locality is controlled by the parameter w, recovering the
Coulomb metric at w = 0 and approaching the overlap metric as w
increases. If w — oo, we recover the overlap metric. Of course, the
larger w is, the less accurate are the results* (at least when standard
RI basis sets are employed). In the present work, we employ the erfc-
Coulomb metric within CC2 for the first time, increasing the sparsity
of the intermediates and allowing a further reduction of the scaling
in all time-determining steps. Indeed, the effective computational
scaling of w-SOS-CDD-RI-CC2 is sub-quadratic for w > 0.

D. Reduction of the basis set scaling:
w-SOS-CDD-RI-CC2

Despite the above formulation being suited for large systems
and moderate basis sets, its applicability to large basis sets is ham-
pered by the scaling with the basis set size Np,gis and auxiliary basis
set size Naux. The formal scaling is increased from @(NvirtNoch.fux)
to O(NE, N2x) for a fixed molecular size. In order to reduce the
complexity and improve the performance, we employ Cholesky
decomposition of the occupied ground-state density matrix with
complete pivoting””” and the idempotency relation of the occu-
pied pseudo-density matrix, as proposed by Graf et al** and
Glasbrenner et al.,'®

P=LL" P =P'SP=P'SLL. (44)

The Cholesky factorization scales formally as N°, but it has a very
low prefactor. Moreover, it can be carried out with asymptotic linear
scaling.”® The columns of L can be considered as the coefficients of
localized occupied MOs that we will call Cholesky orbitals'* and tag
with i, 7, k indices. They inherit the locality from the density matrix®
and their number is equal to the number of MOs. Like the pseudo-
density matrices, the CC2 occupied density matrix is invariant with
respect to projection onto the occupied space and can now be
written as

Py, = PySvsLoiLyi = PiLui, (45)
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Az T T
Pﬂi = ,ucrsmlp)\g + Qw’Sy’atwlsllv’Pv’o’Sa’/VP)t’j

= (L[Az + QW’ y’ata)ts/\v'Lv’i)La’isu’/\’P/{’p (46)

and its sparsity pattern is depicted in Fig. 1 for C320Hgsz. The derived
w-SOS-CDD-RI-CC2 expressions for the vector function contribu-
tions are given in Table I, where the three-center integrals, then,
read

B} = BRLy, (47)
B} = LB Py, (48)
AP A A

"By = QuBiry Pl (49)

The introduction of Cholesky orbitals reduces the formal scaling
behavior to O(NpasisNoceNzy ). The half-transformed three-center
integrals B!?i do not depend on the singles amplitudes and, hence,
can be computed only once at the beginning and stored on disk.

On the other hand, TB’,Z in Eq. (49) is computed for each Laplace
point and each iteration. We decided to use the idempotency rela-
tion in Eq. (44) not only to improve the efficiency but also to
reduce the memory requirements. Each B,?V matrix is precontracted
as shown in Eq. (50) and the resulting half-transformed Bﬁz quantity
is independent of the Laplace points. The Laplace point-dependent
three-center integrals are then obtained from the half-transformed
integrals reducing both I/O and computational effort, as shown
in Eq. (51),

Eﬁl = Bﬁv(LVZ + vi’sv’ata/\s)w”Lv”];% (50)
AP A
"B, = Q;#/Bﬁi(LgiSJAPL). (51)

The reason why we avoided Cholesky factorization of the virtual
density matrix is twofold. First, the sparsity of the virtual density
is not well preserved and, hence, the rank reduction is often coun-
teracted by this loss of sparsity. Second, correlation methods such
as CC2 require large basis sets for accurate results, in which case,
Nbasis # Nyirt and the rank reduction from factorization is negligible.

Finally, the w-SOS-CDD-RI-CC2 ground-state energy is com-
puted as

E&h = Ep + Ec = costuiBliJu 1B — cu NENZ', (52)
with
tui = Quu SwatorSav Ly (53)
and N and N& given by Eqs. (25) and (26).

E. Outline of the low scaling implementation:
A minimal-overhead batching

The available memory on a single computing node is eas-
ily exceeded by CC2 memory requirements in both MO and AO
basis. Therefore, we introduced batching schemes for evaluating
intermediates as three-center integrals, intermediates N, 17,%, and
contributions to the vector function. The MO implementation is
not discussed here; its algorithms are provided in the supplementary
material.

ARTICLE scitation.orgl/journalljcp

First, we compute the Bﬁv and half-transformed Bf;, matrices
and store them on disk. These three-center integrals are computed
only once because they do not depend on the single amplitudes.
Moreover, in each iteration, the half-transformed three-center inte-
grals Bﬁz’ are computed and stored on disk in order to alleviate the
memory limitation problem.

We introduce an optimized batching scheme based on a
Lagrangian formulation, where the optimal number of batches is
computed by minimizing the batching overhead.”

e As proposed in the optimal batching scheme by
Drontschenko et al’® for the response function in
RPA, we compute the intermediates N ? (and nf) as shown

1: for aux-batch-1 do

2 for P € aux-batch-1 do

3 read Bf, Vu,v

4 B = LyiBl, Vi, u;

5: Bl =Bjy (Lvj+ QvviSvistorSavrLynj) Vi, 1
6 write Bgl and Eﬁ ; on disk

7 end for

8: end for

9

: for aux-batch-1 do

—_

0:  for AO-batch do

11: for P € aux-batch-1 do

12: read Bﬁ’j vy, j

13: for all 7 do

14: B = Q;u,éﬁ, 1(LojSq2P5;)Vi, € AO-batch;
15: end for

16: end for

17: for all 7 do

18: for P € aux-batch-1 do

19: nf+ = "B} Fui¥i, u € AO-batch
20: end for

21: end for

22: for aux-batch-2 do

23: for Q € aux-batch-2 do

24: read Bﬁl\ﬁ, U € AO-batch;

25: end for

26: for all 7 do

27: for i € rank_occ do

28: NP+ =BC, “B, Vi € AO-batch and P, Q € aux-batch-1/-2
29: end for

30: end for

31: end for

32:  end for

33: end for

34: NP = JORNES JSP vt

35: Al =nRJRP vz

FIG. 2. Algorithm for the calculation of N% and A intermediates within the
®-SOS-CDD-RI-CC2 implementation.
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in Fig. 2 by reading B[i- (line 12) and Bﬁ (line 24) by batches
of auxiliary and basis functions indices, at the cost of a
batching overhead proportional to the number of auxiliary
and basis functions batches baux and bao, respectively. In
the optimal batching, b.ux and bao are equal. Once the
intermediates are formed, we multiply them with J,,.

e The intermediates 1?,?,. and QIIJi are computed by batching
over auxiliary and occupied indices. The three-center inte-
grals ijj are read with an overhead proportional to the

number of occupied batches bocc, while YSI. is read bauy times
(see Fig. 3). Notice that baux is generallyismaller than bocc
in order to minimize the I/O effort. In addition, lines 1, 12,
and 13 are optional and limited to cases with minor spar-
sity in the three-center integrals matrices. At the end, the
contribution to the vector function is scaled by —cos.

e The G and H contributions to the vector function are com-
puted in batches of auxiliary indices. In this case, the three-
center integrals BkQ,. and By, are not read redundantly, as

1: for aux-batch-1 do
2 for occ-batch do
3 for all P € aux-batch-1 do
4 read Bﬁ’[ v, j
5: for all 7 do
6 B = ALH,E":,J.(LUISMPL)V“,L' € occ-batch;
7 end for
8 end for
9 for all 7 do
10: Q{u-+ = Téﬁinﬁ\?’u,g‘ € occ-batch, VP € aux-batch-1
11: end for
12: for aux-batch-2 do
13: read Y“Qi VQ € aux-batch-2, Vi € occ-batch
14: for all 7 do
15: for all i € occ-batch do
16: 22+ = “BP N2"VP,Q € aux-batch-1 and -2
17: end for
18: end for
19: write 2 V0 € aux-batch-2, Y, i € occ-batch
20: end for
21: end for
22: end for

23: scale Q{Q by —cos

FIG. 3. Algorithm for the calculation of ?fi and ), intermediates within the
w-S0S-CDD-RI-CC2 implementation. 7
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1: for aux-batch do

2 for Q € aux-batch do
3 read E,g and IA/#Q,& Vk,i, 1
4 end for

5: for Q € aux-batch do
6 ol + =25 BEvH, i
7 end for

8 for Q € aux-batch do
9 read B‘%,Vu, v

10: QS+ =B, Povu,i
11: end for
12: end for

.06 _H ,O6
13: Qui_Q##’Qu'g‘
14: scale Qgi and Qﬁi by —cos

FIG. 4. Algorithm for the calculation of fo, and Q”;’, intermediates within the
w-S0S-CDD-RI-CC2 implementation. 7 7

reported in Fig. 4. At the end, the contributions to the vector
function are scaled by —cys.

As can be seen in Figs. 2 and 3, the minimal overhead is obtained if
there is only one 7-batch containing all Laplace quadrature points.”
Finally, in order to increase the efficiency, the three-center integrals
are read and simultaneously transformed in parallel using all the
available threads (i.e., line 11 in Fig. 2 and line 3 in Fig. 3).

I1l. COMPUTATIONAL DETAILS

Our w-SOS-CDD-RI-CC2 method as well as the MO-SOS-
RI-CC2 equations by Winter and Hittig®® were implemented in
the FermiONs++ program.”’ > We checked our MO-SOS-RI-CC2
implementation against the implementation in Turbomole7.3” to
verify comparable performance and accuracy (error in energy in
the range of 107*-107° a.u. and very similar computational times).
The underlying Hartree-Fock calculations have been converged to
a maximum element of the error matrix in the direct inversion in
the iterative subspace (DIIS) procedure below 1077, We employed
the RI-approximated integrals by Kussmann et al.’ for the evalua-
tion of the Coulomb and the G(N) semi-numerical sn-LinK method
by Laqua et al.”"®* to compute the exchange integrals of the Fock
matrix.

Furthermore, our CC2 model does not make use of any explicit
integral screening. The reduction of the scaling and the consequent
performance improvement are based on the use of efficient sparse
matrix algebra in the steps involving the three-center integrals.
The present implementation exploits block-sparse (BS) matrices,
which divide the matrices in smaller blocks, whose maximum size
is 96 x 96. The screening is twofold: First, we employ a spar-
sity criterion (9,) that screens the matrices upon allocation with
a default threshold 9, = 10~7. This means that every block with a
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L2-norm lower than 9, is discarded. Consequently, both memory
and disk space requirements are reduced. Second, the threshold 9, is
used to improve the performance of matrix-matrix multiplications.
In fact, if the product of the L2-norms of two multiplied matrix-
blocks is lower than a given threshold, that multiplication step is
not performed. The default value is 9,, = 10~°. Additional informa-
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TABLE Ill. Root mean square deviation (RMSD), mean absolute error (MAE), and
maximum error (MAX) for interaction energies computed with «-SOS-CDD-RI-CC2
in the def2-TZVP basis compared to MO-SOS-RI-CC2 results for the $226 and L7657
test sets with different Rl-attenuation factors w, and both sparse/dense linear algebra.

9.=107,9,, =107 92 =0.0, 9, = 0.0

tion about our BS matrices and the algorithm for the matrix-matrix 0 =00 w=0.1 w=0.0 w=0.1
multiplication are provided in the supplementary material.

The optimization of the singles cluster amplitudes is carried out 522
via the DIIS procedure, which terminates when the L2-norm of the RMSD (uH) 0.3 51 0.3 5.0
singles vector function is lower than 10_5‘. As atomic basis sets, the MAE (uH) 0.3 3.9 0.3 3.8
def2-SVP and the def2-TZVP basis sets"""" are employed. For the  MAX (4H) 0.8 113 0.8 113
resolution of identity used to approximate the four-center integrals,
the corresponding auxiliary basis sets”*>*” are used. If nothing else L7
is indicated, we use optimized minimax grids with seven quadra-
ture points for the Laplace expansion. In addition, we set w = 0.1 RMSD (¢H) 0.7 49.8 0.6 20.0
a.u. for the attenuated RI-metric, which has been found sufficient for ~ MAE (uH) 0.5 369 0.5 37.0
the metric’® to start being local while there is no significant loss in MAX (uH) 1> 6.0 12 9.3

accuracy. All calculations are performed using multi-core comput-
ing nodes and an OpenMP parallelized code. We used a computing
node with one Dual AMD EPYC 7302 32-Core 3.0 GHz CPUs, 1 TB
of RAM, and 5.5 TB of disk space. All runtimes given are wall times,
not CPU times.

IV. RESULTS
A. Accuracy

We performed benchmark calculations on the S22 and L7 test
sets of complexes.”””” The interaction energies obtained with the
w-SOS-CDD-RI-CC2 method are compared to a MO-SOS-RI-CC2
reference and the errors are summarized in Table III. The use of

sparse algebra yields results as accurate as standard dense algebra
for both test sets since the sparsity of the density matrices associated
with these systems is low. The error introduced by the attenuation
factor is negligible for the S22 set, with MAE and MAX equal to 0.002
and 0.007 kcal mol™, respectively, and slightly increases for the
larger systems in the L7 set. In fact, the error for L7 samples is 0.02
and 0.03 kcal mol™! in MAE and RMSD, respectively, and 0.06 kcal
mol~! in MAX. For the C3A, C3GC (and the monomers A, GC, and
C3) systems, using the RI-approximation to compute the Coulomb
contribution to the Fock matrix caused numerical instability dur-
ing both HF and CC2 iterative procedures. Specifically, although HF

7¢€/€€1L £7Nn7 18A010N an

TABLE IV. Absolute energy error of w-SOS-CDD-RI-CC2 with respect to MO-SOS-RI-CC2 results for different attenuation
factors w, as well as for sparse and dense linear algebra. The number of basis functions is given for each system. The
structure files of the selected systems are available for download from our website.®8

Error (uH) Error (uH)
No. of bf 92=10"7,9, =107 94 = 0.0, 9,y = 0.0
Sample def2-TZVP w=0.0 w=0.1 w=0.0 w=0.1
CyoHsa 1732 0.02 23.00 0.03 7.90
CgoHie2 3452 0.50 48.20 0.50 15.30
CiooHz02 4312 0.71 62.60 0.74 18.42
Cis0H322 6892 1.06 108.00 1.36 28.90
ATO1 1247 0.57 7.25 0.60 7.30
ATO02 2680 0.80 17.50 0.70 16.90
Diamond 102 1662 0.004 28.00 0.03 28.01
Water 68 2924 0.14 19.30 0.14 19.30
Angiotensin 2751 0.05 31.60 0.10 30.50
Angiotensin deprotonated 2739 0.40 51.50 0.50 50.10
Angiotensin zwitterion 2751 0.50 40.00 0.50 39.00
K2 vitamine (90°) 1263 0.60 0.50 0.57 0.56
K2 vitamine (180°) 1263 0.50 1.40 0.50 1.50
CNT (Cy) 680 1.19 3.77 1.21 3.78

J. Chem. Phys. 157, 104104 (2022); doi: 10.1063/5.0098719
Published under an exclusive license by AIP Publishing

157, 104104-8



The Journal

of Chemical Physics

calculations converged using tighter thresholds and larger auxiliary
basis set for the three-center integrals, the CC2 calculations did not
reach convergence for monomers or dimers if the RI-approximation
was used in Eq. (35). Moreover, even using the RI-approximation
only for HF calculations, and so avoiding it in Eq. (35), the CC2
calculations did not converge for monomers or dimers.

Therefore, for the mentioned systems, we did not employ the
RI-approximation during neither HF nor CC2, since the compu-
tation of the Coulomb term with J-engine is not a computational
bottleneck regardless. In addition, we used ten Laplace quadrature
points for the C3 monomer for the same reason. In order to further
investigate the behavior of w-SOS-CDD-RI-CC2, we computed the
absolute energies for random large systems from our own bench-
mark set’® (see Table I'V). In contrast to the observations for the S22
and the L7 test sets, the use of sparse linear algebra slightly decreases
the accuracy of the obtained results. Thus, the accuracy of w-SOS-
CDD-RI-CC2 with both dense and sparse algebra is compared in
order to display the influence of the sparse linear algebra screening
and the RI-metric attenuation factor w.

Again, it is clear from Table IV that the smaller systems are
not affected by sparse algebra and yield results similar to the dense
algebra implementation, as for the L7 and S22 sets. Moreover,
the combined use of sparse algebra and the moderately attenuated
Coulomb metric (w = 0.1) reduces the accuracy by a maximum
of 0.1 kcal/mol. Therefore, the default screening thresholds ensure
accurate results with both metrics; hence, they will be used in all
further calculations. Of course, larger molecules are more sensi-
tive to the choice of the RI-metric and are, in general, more sparse.
For instance, the error introduced by either sparse linear algebra or
the attenuation factor increases with the system size for the linear
alkanes. Nonetheless, the accuracy of w-SOS-CDD-RI-CC2 is under
complete control using the two screening parameters 9, and 9,,, and
the attenuation factor w.

B. Scaling behavior: Linear alkanes

The sparsity of the one-electron densities is closely related
to the HOMO-LUMO gap of molecular systems.®” Especially, the
asymptotic linear scaling behavior holds only for systems with
a nonvanishing HOMO-LUMO gap.”””’ Accordingly, we investi-
gated the computational and storage scaling of w-SOS-CDD-RI-CC2
with w =0 and w = 0.1 (with i and % operators for the
RI-approximation, respectively) on electronically local systems such
as linear alkanes. Of course, they represent optimal systems for cal-
culations in a local basis (as shown by Fig. 1), but the same behavior
is transferred to three-dimensional systems that are large enough.
We carried out the analysis of the computational scaling, tak-
ing into account the number of floating-point operations (FLOPS)
during the first iteration (with ¢,; # 0). The results obtained using the
def2-TZVP basis set are summarized in Fig. 5. As can be seen,
the scaling exponents meet the expectations for both standard and
w-Coulomb (w = 0.1) metrics with values equal to ~2.8 and ~1.8 for
the largest system. In the asymptotic limit, the computational scal-
ing is cubic for w = 0. With a moderate attenuation factor (w = 0.1),
the asymptotic scaling of almost all steps is reduced to linear. How-
ever, the number of FLOPS scales sub-quadratically O(N*?) for the
time-determining calculation of the }A’fi intermediate [Eq. (23)]. This
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Linear Alkanes — Number of FLOPS for Iter 1 (def2-TZVP)
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FIG. 5. Plots of FLOPS (top) and wall times (bottom) against number of basis
functions showing the computational complexity of the MO and w-SOS-CDD-RI-
CC2 formulations (w = 0: “CDD” and w = 0.1: “w-CDD”) for linear alkanes in the
def2-TZVP basis. In the top plot, speedups with respect to MO calculations are
given. We used 9, and 9, equal to 10~7 and 10, respectively. Top: Log-log plot.
Bottom: Linear plot. The dashed lines and asterisks indicate that the points have
been extrapolated.

is due to the multiplications of N matrices with J, [Eq. (25)],
which is not sparse. Notice that there are other steps with cubic or
quadratic scaling in the algorithm (see Table II). Among these, the
quadratic calculation of all By, integrals is performed only once at
the beginning and does not affect the overall efficiency (see Fig. 6).
Some cubic and quadratic steps are repeated in each iteration (i.e.,
the formation of the Fock matrix and pseudo-densities). Nonethe-
less, it can be seen in Fig. 6 that these nonlinear scaling steps do
not affect the overall efficiency of our method because the time
demands are negligible if compared to steady times of one itera-
tion or the entire CC2 calculation. The same behavior appears in
the disk space requirements that are summarized in Table V. Since
the number of basis functions is close to the number of virtual
orbitals, the disk space demands of w-SOS-CDD-RI-CC2 are for-
mally similar to MO-SOS-RI-CC2 for smaller systems. Of course, as
soon as the systems become large enough, the use of sparse matri-
ces reduces the storage requirements along with the CPU costs.
Indeed, the space needed for the matrices of the half-transformed
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C350Hgs2 — Wall Times (minutes) with the def2-TZVP basis set
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FIG. 6. Plot of wall times (minutes) for each step of w-SOS-CDD-RI-CC2 (w = 0.1) for the linear alkane CaHssz. Fully colored rectangles indicate the use of dense
matrices for that specific step. In black (1-5): Steps performed only once at the beginning. In orange (6-9): Steps performed in each iteration as preparation of the following
time-determining calculations. In light blue (10-14): Time-determining steps involved in Fig. 2 where Step 10 refers to lines 11—16. In red (15-18): Time-determining steps
involved in Fig. 3 where Step 15 refers to lines 3-8. In green (19-23): Steps involved in Fig. 4. The dashed lines indicate the timings obtained when we reduce the available
memory from ~900 to ~450 GB.

TABLE V. Disk space demands (GB) for MO-SOS-RI-CC2 (“MO”) and w-SOS-CDD-RI-CC2 with w = 0 (“CDD”) and w = 0.1 (“w-CDD”). We do not store the AO three-center
integrals in the MO implementation. The * highlights when sparse matrices are not used to store them on disk. The sparsity thresholds 9, and 9, are equal to 10~7 and 10~°,
respectively.

No. of bf B}, (GB) BL;/B}; (GB) Y3V (GB)
Sample def2-SVP CDD w-CDD MO CDD w-CDD MO CDD w-CDD
CayoHs: 970 2.5 2.5 2.3 2.6 1.7 2.2 2.7 2.7
CsoHie2 1930 10.0 7.2 17.6 16.0 6.3 17.6 17.5 17.2
Ci60Ca22 3850 40.2 15.0 140.2 68.5 15.8 140.2 80.9 69.2
No. of b By, (GB) Bli/B,; (GB) Yfi/f/g, (GB)
Sample def2-TZVP CDD w-CDD MO CDD w-CDD MO CDD w-CDD
CiyoHs, 1732 10.6 *10.6 6.1 6.4 4.0 6.1 6.7 6.7
CsoHie2 3452 44.5 25.0 47.8 427 16.8 47.8 52.7 52.7
C160Can2 6892 176.3 52.0 380.6 220.0 54.4 380.6 378.0 3383

three-center integrals (Eﬁ,-) is significantly decreased and scales lin-
early in the asymptotic limit (with w = 0.1). On the other hand, the
disk space requirements for the ¥2 matrices are only reduced for
the largest system because of their decreased sparsity and scale as
O(N?*). The symmetric AO three-center integrals are treated dif-
ferently. For MO-SOS-RI-CC2, these integrals are computed and
transformed in each iteration. Thus, they are not stored on disk. For

w-SOS-CDD-RI-CC2 with w = 0.0, we store only the upper triangles
that require %Naubeam (Npasis + 1) of disk space. On the other hand,
for w = 0.1, we store the significant blocks within the upper trian-
gle of the BS matrices, showing an asymptotic linear scaling O(N).
The integral-direct transformation of the AO three-center integrals
is possible also for w-SOS-CDD-RI-CC2, avoiding the storage of this
quantity.
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C. Timings
1. Linear alkanes

The use of sparse linear algebra reduces the number of FLOPS
carried out in one iteration and considerable runtime speedups over
MO-SOS-RI-CC2 are expected when our w-SOS-CDD-RI-CC2 is
used. We performed the calculations in the def2-TZVP basis and the
results are summarized in Table VI and Fig. 5. Moreover, all cal-
culations were performed with the same number of batches. The
runtime speedups are always smaller than the speedups obtained
when comparing FLOPS, due to a runtime overhead of ~1.6 associ-
ated with the use of our block-matrices. Nevertheless, the crossover
with the MO implementation is at ~50 carbon atoms, as one can
see in Fig. 5. Indeed, our w-SOS-CDD-RI-CC2 method (w = 0.1) is
already twice as fast for CgoHisz. Doubling the size, our implementa-
tion is ~9 times faster than the MO formulation. Whether or not the
runtime speedups meet the trend in the FLOPS speedups critically
depends on the number of batches (bs, and bocc) in Figs. 2 and 3.

ARTICLE scitation.orgl/journalljcp

In fact, although efficient, in general, the formation of the Laplace
point-dependent three-center integrals (line 12, Fig. 2, and line 3,
Fig. 3) in w-SOS-CDD-RI-CC2 is negatively affected by the batching
overhead. However, since Bﬁj is sparse, this downside is mitigated

until by, and bocc get large, i.e., when the memory requirements
exceed the available memory of the computing node by several
times. The dashed lines in Fig. 6 display such a behavior for the linear
alkane Csz0Hes2, where the computation time for Step 15 is quadru-
pled when the available memory is halved. The AO reformulation
is ~37 times faster with w = 0.1 (see Table VI) and it outperforms
the MO implementation even if the number of batches is increased.
Furthermore, we want to stress that one can decrease the batch-
ing overhead (and increase the runtime speedups) either by using
a computing node with a larger memory or by performing CC2
calculations on multiple nodes, distributing both CPU and I/O
efforts. However, we did not exploit the second solution in the
present paper.

TABLE VI. Wall times (h) for the first iteration (£, = 0) of MO and w-SOS-CDD-RI-CC2 formulations (w = 0: “CDD” and w = 0.1: “w-CDD") for linear alkanes in the def2-TZVP
basis. We employ sparsity thresholds 9, and 9, equal to 10~7 and 10~°, respectively. Values marked with an asterisk (*) are extrapolated conservatively.

No. of bf MO cDbb ©-CbD
Sample def2-TZVP Time (h) Time (h) Speedup Time (h) Speedup
C40H32 1732 0.17 0.15 x1.2 0.11 x1.6
CsoHis2 3452 1.37 1.29 x1.1 0.57 x2.2
Ci60C322 6892 20.63 9.62 x2.1 2.27 x9.1
Ca0Hes2 13772 *309.00 *85.00 x3.6 8.38 x36.9

A)

1PB19

"HDR1(N52)

FIG. 7. Test set for the performance of the w-SOS-CDD-RI-CC2 model (w = 0.1): (a) IPB19/N52 complex’" (its alpha-helix structure is highlighted in green), (b) beta-
endorphin,’2 (c) ATO08 pairs,%® (d) olestra,”® (e) metenkephalin.>* We employed MolProbity’* with default settings in order to add the missing hydrogens to the IPB19/N52

complex.
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TABLE VII. Runtime speedups for the first iteration of w-SOS-CDD-RI-CC2 (w = 0.1) against MO-SOS-RI-CC2 in both def2-SVP and def2-TZVP bases. We employ sparsity

thresholds 9, and 9y, equal to 10~7 and 102, respectively.

w-SOS-CDD-RI-CC2

No. of bf MO-SOS-RI-CC2
Sample No. of atoms def2-SVP Time (h) Time (h) Speed up
HDR1(N52) 746 7069 66.76 11.93 x5.6
DNAS 524 5574 29.25 18.42 x1.6
Beta-endorphin 495 4675 14.07 6.55 x2.1
Olestra 453 3840 5.27 3.94 x1.3
IPB19 441 4149 8.77 3.48 x2.5
Metenkephalin 75 739 0.02 0.03 x0.7

No. of bf MO-S0S-RI-CC2 ©-SOS-CDD-RI-CC2
Sample No. of atoms def2-TZVP Time (h) Time (h) Speed up
Beta-endorphin 495 9076 61.32 46.24 x1.3
Olestra 453 7093 23.68 18.45 x1.3
IPB19 441 8046 40.27 26.04 x1.5
Metenkephalin 75 1456 0.08 0.09 x0.8

2. Three-dimensional systems

The w-SOS-CDD-RI-CC2 method has proven to be efficient
if applied to optimal systems such as linear alkanes. In fact, the
introduction of the Cholesky-decomposed density matrices resulted
in an early crossover with the MO-SOS-RI-CC2 model, as shown
in Fig. 5. A reduction of the number of FLOPS and a consequent
runtime speedup are also obtained when w-SOS-CDD-RI-CC2 is
applied to real-life organic systems, which do not always display
sparse density matrices. We used as test set six different systems
illustrated in Fig. 7, but it was not possible to perform calculations
in the def2-TZVP basis for some systems due to disk space limita-
tions. Table VII shows the wall times and speedups (with w = 0.1)
for the first iteration in both def2-SVP and def2-TZVP basis sets.
For HDR1(N52) in the def2-SVP basis, our w-SOS-CDD-RI-CC2
provides a speedup of 5.6, so that one iteration is carried out in
~12 h instead of ~67 h. The speedups for the def2-TZVP basis set
are lower due to the use of more diffuse functions. For instance, the
w-SOS-CDD-RI-CC2 speedups for the beta-endorphin are 2.1 and
1.3 with def2-SVP and def2-TZVP basis, respectively. In general,
the w-SOS-CDD-RI-CC2 model provides speedups that are expected
to become larger for increasing system sizes due to the reduced
scaling. On the other hand, w-SOS-CDD-RI-CC2 timings are com-
parable to the MO-based implementation for the smaller systems
(e.g., metenkephalin).

V. SUMMARY

We presented a reformulation of the SOS-RI-CC2 method
in the AO basis that shows cubic scaling in the asymptotic limit.
We further employed an attenuated Coulomb metric for the RI-
approximation decreasing the scaling to sub-quadratic for w = 0.1.
The Cholesky decomposition of the ground-state occupied density
matrix provides local occupied molecular orbitals that allow for the

reduction of the basis set scaling. Moreover, it leads to a reduced
prefactor and an early crossover with the MO implementation.
Our memory-efficient w-SOS-CDD-RI-CC2 method is based on a
minimal-overhead batching scheme and on efficient sparse linear
algebra routines, providing complete control of the error via the 9,
and 9,, thresholds while significantly speeding up the calculations.
Such control results in small errors as shown for calculations on the
S22 and L7 test sets and a selection of systems from our own bench-
mark.®® The performance of our reformulation has been assessed for
both SVP and TZVP basis sets with three-dimensional systems of up
to 700 atoms. The timings show that our method provides consid-
erable advantages if there is enough sparsity to be exploited. On the
other hand, w-SOS-CDD-RI-CC2 timings are comparable to MO-
SOS-RI-CC2 wall times for smaller systems, whose density matrices
are not sparse.

The disk space demand will be further reduced by implement-
ing an integral-direct algorithm, which avoids the storage of some
three-dimensional tensors and will be subject of a future publica-
tion. In addition, increasing the runtime speedups may be possible
by distributing the computational and I/O efforts among multiple
nodes. Finally, we want to stress that the presented w-SOS-CDD-RI-
CC2 approach provides the basis for the AO reformulation of the
SOS-RI-CC2 and ADC(2) equations for excited states energies. An
implementation is currently in progress in our group and will be the
subject of a forthcoming publication.

SUPPLEMENTARY MATERIAL

See the supplementary material for details about the reformu-
lation of cluster equations in the AO basis, the operation of our
block-sparse matrices, the scaling behavior, and our implementation
of MO-SOS-RI-CC2.
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I. DERIVATION OF AO-BASED EXPRESSIONS FOR THE CONTRIBUTIONS TO
THE SINGLES VECTOR FUNCTION.

In this section we provide the steps for reformulating the vector function terms of MO-SOS-

RI-CC2 in the AO basis. The explicit expressions for the ground state densities can be found in

the article.
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II. BLOCK-SPARSE MATRICES

Our block-sparse algebra are implemented to efficiently control memory demands, accuracy,
and performance when the matrices are sparsely occupied. These matrices are divided in blocks of
defined size, whose maximum is 96x96 in the present work. The allocation of each block is carried
out by employing a block allocator which stores the block in one large, and dynamically growing
memory pool, improving the performance for the allocation substantially (>20x). A memory pool
is unique for each matrix, however, in case of three-dimensional tensors Tli (I matrices with i rows
and k columns), we allocate the blocks from all / matrices in the same pool.

Whether or not a block is allocated depends on the allocation threshold ;. Thus, only the blocks
with L2-norm > 4, are stored. The second screening threshold 1, is used within the matrix-matrix
multiplication routine, whose pseudo-code is summarized in Algorithm 1. Within this algorithm
we multiply only the elements of the blocks that meet the screening criterium (line 6-9). The loops
in lines 1-2 can be parallelized in a single loop over all ib- and jb indices. If the workload is not
enough, the loop over k indices (line 3) is also parallelized and each thread computes its local Z

block (line 7) according to the multiplication in line 8.

Algorithm 1 BSMat - Multiplication of two three-dimensional tensors: C;; = ), Ay By;.
nb; = number of row-blocks of A and C, nb; = number of column-blocks of B and C, nb; =

number of column- and row-blocks of A and B respectively,
1: for block jbe nb; do

2. for block ib € nb; do
3: for block kb € nb; do

4: X = A.block(ib,kb)

5: Y = B.block(kb,jb)

6 if (|[X[[*[Y|]) > ¥ then
7: Z = C.block(ib,jb)

8: Zpgt = LrXpr¥rg

9: end if
10: end for

11:  end for

12: end for




III. THEORETICAL COMPUTATIONAL SCALING AND SPEEDUPS FOR LINEAR

ALKANES

TABLE I. Computational scaling of a single optimization iteration for linear alkanes. We take into ac-

count the number of FLOPS of MO-SOS-RI-CC2 and w-SOS-CDD-RI-CC?2 in the def2-TZVP basis and

two different density fitting metrics. We employ sparsity thresholds 1, and 1, equal to 10~7 and 1072,

respectively. Values marked with an asterisk (*) are extrapolated conservatively.

Sample No. of bf MO-SOS-RI-CC2 @w-SOS-CDD-RI-CC2 (w = 0) w-SOS-CDD-RI-CC2 (@ =0.1)

def2-TZVP FLOPS

FLOPS Scaling Speed Up FLOPS Scaling Speed Up

C4()H32 1732 1.2E+14
CsoHign 3452 1.8E+15
Ci60C322 6892 2.9E+16

C320Hea2 13772 *4 8E+17

14E+14 — x0.9 8.98E+13 — x1.3
1.5E+15 3.50 x1.2 5.67E+14 2.70 x3.2
1.3E+16 3.10 x2.3 24E+15 210 x12.2

*9.5E+16 2.80 x5.1 8.6E+15 1.85 x56.0




IV. MO-SOS-RI-CC2 ALGORITHMS

1: for occ-batch do
2: for all P € aux do
3: read Bij Vb, j € occ-batch
4: end for
5: for all P € aux do
6: read B7 ;b
7: for all T do
8: By, =By e I'Vb, j € occ-batch;
9: end for
10: end for
11: for all 7 do
12: for all P € aux do
13: by = Téfjﬁjﬁb,j € occ-batch;
14: end for
15: end for
16: for all T do
17: for j € occ-batch do
18: NE"+ = BY, "B} WP,0,b
19: end for
20: end for
21: end for

22: scale nf and N2¥ by —coswe

FIG. 1. Algorithm for the calculation of NTQP and nf intermediates within the MO-SOS-RI-CC2 implemen-

tation.

1: for occ-batch do
2 for all P € aux do
3 read BY, b
4 for all 7 do
5: *BP. = B e~#i'"a,i € occ-batch;
6 end for
7 end for
8: for all T do
9: for p € aux do
10: Q'+ = "BEnfVa,i € occ-batch
11: end for
12: end for
13: for all 7 do
14: for all i € occ-batch do
15: Y24 = "BENCPYPO. 1
16: end for
17: end for
18: for all i € occ-batch do
19: write Y2VQ,
20: end for
21: end for

FIG. 2. Algorithm for the calculation of Y[S Q! intermediates within the MO-SOS-RI-CC2 implementation.



1: for aux-batch do

2 for Q € aux-batch do
3 read Y2Va, i

4: YE =Cu¥3Vp,i
5: end for

6: for Q € aux-batch do
7 calc. Bgv‘v’u, v

8: QG =BG, YV, i
9: end for

10: for Q € aux-batch do
11: read Bg.‘v’u,v

12: Ot = Y2B%a,i
13: end for

14: end for

15: QG = AL,Q,

FIG. 3. Algorithm for the calculation of QSI. and QF contribution in the MO-SOS-RI-CC2 implementation.

ai
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ABSTRACT

A novel local approach for the quantum-chemical computation of excited states is presented, where the concept of the atomic-orbital formu-
lation of the second-order Moller—Plesset energy expression is extended to the second-order algebraic diagrammatic construction scheme by
virtue of the Laplace transform. The scaled opposite-spin second-order algebraic diagrammatic construction method with Cholesky decom-
posed densities and density-fitting, or CDD-DF-SOS-ADC(2) for short, exploits the sparsity of the two-electron repulsion integrals, the atomic
ground-state density matrix, and the atomic transition density matrix to drastically reduce the computational effort. By using a local density-
fitting approximation, it is shown that asymptotically linear scaling can be achieved for linear carboxylic acids. For electron-dense systems,
sub-cubic scaling can be achieved if the excitation is local, and hence the transition density is sparse. Furthermore, the memory footprint and

accuracy of the CDD-DF-SOS-ADC(2) method are explored in detail.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0139894

I. INTRODUCTION

The algebraic diagrammatic construction method (ADC),"
along with the linear response (LR)*7 and equation-of-motion
(EOM)* coupled cluster (CC) approaches are among the most
accurate and reliable methods for computing excited states and their
properties. However, increased accuracy usually comes at the price
of a higher computational effort and memory demands. Even the
most economical correlated methods, ADC(2)° and the approximate
coupled-cluster scheme of second order (CC2),'* scale with O(N?)
with increasing system size N, putting any molecule with more than
50 atoms or 2000 basis functions firmly out of reach of standard
computers. The transformation of the two-electron repulsion inte-
grals from the atomic-orbital (AO) to the molecular-orbital (MO)

basis and the evaluation of intermediates involving these quantities
are usually the main computational bottlenecks.

The first attempts to develop low-scaling excited-state meth-
ods were based on the local correlation treatment introduced
by Saebo and Pulay.” " As for ground-state Meller-Plesset and
CC methods,'™"” a compact representation of the virtual space
is obtained by forming pair orbital domains, where each pair of
local molecular orbitals (LMO) is assigned a domain [ij], which
includes only virtual molecular orbitals, in the form of projected
atomic orbitals (PAOs) spatially close to ij. The resulting number
of strong and weak electron pairs scales linearly.'® It is impor-
tant to notice that an electronic excitation can involve occupied
and virtual orbitals that are far apart from each other (e.g., charge-
transfer states), which would not be included in the orbital domains

J. Chem. Phys. 158, 124121 (2023); doi: 10.1063/5.0139894
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of the ground-state (or other excitations). This deficiency can be
addressed by extending the ground-state domains to the excitation
domains [ ij]ex, which can be obtained by performing a Mulliken-like
population analysis on transition densities of lower order methods
like configuration interaction singles (CIS). This approach was first
applied to EOM-coupled-cluster single double (CCSD)*”*" and later
to CC2.7*

Closely related methods include the natural orbital (NO)** ¢
and pair-natural orbital approaches (PNOs).”** The idea of NO
methods is in the spirit of local correlation methods since again
a compact (but not necessarily localized) representation of the
orbital space is used that is smaller than the canonical space. In
NO-CCSD,* a density matrix from a lower order method like MP2
is diagonalized to yield a smaller MO space in which the CCSD com-
putation is performed. In the context of excited state methods, NO
approaches encounter similar problems as LMOs: the optimal set of
NOs for the ground state is not necessarily the best compact repre-
sentation of the excitation space. The ground-state density generally
needs to be augmented by adding excited state densities, e.g., the CIS,
CIS with second-order perturbative corrections [CIS(D)]*! or CC2
density, or variations thereof. Natural orbital approaches to excited
states have gained massively in popularity in recent years, and also
incorporate ideas from local correlation methods.” ** Another type
of natural orbitals often encountered in literature are natural tran-
sition orbitals (NTOs), which can be obtained by singular value
decomposition (SVD) of transition densities.””*° Both LMO and
NO excited state methods have one major disadvantage: to com-
pute an excited state, they need prior information on that excited
state. Moreover, they are often state-specific, i.e., the compact MO
representation needs to be recomputed for each excited state, which
may become the limiting factor for multi-state calculations, which
are typically needed for the calculation of spectra.

So far, atomic-orbital (AO) formulations of excited states meth-
ods have been limited to CIS. Here, we present an efficient way
to reduce the computational and memory scaling of the Laplace
transform™ ’ (LT) density-fitting"” *’ (DF) scaled opposite-spin*’
(SOS) ADC(2) method" """ [DF-SOS-ADC(2)] by reformulating its
intermediates in the AO basis and exploiting sparse linear algebra,
as proposed in our recent work" for ground state DE-SOS-CC2.
The intermediates in our AO-DF-SOS-ADC(2) method explicitly
depend on the one-electron density (P) and its virtual counterpart
(Q). For systems with non-zero HOMO-LUMO gaps, the num-
ber of significant elements in the density matrix scales linearly in
the limit of large molecules. Therefore, we are able to reduce the
scaling of DF-SOS-ADC(2) to quadratic by taking advantage of the
sparsity of the AO-integrals and both ground-state and transition
density matrices.’® Furthermore, the scaling is reduced to asymptot-
ically linear if short-range density fitting metrics are employed.*”’
At last, the Cholesky decomposition of P provides local occupied
orbitals inheriting the locality from the density matrix. The resulting
CDD-DF-SOS-ADC(2) method has a lower prefactor and reduced
memory demands with respect to AO-DF-SOS-CC2 and shows an
early crossover with the MO formulation. The same approach is
valid for the underlying MP2 ground-state calculations.”

This article is structured as follows: First, we discuss the
ADC eigenvalue problem (Sec. I A), the SOS-ADC(2) equations*
(Sec. 1T B), and the AO reformulation (Sec. II C). Section II D
describes different density fitting metrics and the DF-based kernels

ARTICLE scitation.orgl/journalljcp

employed in our method. The Cholesky decomposition of density
matrices is introduced in Sec. II D, while the employed Davidson
procedure is described in Sec. II E. After providing computational
details in Sec. ITI A, we discuss the scaling behavior (Sec. III C) and
the accuracy (Sec. I1I D) of our CDD-DF-SOS-ADC(2) method.

Il. THEORY AND IMPLEMENTATION

In this section, we will first discuss the general eigenvalue
problem encountered within the ADC(2) method. Then, we intro-
duce the scaled opposite-spin approach and finally the intermediate
atomic-orbital formulation for ADC(2).

A. The algebraic diagrammatic construction scheme

The ADC(2) matrix can be written in block-form as

A= Al"lvl Al/’l"z i (1)
A.szl A.Mz"z

where p,;, v1 and y,, v, are single and double excitation manifolds,
respectively. The lowest eigenvalues of the Jacobian A are obtained
by matrix diagonalization using the iterative Davidson proce-
dure.” The time determining step is the formation of matrix-vector
products (MVPs) during the iterative procedure given by

r.“l = AI"lvl Uy, + A.“IVZ Uv,» (2)

1",42 = A,“Z"l Uy, + A.Msz Uvys

where u is the set of trial vectors in the current iteration of the David-
son procedure. Closed expressions for the MVPs have been derived,
and thus, the full ADC matrix does not need to be computed.

In general, the trial-vector space expands with each iteration,
with a memory requirement proportional to NoccNyir + N2 N2,
with Nocc and Ny;r being the number of occupied and virtual molec-
ular orbitals, respectively, which becomes a limiting factor for larger
molecules. Alternatively, the MVP may be reformulated only in
terms of the singles component as

Avnthy _ yeff

r.“l(wm) :Alll"l uVl +A141Vz :Aylvl(wm)uvl’ (3)

Wm + €y,

where €y, = €; + €j — €, — €, With €;, € and €,, €}, being the occupied
and virtual molecular orbital energies. Equation (3) corresponds to
multiplying an effective Jacobian matrix A**(w,,) with the trial vec-
tor u. The doubles part is computed on-the-fly and does not need
to be explicitly stored. This method, known as doubles-folding, only
works when the A,,, block of the ADC matrix is diagonal, which
is the case for strict ADC(2), but not for the extended ADC(2)-x>°
method or the higher order ADC(3)**”" method. Doubles-folding
reduces the required disk space for the diagonalization procedure to
NoccNyir. Due to the dependency of Eq. (3) on the eigenvalue w,,
the standard Davidson method cannot be used for its solution. The
Davidson algorithm used to solve this pseudo-eigenvalue problem
will be discussed further below.
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B. SOS-ADC(2)

In 2004, Jung et al.** proposed the scaled opposite-spin MP2
method (SOS-MP2), a variant of spin-component scaled MP2
(SCS-MP2) originally introduced by Grimme.”* In SOS-MP2, same-
spin contributions to the correlation energy are ignored, and oppo-
site spin contributions are scaled up by a scaling factor c,s. The SOS
method was later generalized to CC2,”” CC2 linear response, and
ADC(2).* For the latter two, an additional scaling factor has been
introduced to scale the contributions of the A,,,, and A,,, blocks.
The SOS-ADC(2) method introduces the following modifications:

e The MP2 amplitudes t are substituted by their scaled
opposite-spin analog,

£505 _ (ialjb)
igip = Cos—— ———
€q +€p — € — €j

4

where (ia|jb) are the two-electron integrals in the MO basis.

e All same-spin configurations (aaaa) and (BBBR) in the
doubles manifold are deleted, while all remaining blocks are
scaled up by a factor cosc.

It should be noted that the matrix expressions for SOS-ADC(2)
derived from SOS-CC2 are different from the ones obtained by
applying the intermediate state representation (ISR) formalism to
the SOS-MP2 ground state.”® The ISR-SOS-ADC(2) scheme only
ignores the same-spin contributions in the MP2 amplitudes but
leaves the p-h/2p-2h and 2p-2h/p-h coupling blocks unmodified.
In this work, we will focus on the standard SOS-ADC(2) scheme,
as ISR-SOS-ADC(2) does not allow for a favorable factorization of
terms when density fitting is used.

By applying the above modifications to the ADC(2) expressions
of the MVP, the restricted SOS-ADC(2) working equations are given

by
1 O () = (ea — €ty — . [2(ial jb) — (ijlab)]uj, + Zlii’sufb
b

71508 S0S 1(1)8,50S
+ Z”}u iji 7Zt1a]hljb

1 N a1 17(2)8.508
2%:[Z(MIJb) (iblja)]1;,

+ {Z (ikllc)ume (@) = Y u?;,i;’S(w)(kdmc)},
kel ckd
(5)

T,508 T
g (@) = (€a — €)thig —

> (ijlab)ug, + 3" Iy uy, + Z Ul
jb b
iajb *jp,

Ts0s 1 . T.508
thSOSI(l) + E%(zb\]a)lj(bz)

+ COSC{Z (ik|lc)uzﬁcos(w) Z ui,f’fs(w) (kdac)},

kel ckd
(6)
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SSOS _ Cosc S N S g
B = o St « E o)
- Z u?c(ac|bj) - Z uﬁ(bdai)}, (7)
TSOS Cosc
Uiajp (w) = W{Z uka(k’|b]) Z“kb(k]|m)
— > ui(aclbj) + Zuﬁ(bqai)}, (8)
with the intermediates
Ly = [Z tiﬁf(kbwc)] , )
kel ab
5= 3| )| (10)
ckd iesj
I3 2 (2(ialjb) = (ib]ja) yu3, (11)
IIEZZ)S,SOS _ Z til?bs S (12)
10508 = S (iblja)u,, (13)
jb
Ii(al)T,SOS _ _Z t,sa?hs (14)

The superscripts S and T denote the singlet and triplet
component, respectively, for each quantity.

To the best of our knowledge, the above expressions for
restricted SOS-ADC(2) have not yet been explicitly presented in the
literature.

The SOS method greatly reduces the prefactor of ADC(2) calcu-
lations but has no effect on the overall scaling. However, by applying
the DF approx1mat10n " and the Laplace transform of the energy
denominator’” """ to the above expressions for the MVP, the com-
putational scaling can be reduced to O(N*) as described by Winter
and Hattig."”” In these algorithms, four-index intermediates are com-
pletely avoided and hence the scaling of memory requirements could
be reduced to NauxNgas, where Ny, is the number of basis functions,
and Ngux the number of auxiliary basis functions.

C. Atomic-orbital formulation of ADC(2)

For a detailed derivation of the working equations of SOS-
ADC(2) in an atomic orbital representation, the reader is referred to
the supplementary material. In this section, we will give a schematic
outline of the method.

The low-scaling calculation of the MVPs in the AO basis
depends on both the one-electron density matrices P and Q,

Pyv = Cyicvb (15)

Q;w = C;vam (16)
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as well as on the transition density matrix U,
va = Cyiuiacva; (17)

where C is the MO coefficient matrix and u;, is the trial vector in the
MO basis. The Einstein summation convention is used throughout.
The transition density shows sparsity in the limit of large molecules
and local excitations, as shown in Fig. 1 for C;oH;50COOH.

Here, we propose an approach to ADC(2), where some compo-
nents of the MVP are computed in an intermediate AO basis before
being transformed back to the MO basis for the Davidson procedure.
We will demonstrate the procedure using an example. Consider the
non-symmetrized SOS-ADC(2) intermediate matrix I

psoses_ L~ (ale) (kb))

. (18)
ab 2kd€b+€c—€k—€l

The energy denominator in the t-amplitudes can be removed by
virtue of the Laplace transform,

1 _ /me_(€"+eh_€i_€j)tdt. (19)
0

€q t€p — € — €

The t-integration is then replaced by a finite summation using a
functional approximation,

Niap
Al ~ Zl: |w(a)|€_Amjht Z' (a)l —e,t(® et(“) —ebt(“) €t( © , (20)
iajb o

where w® and ' are the Laplace weights and exponents at Laplace

point a. Using a similar strategy as in AO-MP2 to factor out the
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coefficient matrices, the intermediates can be formulated as

Iggs,ns = %Z Z |w(“)|eAk’“"t(a> (kallc) (kblic), (21)
kel «

o)

Cos a —¢,
= ZCbZ|w()|l/4 7 Coa Y (k0]27) @ (M |1y),

KyT
(22)
—e t(® a —
_ Cos Z C ;,Z | w(tx)|l/4 at I‘E/\)AO SOS) (23)

with the pseudo-AO electron integrals and the occupied/virtual
pseudo-density matrices,

(xalzy) @ = P (K air’y )P, (24)

P - Z,: Cut | w @1 ¢, (25)
QY =X w7y, (26)

as well as the Laplace atomic-orbital intermediate,
I,ﬁﬂ’)AO_SOS => (§0|I7)(“)(K)L|Ty). (27)

KyT

A similar procedure is applied to all other components of the
SOS-ADC(2) expression. We abbreviated the resulting method as
AO-SOS-ADC(2), and the reader is referred to the supplementary
material for the whole derivation.
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FIG. 1. Logarithm of the absolute values of the matrix elements in the transition densities for the lowest excited state for the carboxylic acid C79H150 COOH, with the cc-pVDZ
basis set: (a) in the MO basis and (b) in the AO basis. Black indicates significant elements, while white indicates values below the threshold (10~%). The excitation domain
is entirely localized on the carboxylic group. Using sparse matrix algebra, significant speed-ups can be obtained for CIS in the AO basis.
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D. Local density fitting and Cholesky factorization

Even though the scaling of ADC(2) can be drastically reduced
using an atomic-orbital formulation, the prefactor is very large due
to the AO space being much larger than the particle-hole space.
The four-index intermediates initially scale with N3, compared
with N2 NZ, for an MO formulation. To mitigate this problem, we
introduce the density fitting (DF) approximation and the Cholesky
decomposition of the density matrices.

The two-electron integrals over four atomic orbitals y(7 ) can
be expressed in terms of the one-electron charge densities,”

— -, 1 — —
o) = [ wEwE) @@ d nd'n
r12

1
= [PW(E))TPAU(Z)dSrId3VZ; (28)
12

that in density fitting are approximated by fitting them to a set of
auxiliary functions vy,

pur(T) = ZX) Cuyx(7), (29)

where the fitting coefficients C}, are found by solving the set of linear
equations,

Civ = > (YIX) ™ (Y]w), (30)
Y
with

. 1 — —
By = (Y|uv) = [l//Y(rl)fu%(h)%(h)d}ﬁfrb (31)

A0 = [ @@ dnd’r. (2)

The three-center integrals in Eq. (31) decay exponentially with the
square of the distance between y and v, but decay only with ™" as a
function of the bra-ket distance. The number of non-negligible ele-
ments, therefore, scales with O(N?). The two-center integrals, i.e.,
the Coulomb metric (CM) matrix, as well as its inverse are gener-
ally not sparse and scale with O(N?), which also imposes at best
a quadratic scaling for the number of non-negligible elements in
the fitting coefficients. The density fitting procedure with the stan-
dard Coulomb metric is abbreviated to DFCM (density fitting in
Coulomb metric) for simplicity.

Closely related to the idea of density fitting is the Cholesky
decomposition of the two-electron integrals.”’ The resulting
Cholesky vectors Lxy can be evaluated in O(N 2) time, and the num-
ber of significant elements scales quadratically as well. In this work,
we will focus on the use of density fitting methods.

The fitting procedure given in Eq. (32) has the distinct disad-
vantage to introduce an unphysical long-range behavior between
the charge density centers (X| and |uv), as it draws from all auxil-
iary functions v, in the molecule. While introducing density fitting
into existing quantum chemistry methods generally lowers compu-
tational overhead due to rank sparsity, it often does not lower the
inherent scaling of the method itself due to the lack of element-wise
sparsity. Introducing a short-range metric is one way to address this
problem. The overlap metric is the most extreme case of short-range
metrics, and the number of non-zero elements of B scales with O(N)

ARTICLE scitation.orgl/journalljcp

TABLE |. Expressions for B and M for the kernels presented in this work. The
subscript w indicates that the Coulomb attenuated metric is used.

DF method Bxuy Mxy

DFCM (X|uv) x|y)™"
DFCAM Xluv),, (XIY), (YIR)(RIS),'
QRDF Cpy (X]Y)

in the limit of large molecules due to the exponential decay of the
overlap metric. While it offers maximum element-wise sparsity, its
decreased accuracy makes it impractical for most applications.””*”"*
The Coulomb-attenuated metric (CAM) offers increased accu-
racy, however, at the cost of a reduction in element-wise sparsity. 19,62
The three- and two-electron integrals in this metric are given by

— fi —
sor= [ Dy Byindn, 69
12

— i — —
Bxu = (X|pv),, = /Ilfx(rl)W%(h)%(ﬁ)fﬁf?’ )
34

where erfc is the complementary error function with a damping fac-
tor w. When w — 0 or w — oo, we recover the standard Coulomb
metric or the overlap metric, respectively. The damping factor w thus
controls the degree of sparsity and numerical accuracy. A value of
w = 0.1 was found to give high accuracy while still rendering only a
linear number of elements significant."”** The density fitting proce-
dure with the Coulomb-attenuated metric is abbreviated to DFCAM
(density fitting in Coulomb-attenuated metric) for simplicity.

As an alternative, a quasi-robust density-fitting (QRDF) formu-
lation has been recently proposed,”’ which bears the advantages of
increased element-wise sparsity while still keeping very high accu-
racy. The core idea consists in choosing a fitting domain {X} close
to the charge density p,, according to overlap criteria, but solving
the linear least-squares problem in the Coulomb metric on a larger
test domain {Y}. Although the number of fitting coefficients scales
linearly in the asymptotic limit—with the set of functions chosen
by overlap criteria—the quasi-robust DF method has a very large
overhead due to the QR decomposition computed for each set of
basis function pairs. Consequently, the computational time required
to compute the fitting coefficients can surpass the time required
to compute Hartree-Fock or MP2 energies in the case of electron-
dense molecules or large basis sets. The information about the three
different density fitting procedures is summarized in Table I.

Three- and two-center integrals will be used to rewrite the SOS-
DF-ADC(2) equation proposed in Sec. II C, as well as within our
kernels for the calculation of Coulomb and exchange-like matrices,
abbreviated as J and K kernels, respectively.

dx = MxyBy)sP),
j[P, M] X XY Dy) A (35)
],uv = BX/de;

D[i(v = MXYBY[AV)
Kp.v = DX}AUBXVAPAU;

(36)

IC[P,M]{
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where the exact forms of Bx,, and Mxy depend on the density fit-
ting approximation that is used. Another kernel used is the Z-kernel
encountered in CDD-SOS-MP2,”"

AT o 3 D(“)‘,:L(f‘) Qsj’) L(Z)B ol
el g
j

where L@ is obtained by the Cholesky decomposition”*" of the
occupied pseudo-density P

P(“) :L(D‘)(L(“))T. (38)

The number of Cholesky orbitals (CO) is equal to or slightly
less than the number of occupied canonical orbitals. Splitting the
transformation of B with the occupied pseudo-density into two
steps has the advantage of reduced overhead when multiplying the
half-transformed tensor Bfi with the virtual pseudo-density Q("‘), as
the summation runs only over N orbitals instead of Nao. The fully
transformed tensor D can either be stored in-core, written to disk, or
recomputed on-the-fly. Notice that the Z-kernel is specific to a cer-
tain Laplace point a and needs to be computed for each quadrature
point.

The working equations for the resulting CDD-DF-SOS-
ADC(2) method are given in Algorithms 1-4. Algorithm 1 shows
the pre-iteration steps, that is, the computation of the Laplace para-
meters and the intermediates I;; and I ;. The construction of the
intermediates can be formulated in terms of Z- and K-kernels. In
the K-kernel, the metric matrix M is replaced by the Laplace matrix
G formed by the Z-kernel. The contraction of G with Bxyy in the K-
kernel is the most expensive step in the pre-iteration procedure. The
resulting tensor can be computed on-the-fly as it is not needed for
any other contraction.

ALGORITHM 1. Pre-iterative steps for computing the ADC(2) intermediates.

ARTICLE scitation.orgl/journalljcp

Algorithm 2 outlines the steps to form the singles part of the
MVP. The steps are listed for both singlet and triplet. First, the
Fock-like CIS matrix FS is formed, as it represents an important
intermediate for the subsequent steps. This is easily done using the
J/K-kernels. Zeroth- and first-order contributions, as well as parts
2A and 2B of the second-order contributions, are trivially formed
afterward using the intermediates. Part 2C is most conveniently
computed using the J-kernel where the density matrix is replaced
by a pseudo-density matrix F formed by contraction with a pseudo-
AO CIS matrix. Part 2D is, however, a bit more involved. First, the
matrix T is formed by looping over the Laplace points and using
the J-kernel. Then, this matrix is used in a Fock-like construction
scheme to get the final result.

Algorithm 3 shows the construction of the doubles part of the
MVP, which is the computationally most expensive step of the SOS-
ADC(2) calculation. First, the Laplace parameters are (re-)computed
for the current excitation energy w, and the occupied density matrix
P is factorized using the Cholesky decomposition. The resulting
Laplace parameters are different from the ones used in the previ-
ous steps. The algorithm then enters the Laplace loop. First, the
intermediate tensors B,y and Rxyy are formed and stored. They
are then used to form two intermediate matrices in the auxiliary
basis. The final intermediate Dy is formed and the contributions
are added after two major contraction steps.

Alternatively, the virtual pseudo-Cholesky matrix may also be
factorized to give virtual pseudo Cholesky orbitals (Algorithm 4).
This further reduces the memory footprint from NauxNoccNao to
NauxNoceNvir. The impact will be larger for smaller basis sets, where
occupied and virtual spaces are of similar size. For larger basis sets
with diffuse functions, which are often needed for ADC(2) calcu-
lations, the savings will be less pronounced as the virtual space
increases with basis set size.

[y

Compute Laplace quadrature parameters {w(o‘)

LY for (6 + ¢ — € — )

2 If needed by the J,K or Z kernels, compute the Cholesky decompositions of the occupied

and virtual pseudo-density matrix, and the intermediate matrices I;; and Iy,

3 for a =0 to Ny, do

1 | G« Mxpz {P@,Q®)} Mgy

5 | Lup e —5C0 Y4 Cua | w(® [V et {P@) G}
6 | Iy —%5Cy; Y, Cui | w@ [V4 ek {Q), G}

7 Symmetrize matrices
8 I/L']' — Iﬂ

9 Iab — Iba

1%

nZ
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ALGORITHM 2. Intermediates.

1 Compute the CIS Fock matrices
2 if singlet: Uy, < C’uiu%C,,a
3 if triplet: Uy, < Cmu;f';Cya

4 | ifsinglet: FGS 2% 7{U,M},, - K{U,M},

5 | if triplet: FO)S <~ —K{U,M},,,

6 Add zero- and first-order terms

7 Tia < (€4 — €i)Uiq
i
8 Tia < Cm‘FEVSCVa

9 Compute part (A) and (B) of second-order term
10 Tiq < UipLap
11 Tig < Ujafi]‘

12 Compute part (C) of second-order term

13 for 6 = 0 to Ny,, do

T -l )
14 if singlet: F, #,Cf) — P;E'a/j Q,(/?LFSLS/
15 if triplet: F,(“Of) — _P;(;g Q%FE/LS/
16 Tiq < % ‘ w(a) |1/2 Cﬂieeit(a)cuae_eat(a)j {F(a))M}NV

17 Compute part (D) of second-order term

18 for a =0 to Ny, do
19 if singlet: Ufﬁf) —| wl@) 1/2 C’m-efit(a) C’,,ae_eﬂt(a)ufa
20 if triplet: U,S(l)f) — — | w(® ]1/2 Cmeeit(u)C’l,aefeat(a)uz;
2 T = 3 X0 Pt Qi) I {U@ M}
22 | Tia =% CuiCra 27 {T,M},, ~ K{T,M},, |
E. Davidson diagonalization The modified version of the Davidson procedure used here is based

on previous implementations for CC2.”*

The starting guess for the eigenvectors and eigenvalues are
taken as the CIS transition densities and excitation energies. For a
Aei(wi)ui = wiu,. (39) given state 1, a standard Davidson diagonalization is started with

As mentioned above, the standard Davidson procedure cannot
be used to solve pseudo-eigenvalue problems of the form,

CHih.CL €707 18A010N an
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ALGORITHM 3. Algorithm for singlet-excitations.
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1 Compute Laplace quadrature parameters {w(g)

2 for 0 = 0 to Ny, do

3 Compute doubles pseudo-matrices P() and Q@ and the Cholesky decomposition L

+ | BYL < L1y Bxu QL)
5 Uz%)(e) — LZ)SWUWUHE
6 Ug?)(e) — UWS%Q(A?

| R LBy, @0 005 o0

<o

s | N9 « LEZ)BE%)EBQW

Q
o | GY)« LYRY) By,

w0 | NO MXPNJ(D%MQY

11 Gg?%/ — MXPGgDG) MQY

a

Q
12 | DY« NORY), + GOV BY),
13 | 1 0,w) « TpPy, [DE?’EEBXWL(V‘Z} Coa

a 2

14 T'(B) (9’ w) P é,ullLl(f) {DE?QVBXU’Y} Qo’)\é)\a

0SC ia

15 Fiat = c2. et [—T(A)(O, w) + rgf) (0, w)}

O} for (—w+e+ej —€g—e)

(©)

173

fixed eigenvalue w,. The MVPs are computed as
vi(n) = Aegr(wn)ui(n), (40)

where i runs over all vectors of the current Davidson subspace. Then
the small Jacobian matrix is set up

Aji(n) = vi(n) - wi(n). (41)

Diagonalizing A’ gives the eigenvalues ' and eigenvectors ¢ and the
residual,

r(n) = E cinvi(n) - w,{cinui(n). (42)
New eigenvectors are computed as
r(n)
b(n) = —=, 43
(m) =5 (43)

where D is in this case, simply approximated by the MO energy dif-
ferences €; — €,. The eigenvector b is normalized and orthogonalized

against the other eigenvectors u. These micro-iterations are repeated
until the total change of the eigenvalue w’(n) since the first iteration
is smaller than the difference | w’(#) — w |. Then w(n) is set to w’ (1)
and a new Davidson procedure or macro-iteration commences. The
whole procedure is converged if the norm of the residual vector r
falls below 1 x 1072,

The roots are then further converged using the direct inversion
of the iterative subspace (DIIS).°® At each DIIS iteration, a new MVP
v(n) is computed according to Eq. (40) using the current guess for
the eigenvector u(#) and eigenvalue w. The new excitation energy is
then computed as

o = Y), (44)
|u]

The residual is computed according to Eq. (42) and added to the
current guess vector u and a new guess u’ is obtained by extrapola-
tion of the u-vectors of the previous iterations. The DIIS iterations

J. Chem. Phys. 158, 124121 (2023); doi: 10.1063/5.0139894
Published under an exclusive license by AIP Publishing

158, 124121-8

CHih.CL €707 18A010N an



The Journal
of Chemical Physics

ALGORITHM 4. Algorithm for singlet-excitations.
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1 Compute Laplace quadrature parameters {w®),¢@} for (—w + ¢; + € — €a — €p) "
2 for 6 = 0 to Ny,, do
3 Compute doubles pseudo-matrices P(?) and Q@ and their Cholesky decompositions

LEZ) and L@

a | B+ LBy, LY
s | v@® L )S,Wum,
o | W20 sl

iy
8 | Npp <+ BoLBY)

Qia
0 0 0
o | oty mnet,

10 | N{) « MxpNpyMgy
11 Gg?%/ — MXPG( ) MQY

12| D & NYRY ) + G By,

P R B2 )

13 | 1D 0,w) « O\Py, [DE?LGBXWL(VGE)} L9C,,

14 (B)(e w) — CWL(Gi) [D(engXWJL(@} Q’Y)\é/\a

0OSC

15 Fiat = 2. et [ (A)(Q w) —1-7“( )(9 w)}

are repeated until the norm of the residual is below the desired
threshold.

I1l. RESULTS AND DISCUSSION

In this section, we will discuss the performance of the CDD-
DF-SOS-ADC(2) method in terms of scaling, memory footprint, and
accuracy.

A. Computational details

All algorithms presented in this article are implemented in
a developmental quantum chemistry package called MEGALOchem.
The main goal of MEGALOchen is to offer a set of modular sparse
tensor kernels for various use in LCAO methods for ground and
excited state calculations. The electron integrals are computed
using the libcint library,"” and matrix algebra operations, such

as matrix diagonalization, QR, SVD, etc., are performed using
LAPACK, ScaLAPACK, and Eigen.®® MEGALOchem is open-source
and for further details, the reader is referred to the GitHub repos-
itory at https://github.com/ambmax00/megalochem. Sparse tensor
contractions are computed using the DBCSR library.””""

Reference excitation energies for SOS-ADC(2) are com-
puted using Q-Chem. All calculations have been performed
using two nodes with two Intel E5-2690v3 Haswell CPUs and
512 GB RAM each.

B. Molecular systems

We choose two different types of systems, which represent the
“optimal” and “non-optimal” cases for our method. For excited
states, sparsity can both arise in the ground-state density matrix
and the transition density matrix. The best-case scenario is rep-
resented by linear carboxylic acids (LCAs), shown in Fig. 2(a).

J. Chem. Phys. 158, 124121 (2023); doi: 10.1063/5.0139894
Published under an exclusive license by AIP Publishing

158, 124121-9

CHih.CL €707 18A010N an



The Journal

of Chemical Physics

5 o A
Bl i A

(@ (b)

FIG. 2. (a) Structure of a linear carboxylic acid with 20 C atoms. (b) Structure of
water solvated formamide.

They are ideal for quickly testing the performance of low-scaling
excited state methods as the elements of both the atomic density
matrix and the atomic transition-density matrix for the first excited
state rapidly decay with increasing distance between atomic orbitals.
The excited state is a n — 7" transition localized on the COOH
group.

The second group of molecules considered here are for-
mamides with differently sized water solvation shells [Fig. 2(b)], with
the first singlet excitation localized on the formamide molecule.’
In a sense, these systems are intermediate between best and worst-
case scenario: the ground-state density matrix is dense, but the
transition-density matrix of the lowest excited state is sparse due to
the local character of the transition. They will demonstrate whether
the CDD-DF-SOS-ADC(2) can be competitive with canonical SOS-
ADC(2) for mixed sparsity scenarios. Only the lowest singlet excited
states will be investigated in this article.

C. Scaling behavior

The scaling behavior is discussed by considering the time
needed to construct a single matrix-vector product as a function of
the number of basis functions for linear carboxylic acids of increas-
ing size, using the cc-pVDZ basis set (Table 11).”! We take as trial
vector u the CIS optimized transition density. It should be noted
that it is crucial to use CIS for generating the initial guess because
a guess based on molecular orbital energy differences alone can be

ARTICLE scitation.orgl/journalljcp

TABLE II. Total number of basis functions for linear carboxlyic acids (LCA) and
solvated formamide (FW) with the cc-pVDZ basis set.

Abbr. Formula Nao Abbr. Formula Nao
LCA20 H4:C20 508 FW15 H33CNOq¢ 417
LCA40 Hg1C400 988 FW30 Hg3;CNO3; 777
LCAS80 Hi61Cg00O 1948 FW63 H129CNOg4 1569
LCA160 Hj3;Ci500 3868 FW144 Hj9;CNOj45 3513

very dense and negatively impact scaling. Algorithm 4 is used to
evaluate the doubles part of the MVP and the timings are plot-
ted in Fig. 3(a) for three different density fitting procedures: the
DFCM method, the DFCAM method with the attenuation para-
meter w = 0.1, and the QRDF method with § = 1 x 10~ and
R = 40. The timings for the QRDF procedure are not included
because the aim of this section is to demonstrate that both local
density fitting approximations (DFCAM and QRDF) allow for scal-
ing reduction, without comparing the performance of the density
fitting procedure. We want to note that, at the current stage, the
QRDF procedure comes with a large prefactor due to the QR
decompositions. Therefore, we generally recommend the use of the
DFCAM procedure for calculations on large systems with large
basis sets.

Table I11 lists the corresponding scaling factors. The evaluation
of the MVP scales as O(N?) with the Coulomb metric, while lin-
ear scaling is obtained with the attenuated metric and the QRDF
method. The cross-over to the low-scaling regime is quick and can
already be observed for LCA40 for DFCAM. The same is true for
timings with the QRDF method, however, only if the time needed
to compute the QRDF coefficients is excluded. Figure 3(b) shows
the total wall time for each individual component of the MVP cal-
culation. The evaluation of the intermediate matrices (intermeds)
and lines 13-14 of Algorithm 3 are the most expensive steps. The
computational timings for computing parts 2C, 2D, and the CIS
Fock matrices (jk) are one order of magnitude lower. Part 2A and
2B only involve a single matrix multiplication of the MO transition

25000 | ] 1031 ]
20000 | ] 1021 ] .

FIG. 3. (a) Total time needed to con-
= 15000 F 1= —@— Intermeds | struct an ADC(2) MVP as function of the
8 g 10%¢ - ik number of basis functions using differ-
& 10000 F 1 B 1000 2A+2B ent density fitting approximations (LCA).

20 (b) Total time needed to evaluate each
—A— 2C+2D -
5000 F ] il 9F ] separate component of the MVP using
~ 10 < quasi-robust density fitting (LCA). Impor-
oLe—" ) ) ] 10-2 #= Chol. tant to note: timings for QRDF are not
1000 2000 3000 4000 1000 2000 3000 4000 taken into account.
Number of basis functions Number of basis functions
() (b)
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TABLE |IIl. (Upper part) Scaling factors for the construction of the MVP for linear
carboxylic acids. (Bottom part) Scaling factors for the construction of the MVP for
solvated formamide.
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magnitude sparser (~0.1%) than Bao. The difference to the other
Laplace tensor Bco is that Dco and Rco are formed by the multi-
plication of Bao with both the AO ground-state density P [O(N)]

Nao DECM DFCAM QRDF and the AO transition-density matrix U, whose number of rele-
vant blocks becomes constant for large LCA. This property of the
508 e e T U matrix explains the increased sparsity of Dco and Rco compared
988 1.8 1.4 L5 with Bco, which is formed using the AO ground state densities
1948 2.1 L5 1.4 only. Moreover, the number of relevant blocks within Rco becomes
3868 2.2 L5 1.0 constant for large systems resulting in the O(N) scaling shown
in Table II1.
Nao DFCM DFCAM It is interesting to notice that the intermediate tensor Dco,
417 ... .. which is formed from Bco and Rco, is sparser than both of its input
777 2.3 2.3 tensors. This indicates a potentially faster route to evaluate Dco
1569 2.1 2.0 by imposing sparsity criteria on Bco and Rco. How these criteria
3513 2.74 exactly would need to be defined is the subject of future investiga-

matrix with the intermediate matrices and are, therefore, evaluated
very quickly. The Cholesky decompositions also do not considerably
influence the total scaling.

Concerning the memory foot print of CDD-DF-SOS-ADC(2),
it is important to consider that tensors are kept in memory at which
step of the MVP calculation. All tensors scale at most quadrati-
cally with memory for any density fitting method. In the current
implementation, the tensors Bx,y and Cx,y (which corresponds to
MxyByy,) are kept in memory at all times. Tensors that depend on
the Laplace quadrature parameters are computed prior to the step
in which they are needed before being immediately discarded. These
include C;'(W (GxyByyy in the K kernel during the evaluation of the
intermediates, see Algorithm 2), and the intermediate Laplace ten-

sors in the Cholesky orbital (CO) basis (B)(g%, R}((?%, Dgg%), as defined

in Algorithm 4. The tensors will be abbreviated as C’, Bco, Reo, and
Dco for this discussion, and Bao is used for Bxy.

Figure 4(a) shows the block sparsity of these tensors for LCA
+ QRDF, with Byo as a reference. Block sparsity is defined as
the number of significant blocks divided by the total number of
blocks in the dense tensor. C' and Bco are quite dense, with a
block sparsity slightly below 10%. The intermediate Laplace tensors
Dco and Rco decay much faster than Bao, which was shown to
scale with O(N); for LCA160, e.g., Dco and Reo are an order of

tion. The most plausible route is via a sparsity analysis of the trial
vector u, similar to how LMO or NO excited state methods generate
a compact virtual orbital space. Similarly, the evaluation of the inter-
mediate tensors can be sped up by only taking into account the AOs
which are near or within the excitation space. This would, however,
lead to a state specificity of the CDD-DF-SOS-ADC(2) method.

Table 11T shows the performance of CDD-DF-SOS-ADC(2) for
solvated formamide with up to 144 water molecules. Due to the
dense electronic structure of these systems, both performance and
scaling are negatively affected compared with the LCAs. Nonethe-
less, our CDD-DF-SOS-ADC(2) method shows sub-cubic scaling
behavior indicating that our CDD-DF-SOS-ADC(2) method can
always reduce the computational scaling of excited states calcula-
tions if the excitation space is small and localized. Although Table ITI
shows sub-cubic scaling, we want to stress that, even for solvated for-
mamide, the scaling is asymptotically linear if a local density fitting
procedure is used. Please note that the value for FW144 is missing
in Table IIT due to numerical issues that were encountered during
the inversion of the two-center-two-electron integral matrix in the
Coulomb attenuated metric.

D. Accuracy

To get an impression of the accuracy that can be achieved with
CDD-DF-SOS-ADC(2), the lowest-lying singlet excitation energies
for a small set of molecules are compared with the results obtained
with exact/canonical SOS-ADC(2), as implemented in Q-Chem.””

5 10 S o
g % FIG. 4. (a) Block sparsity for the major
& & ®— Bxpwy 3-index tensors appearing in the evalua-
% 100 {1 —¥— Cxuw tion of the MVP (LCA, DFCM). (b) Block
é % o Dxia sparsity for the major 3-index tensors
107 &~ Byia E appearing in the evaluation of the MVP
o1 ] —< Ry, (FW, DFCM).
1000 2000 3000 4000 1000 2000 3000
Number of basis functions Number of basis functions
(@ (b)
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The Hartree-Fock wave function taken as reference for CDD-DF-
SOS-ADC(2) is optimized using density fitting in the Coulomb
metric, while the exact HF ground state is used for the canon-
ical calculations. The aug-cc-pVDZ basis set,”””” and the auxil-
iary basis sets cc-pVTZ-jkfit’* and aug-cc-pVDZ-ri’”” are used for
Hartree-Fock and CDD-DF-SOS-ADC(2), respectively. The test
systems include linear alkanes and carboxylic acids, solvated for-
mamide, as well as the boron-dipyrromethene-flavin dyad (FLVA)"®
and the phenothiazine-isoalloxazine dyad (DYAP).”

Before considering the results, it is important to note that
convergence issues were commonly encountered in the Davidson
procedure when using local density fitting approximations. This is
due to linear dependencies in the auxiliary basis set space, which
then leads to numerical issues in the fitting procedure. The error
propagates through the Davidson iterations and causes convergence
issues in the form of negative excitation energies. Fortunately, the
problem can often be solved by filtering out all eigenvectors with
an associated eigenvalue below a certain threshold (typically around
1 x 107°-1 x 107*). Alternatively, the problem can be solved by
removing the linear dependencies from the basis set itself, e.g.,
by means of a Cholesky decomposition of the auxiliary overlap
matrix.”””

Similar problems were encountered in our original implemen-
tation of QRDF. For each block of fitting functions X, the test
functions Y are chosen by considering only the overlap of basis
functions with the smallest exponent in each block. This screening
method, however, leads to many near-zero overlap values between
tighter basis functions in the same block, which in turn cause
numerical issues in the QR decomposition when solving the lin-
ear least-squares problem. Here, an alternative QRDF algorithm is
used, where the test functions are chosen by weighted average cri-
teria using the auxiliary overlap matrix to avoid near-zero values in
the rectangular matrix (X|Y).

Table I'V shows the SOS-ADC(2) excitation energy differences
in meV. Values are given for DFCM, DFCAM with attenuation fac-
tors 0.1, and the improved QRDF algorithm. DFCM shows errors
on the order of several meV for the linear systems LCA12, LCA20,
and LA20, and lower for the other test systems. As expected,
DFCAM introduces much larger errors. The iterative nature of the

3

TABLE V. Differences for the lowest lying singlet excitation energies between
canonical SOS-ADC(2) and CDD-DF-SOS-ADC(2), in meV, for different den-
sity fitting approximations. LA = linear alkane, LCA = linear carboxylic
acid, FW = solvated formamide, flva(a) = borondipyrromethene-flavin dyad,
dyap = phenothiazine-isoalloxazine dyad.

System DFCM DFCAM(0.1) QRDF
LCA12 53 0.2 4.1
LCA20 3.6 9.6 3.2
LA20 1.5 10.6 0.8
FW10 0.2 15.1 0.5
FW15 1.6 2.1 0.3
FLVA 0.9 0.1° 0.9
DYAP 5.8 89.7 5.8

*The cc-pVTZ-ri’”* auxiliary basis set was used instead of aug-cc-pVDZ-ri due to
convergence problems.
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Davidson procedure, therefore, has a significant impact on the accu-
racy for DFCAM. Errors are much smaller for QRDF, and even
problematic systems like LA20 have similar accuracy to DFCM. It
should be noted, however, that the total errors for all metrics and
systems are well below the experimental accuracy of 0.1 eV for
SOS-ADC(2).

Furthermore, it should be noted that the accuracy of the excita-
tion energies is also affected by the quality of the HF wave function.
In fact, we used a different HF wave function (with no RI-J approx-
imation) in the reference calculations, which possibly introduces
some errors in the CDD-DF-SOS-ADC(2) calculations. However,
all CDD-DF-SOS-ADC(2) calculations employed a RI-HF reference
ground-state allowing a consistent comparison.

IV. CONCLUSION

We have successfully demonstrated how an atomic-orbital for-
mulation of the scaled opposite-spin ADC(2) scheme can drastically
reduce its scaling by several orders of magnitude, using sparse matrix
algebra and local density fitting. Our method can exploit both local-
ities in the electronic structure via the sparsity of the ground-state
density matrix, and the locality of the excitation via the sparsity of
the transition-density matrix. In the ideal case, linear scaling can
be achieved if DFCAM is used. For electron-dense systems, sub-
cubic scaling is possible if the excitation is localized. As opposed
to local molecular orbital or natural orbital approaches to excited-
state calculations, the proposed method does not need any a priori
information on the excited state and is not state-specific.

SUPPLEMENTARY MATERIAL

See the supplementary material for details about the deriva-
tion of the MVP equations in the AO basis with doubles-folding and
information about molecular structures.
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Supplementary Information

1 Derivation of AO-SOS-ADC(2)

In this section, we outline each step in detail to derive AO-SOS-ADC(2) starting from
canonical SOS-ADC(2).

1.1 Restricted SOS-ADC(2) with Doubles-Folding
The working equations for restricted SOS-ADC(2) with doubles folding are given by
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1.2 Restricted SOS-ADC(2) with Doubles-Folding in an Atomic
Orbital Basis

The goal of an atomic orbital based formulation of ADC(2) is to compute the matrix-
vector product in an intermediate AO basis and transform it back to the MO basis (or
alternatively an LMO basis) for the Davidson procedure, similarly to how it is done for
CIS:

Tia = CpiTywClua (11)

Furthermore, it is convenient to split the MVP into six components which are evaluated
individually

CIS

’I"m((.d) +Tza + rm +rza + Tza + rza ( ) (12)

In the next sections, using Equations 1 and 2 as starting points, the working equations
for restricted AO-SOS-ADC(2) will be derived and discussed in detail.

1.2.1 First Order

The first order part of the MVP is identical in both ADC(2) and SOS-ADC(2)

rCTS — (e, — e)ud + Z (ta | jb) — (ij | ab)] ufb (13)
Tia 0= (€0 — €)uf, — Z (ij | ab) uj, (14)
jb



An AO formulation is obtained in an identical manner to AO-CIS by factoring out the
coefficient matrices to obtain Hartree-Fock-like expressions:

riCISAO (€0 — Ez)Ufa + Z CiCrq _(2 (o | vA) — (pv | o)) UiX]
ia . ~ (15)
= (€, — €) uf; + Z CriCoa 2‘]50 N Ki"]

rDOISAO _ (e e Z CiCoq (,uV | o) UZX]

(16)
= ( - 62 Z CpiCoaKZg

where J and K are the Coulomb and exchange kernels, and u,z is the transition density
in the AO basis
UHE = uiuiaoﬁa (17>

The zero order terms (i.e. the molecular orbital energy differences) do not need to be
formulated in an AO basis, because the computation time is negligible. Similarly, trans-
forming J and K to the MO basis formerly scales as O(N?) but has very low overhead and
does not influence the overall scaling of AO-SOS-ADC(2). The time-determining steps
are the computation of the J-kernel, which scales as O(N?) and the K-kernel, which scales
as O(N) in the limit of large systems. For triplet excitations, the scaling is reduced to
linear due to the absence of coulomb contributions.

1.2.2 Second Order: Part 2A and 2B

The expressions for component 2A and 2B read

SSOS2A Z SOS S ZISOS S (18)

TiTLl,SOS,2A _ Z 1508 T +ZISOS T (19)
b

with the intermediates as defined in the previous section. Rather than casting the whole
expression into the AO basis, it is more convenient to evaluate only the non-symmetrized
intermediates C:S;)OS,ns and 129%™ in the AO basis. The expressions for the intermediates
involve the t-amplitudes, and to obtain an orbital-invariant formulation, it is necessary

to use the Laplace transform

nlap

a) eple) _gpla) ¢ pla)
= g \w —cat' Qt e et eﬁﬂt (20)
— € -+ €p — EJ

«




Using a similar strategy to AO-MP2 to factor out the coefficient matrices, the interme-
diates can be formulated as

Iﬁ)O_SOS’nS = COS Z Z |w(0l)|€Akalct @) (k:a | ZC) (k)b | lC) (21)
ke «
_ Cos Z C)\bz ‘ w (o) 1/4 efeat(a)cga Z (EU | Iﬁ)(a) (/‘i)\ | 7_7) (22)
KT
_ Cos ZCM’Z | w® |1/4 _Eat(a>CO'aAo-,\ (23)

with the pseudo-AO electron integrals and the occupied/virtual pseudo density matrices

(50 | 79) = P&} (Ko | 'y) P2IQL) (24)
Pliu’ = Z Cuieo'%ln'w(a)’—i_eit(a) C,u’i (25>
0 = S g, 0
Similarly
1307308 = S ST |l e (i | ) e | k) (27)
a  ckd

Cos 1/4 eci (@) — <

= ZCVJZ} ST (17 | K9) (v | K0) (28)
)

_ Cos ZCW Z} | Cpesit™ B (29)

Finally, the intermediates are symmetrized
AO-S0S AO-SOSns | 7AO—SOSns
Iab = Iab + Iba (30)
AO—-SOS __ 7AO-SOS;ms | 7AO—S50S;ns
I =1;; + I (31)
The time-determining step for both intermediates is the computation of the Laplace
intermediates A(® and B(®. The subsequent multiplication with the coefficient matrices
is again negligible.
1.2.3 Second Order: Part 2C

Component 2C is computed as

8,508,2C _ Cos (1)$,808
T, 7 Z tiajb]jb (32)

a

T,508,2C _ Cos 1)T,50S
T —5 Z tiajbjj('b) (33)

a



Applying the Laplace transform, this then gives
_ Cos @ o g(a) . . .
A —5 ZZ |w @] eert™ (ia | jb) [Z (2(jb | ke) = (je | kb)) U§]
j « kc
_ cos Z Z ‘ 1/2 t(a)ccme_eat(a)
T\ (@)
. {Z ey [Z 2\ | K7) — (7 | 5A) u] }

VA Ky

_ Cos Z Z ‘ 1/2 i t(a)ccme_eat(a)
{z (o |2) 2~ fgy] }
A

¢ 1/2 (@) e (o) _
_ 08 Z Z ‘ €t sze €aqt ];(L}T)(Q)S’AO SOS
(e}

X

(34)

Similarly, triplet contributions are given by

TZ;AO S0S,2¢ _ Cos Z Z| 1/2 t<a)C'aae_€“t(a> {Z (Ma | 1/)\) K)\V}
(35)

alpha ia vA

Cos 1/2 () —eat@ (1 T,A0-SOS
5 3 ] G e 0
alpha ia

where J and K are the same matrices needed for the CIS contributions. Note that the
matrices are transposed, i.e. the index order is Av, and not vA. The time-determining
step is the formation of the Laplace AO intermediates I, ,(f,sl).

1.2.4 Second Order: Part 2D

Now consider part 2D

1
P O = =2 > 2 (ia | jb) — (ib ] ja)] Ly

a 2 b
1 ] (2)5,508 (36)
= =3 2 Kl
b
1
7,508,2D )T S0S
Tm 5 Zb (Zb ‘ ] ) (37>
J



Applying the Laplace transform gives the singlet expression

S,A0-5082D ___ Cos Q)] Asajpt® - S
Tia Y E Kiajo E g || e (b | ke) ug,
jb ke «

_Cos ZCWCM [ LU (Z (LA | ’W) )ufiv)s)] (38)

«

_ COSZC C., I )S,A0—SOS

Similarly, the triplet expressions

R EpSIIELI I MTE ) (jb | ke uf,

_ Cos Z CpiCoq | (po | vA) (Z (LA | &Y) ) u,(;f‘y)T>] (39)

:COSZC C, I 2)T,A0—S0S

With the transition density in the pseudo atomic orbital basis

ule) = [ Cpie sy Cgeeet” (40)

The computation of the AO intermediates [(2505-40

is best evaluated as

is the time-determining step, and

J = (uo | vA) u@ (41)
T = Pl TQu) (42)
250540 = N "2 (o | vA) = (A | vo)] IS (43)

«

1.2.5 Second Order: Part 2E

The final part is given by

ri 3052 (W) = cOSC{Z(ik | 1e) ugens () = ) tiiieg > (w) (kd | ac)} (44)

kel ckd

1028, >—cosc{z<m|zc uTSO5 () — 3T S05( mrm} s)

kcl ckd

With the doubles intermediates as given in Equation 3 and 4. The Laplace transform
needs to be applied to the energy denominator present in these intermediates. The
optimal Laplace parameters are however different from the ones used for the t-amplitudes,
due to the additional factor of the excitation energy w. For each different excitation energy
w, a new Laplace quadrature needs to be computed, alongside a new set of pseudo-density

6



matrices P and Q. The additional time is however negligible for the standard number of

quadrature points (ny,, < 10). The symbol 0 is used to designate the Laplace quadrature

for the doubles denominator to differentiate them from the ones for the t-amplitudes.
First, an AO formulation of the doubles amplitudes will be derived such that

Usjagb (w) = Cpi Caauum/)\ Cl/j C1/\b (46)

For quantities like the MO integrals (ia | jb), this is straight forwardly done by factoring
out the coefficient matrices. However, the situation is more complex in the doubles
intermediates, due to the presence of terms like wuy, (ki | bj). For the MO transition
densities, the non-orthogonality of the AO basis needs to be taken into consideration.
The MO coefficient matrices are factored out by a PAO backtransform:

Ujq = CM‘SMN/UE/EISU/UOUQ (47)
The doubles intermediates can then be expressed as

u%’ll:(w> = _COSC Z Z ‘w(g) |e(w7€a7€b+ﬁi+€j)t(9) CN/LCUGCVJC)\I) {

0 povA

Z [uSKTSU/U (kp | vA) £ uzgs,\/,\ (vk | ua)]

(48)
S [ iyl (X | o) £ Sl (o | m)] }
il
= — Z Z ’w(e) ’e(w—ﬁa_fb"l'Gi"Fej)t(O) O,”'Cga iof)\CV]C)\b
0 povi

Note the additional minus sign in front of the Laplace summation. After the Laplace
transform, the sign of the denominator is swapped, i.e. ﬁ — exp(Fat?). For large
negative occupied molecular orbital energies €; or large positive virtual molecular orbital
energies €,, this would lead to very large values and numerical instabilities. For this
reason, the minus sign is factored out to reverse the sign in the exponent.

Inserting 48 into Equations 44 and 45 gives the expression for part 2E constructed

via AO intermediates:

r PAOTSOSEE () = —2 N et {cm OAC, oot [Z (us | 79)@ ié%]

0 RYT
€ (9) )
|w |1/4C’ et O Zumné /€5 | 07) ]}
YK
= 2 e {Culu P R

~ |1/40 e Coa ROPSIT |
(49)

Similarly to previous expressions, the AO electron repulsion integrals are not completely
transformed into the pseudo-AO basis, but only three-quarter transformed integrals are
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obtained. To obtain fully-transformed integrals, it is beneficial to perform the following
transformation:

Tia = C_’ui’fruac_’aa’ = éui’ m’riacaaéaa/ (5())

Inserting this expression into Equation 49 yields

S/T,AO—SOS2E 2 +(0)
Tia (w) = —Cosc § e OulP/U/CUa
0

_C’m’écrann/ [Z ui»/y:5 (ﬁg | m) (9)] } (51)

VKO

== > e CuCr ROV - CuCou R
0

HO’

S (| 77)® zgv]

RYT

which gives fully transformed integrals. This step is necessary to obtain a better facto-
rization for part 2E in the density fitting approximation. Note that there are other cases
of non-fully transformed integrals in the previous parts - however a full transformation
does not give any significant advantage over a DF formulation, so they are left unchanged.

The time-determining step is the formation of the R intermediates, which in turn
depend on the AO doubles intermediates.

1.3 Summary

The AO-SOS-ADC(2) matrix-vector product is finally computed as

T;?;AO DF— SOS( ) = (€q — €&)us, + Z CliCuq <2j5,, — f(fl,)

+ ZI:;})O_DF_SOS + ZIAO DF— SOS S

ja

Cos Z Z | 1/2 l ga)Ila:}T)(a)S,AO—DF—SOS (52)

C
~os E :Cmccral )S,AO—DF—-S50S

— Cgsc Z GUJt(G) {éuiéaaR(H?(l)S - éuiéaaR(H?(Z)S}
0
T’T L AO—DF— SOS( ) (ea . Q)U;‘Z; + Z C/.LiCVaKgy

a

+Z[AO DF—-S0OS T+ZIAO DF—-S0S T

]a

os 6% / o
c ZZ| ()|12 z Ua [;(;7)( )T,AO—DF—-S0OS (53)

C _ _
Cos 2 :Cpiccm]‘ugT’AO DF-S0S

osc

0

— 02 Z QWt(G) {éuiéaaR(H?(l)T — épiéUaR(H?(Q)T}



where the intermediates are evaluated as presented in the previous sections. The 2-
index intermediates still need to be transformed back to the canonical MO basis for the
Davidson procedure, but the computational effort required is negligible.

1.4 Restricted DF-SOS-ADC(2) with Doubles-Folding in the
AO Basis

To lower the prefactor of AO-SOS-ADC(2), the density fitting approximation is introdu-
ced. The two-electron repulsion integrals are approximated using the generalized form

(1o | vA) = Buox Mxy By (54)

where the quantities B and M depend on the density fitting method. By inserting
the relation 54 into the working equations for AO-SOS-ADC(2) derived in the previous
section, we obtain the MVP expressions for AO-DF-SOS-ADC(2) as outlined in Algorithm
1-3 in the article.

2 Molecular Structures

The xyz files for the linear carboxylic acids for C20 to C160 can be found under https://
github.com/ambmax00/dissertation/tree/main/Structures. Their geometries were
optimized using DFT/B3LYP with the 6-31G* basis set.

All other structures used for benchmarking can be found within the references indi-
cated in the article.
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Abstract

In recent years, rapid improvements in computer hardware, as well as theoretical
and algorithmic advances have enabled the calculation of ever larger systems in com-
putational chemistry. In this avenue, we present efficient implementations of the scaled
opposite-spin (SOS) second-order approximate coupled cluster (CC2) method and the
closely related second-order algebraic diagrammatic construction (ADC(2)) method.
The implementations leverage the least-squares tensor hypercontraction approximation,
for which a new density-based integral-direct reformulation of the grid-projection of the
electron integral tensor is presented. Together with screening based on local Cholesky

orbitals stemming from the decomposition of the one-particle densities (CDD) in the
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Laplace integration and optimized block-sparse linear algebra, effectively O(N 2) scal-
ing variants of linear-response SOS-CC2 and SOS-ADC(2) are obtained. The derived
CDD-THC-SOS-LR-CC2/ADC(2) methods are shown to be capable of targeting exci-
tation energies of systems up to ~1000 atoms and ~12000 basis functions on a single

compute node.

1 Introduction

An accurate description of the electronic excited states of chemical systems is crucial for
the useful interplay of theory and experiment,! where spectroscopy measures transitions be-
tween particular states, such as those that are electronically, vibronically, and /or rotationally
excited. Amongst the spectroscopic methods probing transitions between the ground and
electronically excited states, UV-vis spectroscopy (UV-vis), which involves the absorption
and emission of photons in the ultraviolet (UV) and visible (vis) regions, and X-ray ab-
sorption spectroscopy (XAS), which involves the excitation of core electrons, are two of
the most widely used methods.?* Thus, in order to relate the experimentally observed
absorption/emission bands to electronic transitions, accurate methods to compute vertical
excitation energies are required. Additionally, calculating transition dipole moments directly
relates to the observed intensities of the transitions through Fermis Golden Rule relating it
to the oscillator strength

While exact excitation energies can — in the limit of the Born—Oppenheimer approxima-
tion and a finite basis set — be obtained through the full configuration interaction (FCI)
method, " its exponentially scaling cost renders it inapplicable for all but the smallest sys-
tems. Therefore, considerable effort has been put into the formulation of approximate meth-
ods, also in combination with reduced scaling methods to reach ever larger system sizes,
preferably without sacrificing accuracy. Here, considerable theoretical as well as algorithmic
advances have been made in the past decades.®® The former include reformulations of many

of the commonly encountered methods in quantum chemistry under the paradigm of response



theory, i.e., the quasidegenerate second-order perturbation corrected CIS (CIS(Dy)),? time-
dependent density functional theory (TDDFT),1%12 the family of complete active space self-
consistent field (CASSCF) 1% methods, algebraic diagrammatic construction (ADC) 716719
methods, as well as linear-response coupled cluster (CC)2%24 theory. Here also approximate
CC models were introduced, such as the commonly used approximate CC singles and dou-
bles (CC2).% Without further approximations, CC2 and the closely related second-order
ADC (ADC(2)) method exhibit quintic scaling, which necessitates additional algorithmic
improvements in order for the methods to be applicable to larger systems. While con-
ceptually simple, the opposite-spin (SOS)?¢2® approximation by Jung et al. achieves a
significant reduction of the scaling prefactor by complete neglect of the expensive same-
spin terms, while at the same time largely retaining the accuracy.?**° Due to the required
transformation of the electron repulsion integral (ERI) tensor into the molecular orbital
(MO) basis, the scaling remains O(N®). However, a reduction of the scaling exponent can
be achieved by using a factorized form of the ERI tensor, such as the resolution-of-the-

identity (RI)2%3134 approximation or the Cholesky decomposition?®

in conjunction with the
Laplace transformation?3%37 to obtain a separable form of the orbital energy denominator.
Recently, Ochsenfeld, Dreuw, and coworkers®3° put forth atomic orbital (AO) based formu-
lations of SOS-CC2 and SOS-ADC(2), which achieve sub-quadratic to linear scaling through
a combination of the RI approximation with an attenuated Coulomb metric (w-RI)*° and
Cholesky decomposed densities (CDD).40424245 To achieve even further reduction of both
the memory requirements and the number of required floating point operations (FLOP),

tensor hypercontraction (THC) by Martinez and coworkers649

can be applied, which cir-
cumvents the necessity to store and contract third- (or higher-) order tensors completely.
THC variants of CC methods have previously been reported for CC2,°° CCSD,5' 5% and
CCSD(T)%* ground-state energies as well as for excitation energies based on EOM-CC2.%

In this work, we propose a density-matrix-based and integral-direct approach for obtaining

the THC-factorized ERI tensor, which adds only a marginal overhead when applied to an



electron correlation method. In this regard, SOS-LR-CC2 and SOS-ADC(2) are ideal meth-
ods for the application of THC, since they 1) require the AO-ERI tensor to be repeatedly
transformed into different MO subspaces, which can efficiently be done by matrix-matrix
multiplications, and 2) only include OS contributions, for which THC allows to reformu-
late the expressions to only use matrix linear algebra without the occurrence of higher than
second-order tensors. By combining THC with local Cholesky pseudo-MOs from the CDD
approach in the Laplace integration and block-sparse linear algebra, effectively O(N?) scal-
ing formulations of SOS-LR-CC2 and SOS-ADC(2) are obtained. The proposed methods
are benchmarked using a set of medium- to large-size systems to assess the behavior of the
error for increasingly large molecules. The accuracy of the ground state energies is analyzed
by considering an additional set previously used by DiStasio et al.®® for relative energies. Fi-
nally, the efficiency of the proposed methods is demonstrated for nucleic acid double helices

up to ~1000 atoms and ~12000 basis functions, which reveals overall O(N?) scaling.

2 Theory

2.1 Notation

Throughout this work, we employ the following notation:

e /i, v, A\, 0: atomic orbital indices belonging to the AO basis {x,} of size Nys.

e «,f3,7,0: auxiliary function basis indices belonging to the density fitting basis {x,} of

size Naux (usually Naux & 3 - Nyg).

e P (Q,R,S: auxiliary function basis indices belonging to the THC basis of size Naux.THC;
in the context of LS-THC gridpoint indices belonging to the LS-THC grid of size Ngyiq
(usually Ngia ~ 3+ Naux)-

e i, 7, k: occupied molecular orbital indices belonging to the MO basis {¢;} of size Noycc.



e a,b,c: virtual molecular orbital indices belonging to the MO basis {¢,} of size Ny

(Nvirt > Nocc)-

e i,k,j: occupied local Cholesky orbitals basis {¢;} of size Noc; obtained via pivoted

Cholesky decomposition of the occupied one-electron density.
e p,q,1,s: general orbital indices.

7: Laplace quadrature point of size N, (usually 5 < N, < 10 is sufficiently accurate).

2.2 Integral-direct Tensor Hypercontraction
2.2.1 Review of Tensor Hypercontraction

In its most general form, tensor hypercontraction (THC) is a low-dimensional representation
of a multi-dimensional tensor, which — in the context of quantum mechanics — represents
the interactions between particles in a system. For a two-body potential V=1 /712, said
representation of the electron-electron interactions in a real one-particle basis is the integral

tensor, the elements of which are given by

(palrs) = / / dr1dr, «pp<r1>sop<r1>T—yr(rzm(m) 1)

However, in practical quantum chemistry calculations, the manipulation and storage of such
a high-dimensional tensor quickly becomes computationally intractable as the system or the
basis set size grows. To alleviate this issue, THC provides the means to formally compress

the fourth-order integral tensor into five second-order tensors as

(palrs) = S XPXP 27X 9 X0 (2)
PQ



The factorization is exact if the number of THC auxiliary functions Nuurrc is at least
Ngf, but only reduces computational demands and storage requirements if NuutrC < Ngf.
If sufficient accuracy is reached with significantly less than N% THC auxiliary functions,
the THC factorization enables efficient storage and manipulation of the ERI tensor, making
complex calculations feasible for larger systems.

In the least-squares variant of THC (LS-THC),*" the THC auxiliary indices are taken to be
grid points of a molecular grid similar to the ones commonly used in density function theory.
For LS-THC the time-determining step of factorizing the ERI tensor into the THC format
is the quintic scaling grid-projection of the electron repulsion integral (ERI) tensor, which

in the atomic orbital (AO) basis is given by

EPO =" XPX) (| Ao) X2 X (3)

UvAo

where the so-called collocation matrices X are simply the AO basis functions evaluated at

the THC grid nodes scaled by the node’s weight, given as

XP = r x,(rp) (4)

In the general molecular orbital (MO) formulation the above equation becomes

E™? =" XX (pglrs) X2 X (5)

pqrs

which requires a transformation of the AO ERI tensor into the MO basis. From E, the final

Z tensor in eq. 2 is obtained as

ZPQ — Z[S—I]PP’EPIQ/[S_l]QQ/ (6)
P/Q/



where S™1 is the inverse of the THC grid metric, which is given as the inverse of

PP’ Py P P yP
SPF =N XX XPX] (7)

Pq
Note, that eq. 6 can be solved either by direct inversion of the grid metric,*” which generally
requires pseudoinversion due to its rank-deficiency, or by solving the associated system of

linear equations.®”*®

2.2.2 Density-based Integral-direct Tensor Hypercontraction

By undoing the AO-to-MO transformations in eq. 5, i.e.,

EPO=3"3""N" X[Cu- X Coy- CuyCoy(/V'|N o' ) CryCory - XZCh - XECos  (8)

pqrs pvo pw'v' o’

and by carrying out the summation over the MO indices first, the expression can be refor-

mulated in terms of densities as

EPQ - Z Z leXfPNP/PVV, (IU’,V/’)\/OJ)P)\)\'PJU’X,\QXOQ (9)

pvio p'v' Xo!

which — when contracting the densities with the THC X matrices — becomes

EP? = 3" XLX[(WvV|Ne)XPX] (10)

w'v' o’
To highlight the universality of this approach, we will use intermediate X 5 with the primed
basis function index as a proxy for both the collocation matrix in the AO basis and when

transformed with a general density matrix, i.e.,



Xy => X'P, (11)

“w

Therefore, the expressions for the AO-THC and the MO-THC variant only differ in an
additional contraction of the THC X matrices with a density. Consequently, the same
routines can be used for the construction of intermediate E in both the AO and an arbitrary
MO basis. The latter is particularly convenient since for many correlation methods different
kinds of integrals, e.g., (0o|vo), (vo|vo), and (vv|vo) are required. Furthermore, the above
expression permits an integral-direct formulation, as outlined in the following, which avoids
the prohibitive storage requirements of the full ERI tensor before the transformation into
the grid basis. The key idea is that the contraction of the ket side of the ERI tensor can be
viewed as Ngiq Coulomb matrix builds with slices of the joint collocation tensor R, defined
as Rfa = X/?X @ acting as the density matrix. Intermediate E in the AO basis from eq. 3

can then exemplarily be formed according to algorithm 1.

Algorithm 1 Coulomb Matrix Build-based Integral-direct Formation of E in the AO Basis
C RL, — XPXT
. RY +— X2X©@
: for all Q do
J + MakeJ(R(@) > R\Y replaces Py, in the J build > O(N?)
for all P do
P
EPQ Y R T > O(N*)
end for
end for

I B A  e

We note here, that for a memory efficient implementation the joint collocation tensor R
should not be constructed explicitly. Instead, the required tensor slices R(®) can be con-
structed on-the-fly as a vector outer product of all elements of the X tensor belonging to
that grid point, i.e., R©@ = X? ®Q(X)T.

Together with the idea to reformulate the MO-THC equations in a density-based manner,
the Coulomb matrix-based approach permits an efficient and simultaneous formation of

all intermediates required for the integrals occurring in CC2/ADC(2) (see Section 2.3.1)



according to algorithm 2.

Algorithm 2 Coulomb Matrix Build-based Integral-direct Formation of E(°°¥°) E(ov) and
E(Vvvo)

1: X+ XP > P = occupied one-particle density matrix
2. XM « XQ > Q = virtual one-particle density matrix
3: R + X @ X > ®. denotes the column-wise Kronecker product
4: RV « XM @, X

5 RO+ XM g, XO)
6:
7

8

9

for all QQ do

P « R(@)(vo) (R(Q),(VO))T

JO0) 1 x MakeJ(P(V) > O(N?)

for all P do
10: FFQ,(0ovo) , ij Rl(j;):(oo) Jlg\;o) > O(N4)
11: EPQ:(vovo) Z;w RLI;),(VO) J;(LY/O) > O(N4)
12: EPQ,(VVVO) — Zw/ Rl(f;)z(VV) JlS\;O) > O(N4)
13: end for
14: end for

The key idea for an efficient implementation is to do the expensive formation of the J inter-
mediate once in the ov space, since all integral types, i.e., (oo|vo), (vo|vo), and (vv|vo), share
this as a common ket. We note here, that most routines for the construction of Coulomb-type
matrices assume the density to be symmetric. This is not the case for slices of the joint col-
location tensor R(), which is why the transpose is added in line 7 and the resulting matrix
is scaled by a factor of 1/2. Based on the resulting J intermediate, the final intermediates
E for all integral types can be formed simultaneously without further integral evaluations.
We also note, that the frozen-core approximation can easily be included in this formulation

by simply using the frozen-core density matrix for the occupied space.

To lower the formal scaling behavior, the resolution-of-the-identity approximation (RI)3! 34
can be inserted into eq. 10, which allows to perform the grid-projection of the bra and the
ket side of the ERI tensor separately at reduced scaling. Inserting the RI approximation into

eq. 10 leads to



_1 _1 _ 1 _ 1
V=N VIV sVl Y2 = ) XOXE(WV(B) [V 2 5a[V 2 ]ay (7N 0) XE X

afBy wv'XNo!
(12)
where V is the two-center RI integral tensor. Intermediate Y is given by
V) =) XuXJ(uV'|5) (13)

W
and represents one side of the grid-projected ERI tensor. Like for the E intermediate, the
formally quartic scaling formation of the Y intermediate can be done in an integral-direct

fashion. The final factorization then becomes

(palrs) =D ) XX TITIX2XE (14)
PQ v

with I', representing one half of the Z tensor, defined as

ZZ PPV V2] ga (15)

Instead of employing routines for the construction of Coulomb matrices, for the Y intermedi-
ate existing routines for the contraction of density matrices with three-center RI integrals can
be used. Amongst these routines, variants optimized for the contraction of multiple densities,
such as the J-engine approach to SOS-RI-MP2 by Maurer et al.? or the RI-J implementation
by Kussmann et al.®’ are employed since Ng;q Coulomb matrix builds need to be performed
for each Y intermediate. While these algorithms provide performance improvements over a
naive implementation, in which the Coulomb matrix kernel is simply invoked Ngiq times, an

optimized integral kernel for this kind of contraction is certainly favorable.

10



2.2.3 Efficient Integral-direct Algorithm for the Y Intermediate

Instead of relying on repetitive J-engine or RI-J based evaluations of the Coulomb potential
for many density-like matrices, a more efficient algorithm is proposed inspired by our previous
optimal-batching scheme®! for evaluating correlation energies on the random phase approx-
imation (RPA) level of theory. In the integral-direct variant (algorithm 3) the necessary
3-center-2-electron (3c2e) integrals (u/v'|ar) and the vector outer products R are computed
on-the-fly during the formation of the Y-intermediate removing the unfavorable O(N?) mem-
ory complexity associated with storing the full third-order tensors. The following discussion
is exemplariliy carried out for the virtual-occupied subspace but is applicable to all required

T intermediates.

Algorithm 3 Integral-direct formation of Y

1: Pre-process X(? X®) (Pure — Cartesian) > O(N?)
2: for all P-batches do > OpenMP parallel
3: for all p/v/-batches do > only sign. function-pairs; OpenMP parallel
4: for all ;/v/ in batch do

5: for all P in batch do

6: Rf}f}’o) — XP]LJ,’(V)X?(O) + transpose > O(N?)
7 end for

8: end for

9: for all a-batches do
10: for all ;/v/-shell-pairs in batch do
11: for all a-shells in batch do
12: Compute 3c2e integrals (1/'v'|a) > shell-triplet wise; O(N?)
13: end for

14: end for

15: for all « in batch do

16: for all P in batch do

17: Y 4= RESO (0 |a) > BLAS-3; O(N%)
18: end for

19: end for
20: end for
21: end for
22: end for
23: Post-process Y (Cartesian — Pure, reordering, scale by 1) > O(N?)

The naive application of the optimization scheme of Ref. 61 would predict minimal batch-

11



sizes for the function-pair index p'v/ and the auxiliary basis function index « but maximal
batch-sizes for the quadrature point index P, since the more points P are included per batch,
the more often any computed given 3c2e integral (4/v/|«) can be reused for the computation
of Y. In practice, however, there are diminishing returns beyond 1000 P points per batch,
so we decided to round to the nearest power of 2, i.e., employing 1024 P points per batch.
The batch sizes for a and /v’ are be chosen as 96, which is as small as possible, while still
allowing for an efficient execution of the BLAS-3 linear algebra routines, here matrix-matrix
multiplications, within the formation of Y in line 17. In practice, the precise batch sizes of
each batch slightly deviate from 96 to match a multiple of the number of functions/function-
pairs for the respective l-quantum numbers of the shells/shell-pairs within a batch, because
the 3c2e integral evaluation is most efficient if operating on full shell-triplets. This approach
leads to batches with ~10000 elements for (1'v/'|a) and ~100000 elements for Ri}l(,?v), making
the algorithm cache-friendly, i.e., all necessary quantities can be stored in temporary static
random access memory (SRAM) storage (cache) close to the processing units, even for large
systems. Moreover, we always aim for multiples of 16 for the innermost loops and order each
participating tensor such that the leading index matches the innermost loop. Both design
decisions improve the efficiency of memory accesses (cache-lines) and are very favorable for
single instruction multiple data (SIMD) vector execution.

In particular, the 3c2e integrals are stored with the auxiliary-shell index as the leading
index, so that the 3c2e integral evaluation can make optimal use of SIMD vector routines
parallelizing over shell-triplets, i.e., each SIMD-thread handles a separate shell-triplet. For
the most efficient use of SIMD-vector routines, the auxiliary basis set is considered fully
uncontracted, since varying numbers of primitive Gaussian basis functions per shell would
otherwise interfere with vectorization, which requires an identical workload for each thread
to be efficient. In practice, this is of little concern, since the auxiliary basis sets used for

62-64

RI-fitting of electron-correlation energies (e.g., the Dunning RI basis sets employed in

Section 4) are usually completely — or at least mostly — uncontracted already. In addition, the

12



transformation from Cartesian to pure (spherical harmonics) basis functions is not performed
at the 3-center integral level, instead the whole Y-build is carried out in the Cartesian basis
so that only input and output need to be transformed, avoiding any transformations of
third-order tensors.

65,66 recursion re-

The 3c2e integrals are evaluated using symbolically optimized Obara-Saika
lations, similar to the integral kernels used for the 3-center-1-electron (3cle) integrals within
our seminumerical exchange method (sn-LinK),57 % but adjusted for 2-electron integrals,
i.e., by including recurrence relations for both the AO shell-pair and the auxiliary shell.
That is, for any given l-quantum number combination the recursion relations are fully ex-
panded symbolically for each final primitive Cartesian integral within the shell-triplet until
each integral is solely expressed in terms of primitive Boys integrals. Subsequently the entire
set of equations is optimized by removing redundant sub-expressions within the shell-triplet
using common-sub-expression-elimination (CSE) as provided by the SymPy ™ package.

Overall, algorithm 3 formally scales as O(N*) and the matrix-matrix-multiplication for the
formation of Y in line 17 is by far the slowest step. This formal scaling is easily reduced to
asymptotically O(N?) by exploiting the sparsity of the function-pairs p'v/, i.e., only function-
pairs belonging to significantly overlapping shell-pairs according to the Schwarz integral
are considered. In addition, the batch-wise nature of the algorithm is also straightforward
to OpenMP parallelize over multiple CPU cores using both the P-batch as well as the
'V batch index for parallelization. While P-batch execution is already embarrassingly
parallel, parallelization over u'v/ requires special treatment of the race-condition associated
with accumulation over that index. In practice, the workload is organized such that each
thread accumulates as many y'v/-batches as possible in a thread-private buffer, so the serial
(OpenMP critical section; mutually exclusive between threads) accumulation to the global

Y needs to be performed as rarely as possible.
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2.3 THC-CC2 and THC-ADC(2) for Ground and Excited States
2.3.1 Review of CC2 and ADC(2)

The scaled opposite-spin CC2 ground state energy in the THC approximation defined as

ESO%CC2 — (HF|H + cos[H, TS®]|HF)

SRR 3 3 W R A

aibj B RS
R,(vo) vy R,(vo) 7R, (vo) 115,(vo) -5, (vo) y-S,(vo)
SO 3 SR A D
aibj B RS

where H is the similarity-transformed Hamiltonian and 7% is the two-electron excitation
operator acting on two electrons with different spins.?”?* The cluster amplitudes are deter-

mined by solving the coupled cluster equations, defined by

0=10Q, = <,ul“{[ + COSU:L T3°|[HF) = (€0 — €)tai + Qan + Q}z{z + QIaz + ng

o R,(vo) v~ R,(vo) ,(vo) 1 S,(VV) ¥ S, (vv v 5, (vv
= (€0 — €)tai + Cos 3 czbj[ZZX X, e )y S y 5 >]

3 RS
- 0055 75alcbj

kbj

cbj

Z Z XR (VO)XR ,(vo) FR (VO)FS (oo)XS (vo)XS ,(vo)
B8 RS

+ COS Z ta@b] _]b + FCLl
bj

(17)

0=, = (u3°|H + [F, T3] HF) = O

aibj

+QF

aibj

= (ea—€i+ e — €)ton; +

> Xf’“%%f’wr5<v0>rsxvowf‘”))??‘”)] (15)
a PQ

The Fock matrices F are computed using the integral-direct RI-J™* and sn-LinK 7% kernels
to form the Coulomb and exchange terms with high efficiency. The explicit expressions are
29,72

provided in the literature.

The opposite-spin scaling factor is set to c,s = 1.3, as for SOS-MP2.272 The solution of
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equations 16-18 scales as O(N?) for the MO-based THC-SOS-CC2 formulation.® The MO

energies in the denominator of the double amplitudes can be decoupled using the Laplace

technique

€aibj

1 o -
:/ e Caibj Jt = E wTefﬁm'bjtr
0 T

to rewrite eq. 18 as

£os - P,(vo) v P,(vo vo ,(vo) ¥ @,(vo) v-Q,(vo) —enitr —epits
aibj:_zwrZZXf’( )Xi( )FS( )T )XbQ( )X]Q( ) p—€aitr p—ebst
T a PQ
Y Y SALg ag
T a PQ

The THC X matrices in eq. 16-20 are transformed using the transformation matrices

2 : h 2 :
AZa = C[_L(l - C,uitai Apfi = C;Li + C,uatai
% a
according to
o P i vP —eat > P P
_ 4 —€qlr — p
Xor=wi X, e X, = g ALX,
m
1
CP 1Y P eitr P h P
Xir =wr X e Xi = § ALX
14

15

(19)

(20)

(21)

(22)

(23)



The singles amplitudes are obtained by inserting eq. 20 into eq. 17

—(€a = €)tas = Qg + Qi + gy + Q0 (24)
D e (25)

T PS
Ui = e D D XIINS oo X300 (26)

T PS

Ui = —cos 3 D XX Az (27)

T P
ng = F, ai (28)

The working equations of the intermediates in eq. 25-27 are provided in the SI. The evalua-
tion of the MO-THC-SOS-CC2 correction to the ground state energy is then achieved with

negligible computational cost as

ESOS—CC2 = Cye Z Z Z ta’itijf’(VO)XiI%,(VO)F§7(VO) Fg’(VO)Xf’(VO)Xf’(VO) — Cos Z D?ﬁDgﬂ
aibj B PQ af

(29)

which can also be used to get the simpler MO-THC-SOS-MP2 energy correction by simply

setting t,, to zero.

The SOS-LR-CC2 excitation energies are obtained as eigenvalues of the Jacobian matrix,
which is defined as the derivative of the vector functions (eq. 17 and 18) with respect to the

cluster amplitudes?® and is given by

AS0S-CC2 _ Amul AHJVQ . <:UJ1|[(IA{ + COS[I:L T2OS]>7 7—V1]|[_I}7> <N1|COS[H> TZ?QS”HF> (30)
A/tzl/l Aquz <M(2)S| [ﬁv TVI] |HF> 5/t21/2 €pz

where the diagonal double-double block (A,,.,) is equal to €,i; = €, — € + € — €. From
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eq. 30, secular matrices of simpler excited states methods are derived. The SOS-CIS(D,)
approach introduced by Head-Gordon et al.? can be derived from the SOS-LR-CC2 theory
by setting the singles part of the ground-state cluster amplitudes t; equal to zero, that is the
similarity transformation of the Hamiltonian vanishes. The SOS-CIS(D,,) Jacobi matrix is

given by

<M1|[(H+COS[H7 T2OSD77-V1]|HF> <M1|COS[H> TZ?QS:I|HF>

ASOS-CIS(Deo) _ (31)

(W*|[H, 7, ]| HF) Opzo €piz
where 79° are the MP2 double amplitudes. In addition, the secular matrix for the SOS-

ADC(2) method is related to eq. 31 by the symmetrization2?:30:73

ASOS-ADC(2) _ ; ASOS-CIS(Dec) 4 (ASOS-CIS(DOO))T (32)

As discussed by Krauter et al.,* it is important to derive the SOS-ADC(2) secular matrix
from the SOS-CC2 Jabobian in order to reduce the dimension of the doubles-doubles block
A,,u,. In this work, we do not symmetrize the full CISD(D,) matrix but only the A, ,,
block. That is we retain the non-hermiticity of the coupling blocks and only scale the A, ,,
block by the c,s factor.?’ Using the diagonal form of the double-double block, we can obtain

the doubles part of the excitation vector

_ AH2 vy RVI

€

R =-2 (33)

and solve the eigenvalue problem of SOS-LR-CC2 and SOS-ADC(2) in the single excitations

manifold 2> given by

A _ AM’Y2 A’Y2V1

H1v1 —
€yy — W

R, = At (@R, = 0u, (@0, Ryy) = OR, (34)

Hiv1

Notice that the effective A matrix is hermitian for ADC(2) and o is the matrix-vector
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product. In order to solve the nonlinear eq. 34, the solutions, i.e., the excitation energy w
and eigenvector R, have to be found until self-consistency is reached. If the initial guess of
the eigenvector and eigenvalue is close enough to the final results, a common choice for the
solution of the nonlinear problem is an algorithm based on the direct inversion in the iterative

35,727 which was shown to be stable and rapidly convergent.2%:3%

subspace (DIIS) technique,
In addition, it has the advantage of being a single root algorithm, thus allowing to aim
for high-lying excited states without converging all lower-lying states. On the contrary, if
the initial guess is far from the converged CC2 or ADC(2) result, the eigenvalue and the
eigenvector must be pre-optimized using an alternative algorithm. For this purpose, we use

a modification of the Davidson algorithm, ™ leveraging the fact that a set of converged

eigenvalues and eigenvectors will fulfill the linear generalized eigenproblem
Z Ry Aszul (W) R Z R0, (@0, Ryy) = Z WR,, Ry, (35)
pivy H1

Both DIIS and Davidson procedures for CC2 and ADC(2) are described in literature?3% 727
and will not be discussed here further. The time-determining step for the solution of the

eigenvalue problem is the formation of the matrix-vector product:

§508-CC2 Z F Ry — Z Ra] i+ Fli — Cos Z Eoy Ry; — Cos Z R E;
b

J

+08 V(R + o D(R,) + 0V (R,,) (36)

at ar ar

JZOS-ADC(Q) = (€4, — €;)Rui + Fli — Cos Z E(/Lbsz‘ — Cog Z RajE]/z
b J

+ 05 D(Ry,) + ol P(Ry,) +on® (37)

Making use of the Laplace transformation of the energy denominator, the double part of the
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singlet excitation vector can be rewritten as
R (@) Z et Z 3 { [X;;X;; + X;TX;;] rrrexe xQ
+ [Xb XP 4 XbTXfT] rfrngTXg} (38)
for which the state-specific THC X matrices using the transformation matrices A
AP, = Z CpuiRai Al =" CuaRai (39)

are given according to

X, = w%XfefﬁatT XP = ZX/TAZ& (40)
X[ = w%XiPeth X/ = ZXff\Zi (41)

Inserting eq. 38 into 36, reduced scaling expressions for the most time-consuming contribu-

tions can be formulated as

oo W = e Z Rd’

jbe

= —Cos Z et Z [ Pvo) ypPs(ovw) XP(vo) NIPS. (ovvv)] XS0 = Z .0) ZS.)
S

Z Z XR (VO)XR (VO)FR (vo) FS (VV)XS (VV)XS (vv)]
B8 RS

(42)
O_LI;Ii7 (1) — ¢, Z Rk] (D [Z Z XR (vo R,(vo) FR (VO)FS (OO)XS (VV)XS (oo)]
bk 3 RS

= tco Z e“tr Z [X(f”;(vo) Nf&(vooo) + XLfZF(VO)Nf&(VOOO)] va(oo) _ Z Y—CLS,(OO)va(Oo)
T S

(43)
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where the contained intermediates are given by

rPS,(ovvv) _ nrPS,(ovvv) PS,(ovvv)
MO = M )™+ M)

_ st:(OVVV)Dfsy(OVVV) + st,(ova)DfS,(ovvv) (44)

7 PS,(vooo) __ a7PS,(vooo) PS,(vooo)
NP = Ny + Moo

— Afs,(vooo) DfS,(vooo) + Afs,(vooo) Dfs,(vooo) (45)

ZS (vv) — Z e“tr Z XiI:,_(VO) Mfs’,(ovvv) + Xf;(VO)MfS,(OVVV)] (46)

}_/aS,(oo) = 4cy Z et Z Xﬁivo)NfS,(vooo) + X;’;gvo) NfS,(vooo)] (47)
T P L

The contribution ob (M is computed as:

or (1) = +Cos Z tleZ;F b+ Z COSR“Z’
_ wtr v P,(vo) v P,(vo) o P,(vo) v P (vo) | 7P,(vo) P v P 7P,(vo)
=YY [X X0l X P P }]T Con Y ZX XPrnly
P

(48)

with
P Vo
Iy = § XX (49)

As for the ground state, the Fock-like terms
Fu =Y _[2(ailke) — (aclki)] Ray Fig="Y_[2(ld]kc) — (lc|kd)] R (50)
ck ck

are not reformulated using the THC factorization. Notice that, by applying the THC de-
composition to eq. 37, a similar expressions for the SOS-ADC(2) term is obtained. In fact,

the contributions % and ¢™(? are obtained from eq. 42 and 43, respectively, by simply
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setting t,, amplitudes to zero. The contribution o"? is computed according to

L2 _ , Cos (0s) . 0. 7 (0s)
o =+ S e S D [2Aialib) — (iblja)) [ 3 855 R

bj ck

Cos T T Vo COS bl 7 I
= ZZXP xXPrrnl - > > [2(ialjb) — (iblja)|L,, (51)

by

where

SRR )
71-3((2\30) Z XP XP (53)

and [ P((l)) is computed as in eq. 49 by setting XF = X” and XF = X”. The explicit

expressions for E and E' = %(E + Ef) in eq. 36 and 37, as well as the programmable

equations for the MO-based matrix-vector product are provided in the SI.

2.3.2 Reformulation of the Ground State Equations

As demonstrated in our previous work on RI-SOS-CC2,3® the equations for the ground state
energy can be reformulated in a local basis and hence the intermediates can be expressed in

terms of the occupied and virtual one-electron densities

PNV = Z Cp,icui Q;u/ — Z C,u,aCl/a (54)

in order to benefit from the locality of the electronic structure. Despite decreasing the
scaling with the system size for the evaluation of most intermediates, the use of the AO
basis increases the scaling with the basis set size for a given system. To counteract this,

the Cholesky decomposition of the occupied ground state density matrix with complete
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7677 is be applied

pivoting

P =) LyuiLy; (55)

as well as the idempotency relation of the occupied and virtual pseudo-density matrices P™

and Q7
Pr,=wi Y CuCietts (56)
n = WY ChaChge™™" (57)
Pl =Y Pl SnPyw=> Pl SnLyLy (58)
oA oAl
;l/ = Z Q;gso)\@/\y (59)
oA

For the solution of the SOS-CC2 equations, another set of asymmetric one-electron density

matrices is generated from the T1-transformed coefficients:

Q,uu = Z CudAZy)d = Q,uu - Z Quu’sp/ata)\s/\u/Pu’y (60)
d o’
~ 1
= wiCue AL = Qh, = Y @y SuotorSa Pon (61)
d woiv!

P;w = Z AZICVZ = P;w + Z Quu’su’ata)\SAV’Pu'u
l

wov!

= (Lul + D Quu'Su'otaASAu'Lu'l) Ly = PulLu (62)
l

wodv!

A~ 1
2 Ah i) tr
P/Iu: E w#Ame(e) Ci
i

=2 [ZZ(LW D QuoSvotorSuwn L) LosSox Py | Lt (63)

a'N g viev"
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To obtain an expression for the singles amplitudes in the AO basis, eq. 17 in the MO basis

is back-transformed to the AO basis according to
Qo =Y Clal QS + Q% + QL+ Q1)CL = Q5 + Q1 + O, + Q) (64)

for which the one-electron density matrices in eq. 54-63 permit to rewrite 2, as

Z Q - Z [ — Cos Z Z Z Xf;(VO)Mfsy(OVVV)Xf;(VV)QH#'] LVZ =

i r PS u

_ Z [ o Z Q,uu S (VV)YS (vv)

Ly; (65)

Z T

= Z [cos D oy @l x> “"”] Ly; (66)

Z VL= [cos > Z Rv0) JPSi{voo0 XS(OO)] Lu;

=D L= | —cos Y XOXA] ’(VO)] Ly (67)
I3 L T P

)

= Z Q/J@Luj = Z Quu'ﬁu"/’ﬁ”’i

i

Ly (68)

The X matrices are transformed with a computational effort scaling as O(NV), by contraction

with the T1-transformed one-electron densities:

xr= ZXPPM (69)

ZQT X (70)

=> XnpPy, (71)
'

The working equations in the Cholesky basis are provided in Table 1 together with the
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asymptotic computational scaling of each step.

Table 1: Programmable equations of the intermediates for the solution of the CDD-THC-
SOS-CC2/MP2 equations. Throughout this table Einstein’s summation convention is used.

Intermediates Asymptotic Scaling
(a) Agmvovo) _ XiQT’(VO) X;:L(vo) @(N)
(b) BOR(vovo) _ Xg;(vo) Xf,(vo) o)
(c) (QR(vovo) _ AQR,(vovo) BQR,(vovo) o)
(d) DB = rQoGRR oo g,(vo) o0
(e) bfs,(ovvv) _ Fg,(vo) bgﬁrg,(vv) (')(N:%)
(f) bfs,(vooo) _ Fg,(vo)[jgﬁrg,(oo) O(NS)
(e’) Dfs,(ovvv) — 7PQ,(vovo) C«gR,(vovo) RS, (ovw) O(N2)
(1) DES(o00) — 7PQ,(vovo) GQRA(vovo) 71, (vooo) I
() APS.(vo00) _ Xili,_(vo) Xf’(oo) o
(h) st,(ovvv) _ X,];’T(VO) XS,(VV) @(N)
(i) Mfs,(ovvv) _ [)fs,(ovvv) BfS,(Ovvv) o)
() NPSi(vooo) _ fyPS(vooo) 4P5,(vooo) o)
(k) yﬂs,(oo) _ X,I;,’T(VD) NP5:(v000) o)
(1) Yis,(vv) - X—:T,(vo) MTPS,(ovvv) o)
(m) 17 = X000 oix,
(n) AleY = Xf;(vo) ff;_(ov) N

The order of contractions follows the general ideas presented in Ref. 78. Naturally, to
minimize the number of FLOP, common intermediates, such as A, B, and D should be
reused as much as possible. For this, first all possible X tensors are contracted over the orbital
index. For the subsequent formation of the D intermediates two possible routes have to be
considered. In order to minimize the number of FLOP, the I'-factorized form of the THC
Z tensor should be used and contracted in a total of four matrix-matrix multiplications in
steps (d)-(e). However, the fact that the one-electron density becomes sparse for sufficiently

large systems with a significant HOMO-LUMO gap can be used here to perform the step in
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O(N?) operations. The first contraction in step (e’)-(f’) with one of the Z matrices scales
quadratically as the C matrix is sparse, whereas Z itself is not. For the multiplication with
the second Z matrix the fact that the resulting D matrix is Schur multiplied with either
the A or the B matrices in steps (i)-(j) can be leveraged. Since intermediates A and B are
sparse and the Schur product will only contain elements — or blocks when using block-sparse
algebra — which are significant in both A / B and D, only elements in D which are significant
in A/B need to be computed in steps (e’)-(f’). In total, this enables the formation of the
expensive D intermediates in O(N?) time. All final contractions in steps (k)-(n) are at most
quadratically scaling, which results in overall quadratic scaling for the entire CDD-THC-
SOS-CC2 method.

2.3.3 Reformulation of the Excited State Equations

The strategy displayed in the previous section can be applied to the matrix-vector products
of SOS-LR-CC2 and SOS-ADC(2). For simplicity, we will only discuss the reformulation of

eq. 36, according to:

SOS ccz (M) = Z Ouacm <Z F, bsz) - Z Cuacui < R ) + Z CuacmFaz
— Cos Z Cpacui ( Z EabRbi) — Cos Z < )
at b at
+ Z CaCui (02’ W 4 ag’ W4 U(Il’i(l)> (72)

The fourth and fifth terms on the right-hand side are rewritten as

—Cos Z Cuacui ( Z EabRbi) = —Cos Z EAL’)}’QV’O’/ [Z SU’)\’R)\’)\S/\U PO‘I/ (73)
ai b waoo'v' M

—Cos Z C/J,acui < Z RajEji> —Cos Z Qp,,u [Z S /)\/R)\/)\S)\g go—/El ’ (74)
ai J waoo'v' AN
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where the intermediates E, given by

E;w _ Z (Z ZXP vo)NPS vovo))XS(vo) (75)
EIIJIV = Z L/@Ll@ [Z (Z Z XP(VO)MPS (vovo) >X]$,(vo)] (76)
Ji

depend only on ground state quantities and hence are computed once and stored on disk.

The terms 6% M, g™ @) and ob (V) are given as

G 1) — = —c, Z Lw{ Z e%tr Z [ P(VO)MPS (ovvv) + XP (VO)MPS (ovvv)} Xj”(VV)}QuM’

— ¢, Z Z LWYS (VV ;j,(vv) Qupj (77)

Sy
H 1 — = +Cos Z Lm{ Z eth Z [Xiivo)NfS,(vooo) + Xi,‘ﬁvo)NfS,(vooo)] X{S‘,(OO)}
\/ 00) v S, 00
= o Y Y YKL, (78)
S 1

—Cos Z LW{ Z et Z [XP VO)XP(VO) + XP(VO)X;D;(VO)] ff,(vo)}
—%m{mw>}
with

7P, (vo o P,m v P71
LY =Y XX Fu L (80)

HvL

The matrices M and N are defined in eqs. 44-45 and computed as shown in Table 2. The

general reasoning of the order of contractions and how to reduce the scaling is similar to the
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ideas presented for Table 1. The state-specific THC X matrices are given by
s P,(vo) T P,(vo P vo T vo
xh ZQ X Do) = Z Prx ) (81)

where the densities Q and P defined as

= Zw?CMGe(ff’l)tﬁi\ﬁa = — Z Qv [Z Sﬂngg,\SAu'] LyxLi, (82)
a W'k

oA

1_
= Z U);—1 Azie(fi)t‘rc’yi — { Z Z QMNI [S;L/AR)\USO'I/] LV/jLO'/jSO',)\/P)‘I\-’i}LVi (83)

/'I‘,V/ l'al)\/

contain the information about the electronic transition. As discussed in Section 2.3.1, the
SOS-ADC(2) matrix-vector product is easily obtained by setting the singles amplitudes to
zero and symmetrizing the intermediates in eqs. 75, 76. Notice that, eq. 51 can be reformu-

lated as

= —Cos Z LW{ Z Z XPTX,PT[T (1\30) }
WYY @W{ S (0N - MW'HLU,JM} Lol (80

w1 228
T 7 7P,(vo
ZZXP XTIy (85)
P Vo T T
T((2 ) = ZXP XP [Z Qy,y SurxBacSew Ly z] (86)
vAiov!

3 Computational Details

The presented CDD-THC-SOS-LR-CC2 and CDD-THC-SOS-ADC(2) methods as well as
the MO-based variants are implemented in the FERMIONS++ 8! program. The program

was compiled with the Intel C/C++ Compiler 2022.0.2 and linked against the Intel Math
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Table 2: Programmable equations for the evaluation of the ¢% and o™ contribution to
the CDD-THC-SOS-ADC(2)/CC2 matrix-vector product. Throughout this table Einstein’s
summation convention is used. The ADC(2) equations are easily obtained by setting t,, = 0.

Intermediates Asymptotic Scaling
(a) @R (vovo) _ X’g;(vo) XiR,(Vo) o)
(b) RQR,(vovo) _ )_(ff,;(vo) Xf,(vo) O(N)
(c) ang,(vovo) — AQR.(vovo) BQR,(vovo) | JQR,(vovo) BQR,(vovo) ow)
(d) D = 19 () CQR,(VOVO)Fg,(VO) o)
(e) Dfs,(ovvv) _ e&)&f‘?(‘/D)DgﬁpZ,(VV) O(N2)
(f) DES:(vooo) _ ot pPi(vo) Dfﬁl“g’(oo) o)
(ev) Df&(ovVV) — @t 7 PQ,(vovo) C«QR,(VDVO) RS (ovvv) O(NZ)
(fa) Dfs’(vooo) — Wtr 7PQ,(vovo) CQR,(VOVO) 7 RS, (vooo) (’)(N2)
(g) Afs,(vooo) _ Xf;(vo) Xf,(oo) O(N>
(h) st,(ovvv) _ Xi’T(VO)XE’(W) O(N)
(i) MPS v M:g,)(ovvv) n M:(b;,)(ovvv) o)
(j) M:(Slv)(ovvv) _ BfS,(ovvv) Dfs,(ovvv) O(N)
(k) M:(SQ,)(OVW) _ BPS{ovev) pPS ovw) .
1) NPSi(vo00) _ M:g)(vooo) n M:é',)(vooo) o)
(m) N:ga)(vooo) _ APSi(vooo) HPS,(vo00) o
(n) N:éu)(vooo) — APS.(vooo) 1y P, (vooo) o
(o) ?MS,(oo) _ X;f’r(vo) N PS(vooo) | X;f’r(vo) NPS(vooo) O(N)
(p) Y/iS,(vv) _ Xf;(vo) MTP&(OVVV) I Xf;(VO)MfS7(°VVV) om
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Kernel Library 2022.0.2 for the employed matrix algebra. All developed code was — as far
as possible — parallelized with OpenMP.%? The underlying Hartree-Fock calculations have
been converged to a maximum element of the error matrix in the direct inversion in the iter-
ative subspace (DIIS) procedure below 10~7. In the SCF, the Coulomb matrix is evaluated
using the RI-J approach by Kussmann et al.™* using the cc-pVDZ-JK{it® RI-J basis set.
For the exchange matrix, the semi-numerical linear scaling exchange method by Laqua et
al.%8% is used. For the solution of the least-squares equations in THC the pivoted Cholesky
decomposition ansatz by Matthews®” is used. The hand-optimized grid for the cc-pVTZ
basis set by Kokkila Schumacher et al.®! is used as a parent grid together with a pruning
threshold of 107!, unless otherwise noted. As demonstrated in the SI, it is pivotal to reorder
the grid points after the pruning, since the pivoting in the Cholesky decomposition signifi-
cantly reduces the sparsity of intermediates based on the pruned collocation matrices. The
performance of the CDD-THC-SOS-LR-CC2 and CDD-THC-SOS-ADC(2) methods is im-
proved using sparse linear algebra. The current implementation leverages block-sparse (BS)
matrices, which divide the matrices into smaller blocks, of maximum size 96 x 96. Further
information about the BS matrix implementation is provided in Ref. 38. The thresholds
controlling the sparsity (¢,) and the performance of matrix-matrix multiplications (1J,,) are
set to 1077 and 1072, respectively. The singles cluster amplitudes and ground state energy
at the SOS-CC2 level are optimized via the DIIS procedure, which terminates when the
L2-norm of the singles vector function is lower than 107 and the variation in the energy is
lower than 1075, For excited-states calculations, the trial excitation vectors and energies are
first optimized at the CCS level via the Davidson procedure, until the L2-norm of residuals
and the variation in the eigenvalues are below 1072. Then, SOS-LR-CC2 or SOS-ADC(2)
excitation vectors and energies are optimized using the DIIS algorithm, which terminates
when the L2-norm of residuals are lower than 10~° and the variations in the eigenvalues are
lower than 1075, It is important to note that the CCS trial vectors and eigenvalues can be

pre-optimized at the CC2 or ADC(2) level if the DIIS procedure fails to converge to the
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right root. Optimized minimax grids with 7 quadrature points for the Laplace expansion,
for both ground and excited states calculations are used. Moreover, we used the frozen-core
approximation during the THC fitting, the ground state, and excited states calculations.
Throughout, the Dunning cc-pVXZ (X € {D,T}) basis sets52%3 are used together with their
corresponding RI basis sets.% All calculations are performed using a compute node with two
AMD EPYC 7302 32-Core 3.0 GHz CPUs, ~1TB of RAM, and ~24 TB of disk space. All

runtimes are reported as wall times, not CPU times.

4 Results

4.1 Accuracy

The aim of the present work is to increase the efficiency of the SOS-ADC(2) and SOS-LR-
CC2 methods and extend their application to molecules with several hundred atoms while
retaining accuracy as far as possible. In order to assess the accuracy of the ground state
implementation, the errors produced by the MO-based as well as the CDD-based THC-SOS-
MP2/CC2 methods are investigated with respect to MO-RI-SOS-MP2/CC2. Table 3 reports
these errors for a set of 12 medium-size molecules, with the THC error AEryc defined as
| Exio-ri-s0s-MP2/cc2 — Evo-rae-sos-mpz/ccz| and the CDD-THC error AEcpp.ric defined as
| Eno-risos-mp2/cc2 — Eepp-tac-sos-mpz/ccz|-

On the one hand, both MO- and CDD-THC-SOS-MP2 show only a small deviation on the
order of ~ 107® — 107 H compared to MO-RI-SOS-MP2 with a linearly growing error for
the considered test set in Table 3. On the other hand, the MO- and CDD-THC-SOS-CC2
errors are roughly one order of magnitude larger because — contrary to MP2 — the solution
of the CC2 equations requires the fitting of (ov|vv)-type integrals, which results in larger
errors as the fitted subspace is much larger than the (ov|ov) integrals in MP2. Moreover, the
grid error is carried along the iterative procedure for the optimization of the coupled cluster

amplitudes, which is demonstrated in the SI for the propagation of the error along the DIIS
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Table 3: Absolute errors of the ground state energies of MO- and CDD-THC-SOS-
MP2/CC2 referenced against MO-RI-SOS-MP2/CC2. The THC error AEryc is defined
as | Eno-rrsos-mp2/cc2 — Evo-tac-sos-vpe/ccz| while the CDD-THC error AEcpp.tac is de-

fined as |EMO-RI-SOS-MP2/CCQ — ECDD_THc_Sos_MPQ/CCQ|. All calculations are performed with
the cc-pVDZ/cc-pVDZ-RI basis set combination.

SOS-MP2 SOS-CC2
AFEruc / mH  AFEcppruc / mH  AFEpuc / mH  AEcpp.ruc / mH
LCAy 0.004 0.005 0.400 0.400
LCAgg 0.008 0.014 0.408 0.408
LCA 4 0.021 0.048 0.405 0.437
AT, 0.009 0.010 5.170 5.170
AT, 0.025 0.030 11.500 11.500
Butadiene < 0.001 < 0.001 0.053 0.052
Hexatriene < 0.001 < 0.001 0.078 0.078
[-carotene 0.003 0.003 0.352 0.353
15-OPDA 0.002 0.002 0.515 0.513
Metenkephalin 0.002 0.002 2.620 2.620
Dyad 0.003 0.003 2.260 2.260

procedure.

While absolute energies are of interest from a theoretical standpoint, relative energies provide
valuable insights into chemical processes, such as reactions or conformational changes. For
this, the suitability of the THC-CC2 methods is tested by evaluating the errors of relative

energies of 27 tetraalanine conformers in Table 4.%6

Table 4: Mean absolute errors for conformational energies of 27 tetraalanine conformers. ¢

Errors are reported as mean absolute deviations (MAD), maximum deviations (MAX), and
root mean square deviations (RMSD) from the difference of the conformational energies
as obtained by the MO/CDD-THC-SOS-MP2/CC2 methods relative to the MO-RI-SOS-
MP2/CC2 results. All calculations are performed with the cc-pVDZ/cc-pVDZ-RI basis set
combination.

MAD / kcal mol?  MAX / kcal molt  RMSD / kcal mol™

MO-THC-SOS-MP2 <0.001 0.001 <0.001
MO-THC-SOS-CC2 0.043 0.241 0.073
CDD-THC-SOS-MP2 <0.001 0.001 <0.001
CDD-THC-SOS-CC2 0.043 0.241 0.073

As shown in Table 4, THC-SOS-MP2 predicts the relative energies of the tetraalanine con-

formers with errors on the order of 1072 kcal mol!. Comparable to the accuracy for absolute
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energies, the THC-SOS-CC2 results deviate more significantly with errors on the order of
0.05 kcal mol!. Despite the fact that using THC-factorized integrals incurs an additional
error over the RI-SOS-CC2 reference implementation, Table 4 shows that good accuracy is

reached for relative energies.

Going beyond absolute and relative ground state energies, Table 5 shows SOS-LR-CC2 and
SOS-ADC(2) excitation energies to singlet (S) and triplet (T) states computed with the pre-
viously reported MO-RI-SOS-LR-CC2/ADC(2) methods for representative molecules. Ad-
ditionally, the deviations of the presented MO/CDD-THC-SOS-LR-CC2/ADC(2) methods
are shown to assess the applicability of THC-SOS-CC2/ADC(2) for excitation energy calcu-
lations.

As shown in Table 5, the average error originating from the THC approximation (AFErpc)
of the THC-SOS-ADC(2) and THC-SOS-LR-CC2 methods is ~ 0.01 ¢V and ~ 0.02 eV,
respectively, for singlet states. For the triplet excited states in Table 5, THC-SOS-ADC(2)
and THC-SOS-LR-CC2 methods show an average A Eryc error of ~ 0.002 eV and ~ 0.02 eV,
respectively. The SOS-LR-CC2 implementation is less accurate than SOS-ADC(2) due to the
error in the singles cluster amplitudes propagating to the evaluation of excitation energies.
Nonetheless, the error is small enough for most practical applications and does not increase
with the molecular size, as exemplarily shown for the series of linear carboxylic acids (LCAs).
Furthermore, the observed THC error on the order of ~ 0.01 — 0.02 €V is on par with the
errors reported by Hohenstein et al.?® for excitation energies based on THC-EOM-CC2.
Moreover, the error (AEcpp.tac) generated by the reformulation in the local Cholesky or-
bital basis and the use of sparse algebra is small compared to the THC error. The latter
then permits the use of sparse linear algebra routines for a reduction of the computational
effort, scaling, and memory demands (see Section 4.2) in larger systems without affecting

the overall accuracy of the CDD-THC-SOS-ADC(2) and CDD-THC-SOS-LR-CC2 methods.
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Table 5: Excitation energies to singlet (S) and triplet (T) excited states obtained with
the MO-RI-SOS-LR-CC2/ADC(2) reference implementations F,., as well as absolute de-
viations of MO-THC-SOS-CC2/ADC(2) (AEruc) and CDD-THC-SOS-LR-CC2/ADC(2)
(AEcpp.ruc)from the MO-RI-SOS-LR-CC2/ADC(2) results. All calculations are performed
with the cc-pVDZ/cc-pVDZ-RI basis set combination. Note that for ATy, the excitation en-
ergies were converged to a threshold of 10~ instead of 107°,

SOS-ADC(2) SOS-LR-CC2
State  Ept/ eV AEmnc / eV AEcpprnc / &V Bt/ eV AEmnc / &V AEcppruc / €V

LCA 4 S1 5.958 0.002 0.002 6.204 0.020 0.020
LCAg Sy 5.958 0.002 0.002 6.204 0.024 0.024
LCA14 S1 5.958 0.002 0.002 6.204 0.022 0.022
AT} S 5.155 <0.001 <0.001 5.266 0.016 0.015
So 5.227 0.023 0.024 5.309 0.016 0.016

AT} S1 5.112 <0.001 <0.001 5.200 0.021 0.017
Butadiene S1 6.793 0.001 0.001 6.857 0.031 0.031
Sa 8.353 0.002 0.002 8.330 0.005 0.005

Hexatriene Sy 5.685 <0.001 <0.001 5.745 0.024 0.024
So 7.226 0.007 0.007 7.211 0.037 0.037

B-carotene S 3.556 <0.001 <0.001 3.579 0.002 0.002
So 4.495 0.064 0.064 4.525 0.002 0.002

15-OPDA S1 4.497 0.002 0.002 4.679 0.016 0.015
Sy 6.040 0.002 0.002 6.281 0.024 0.022

Ss 8.553 0.007 0.007 8.691 0.013 0.013

Metenkephalin Sy 4.771 <0.001 <0.001 4.775 0.011 0.011
So 4.902 0.001 0.001 4.893 0.003 0.003

Ss 6.002 <0.001 <0.001 6.020 0.003 0.003

Dyad S1 3.263 <0.001 <0.001 3.406 0.044 0.044
Sy 3.936 0.002 0.002 4.021 0.013 0.013

LCA T 6.612 0.001 0.001 6.708 0.033 0.340
LCAg T 6.612 0.001 0.001 6.708 0.032 0.330
LCA4 Ty 6.612 0.001 0.001 6.708 0.035 0.360
AT T 3.717 <0.001 <0.001 3.771 0.014 0.013
AT} T 3.697 <0.001 <0.001 3.754 0.013 0.013
Butadiene Ty 6.793 0.001 0.001 6.857 0.031 0.031
Ty 8.353 0.002 0.002 8.330 0.005 0.005

Hexatriene T 5.685 <0.001 <0.001 5.745 0.024 0.024
T 7.226 0.007 0.007 7.211 0.037 0.037

[-carotene T 2.157 <0.001 <0.001 2.154 0.003 0.003
15-OPDA T 4.099 0.002 0.002 4.252 0.014 0.013
T, 5.757 0.013 0.013 5.966 0.020 0.020

Metenkephalin T 4.143 <0.001 <0.001 4.142 0.007 0.007
Dyad T 2.664 <0.001 <0.001 2.730 0.021 0.021
Average Error (V) Singlet 0.006 0.006 0.018 0.018
Triplet 0.002 0.002 0.021 0.021
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4.2 Scaling

The sparsity of the ground state one-electron density is closely related to the energy gap
between the highest occupied (HOMO) and the lowest unoccupied MO (LUMO) of a molec-
ular system. Given a significant HOMO-LUMO gap, asymptotically linear-scaling variants
of many common quantum chemistry methods have been proposed.®>® In addition, for ex-
cited state calculations the transition density R with elements R, in egs. 82 and 83 must be
considered, whose sparsity is related to the locality of the excitation. In order to assess the
computational scaling of the newly proposed density-based grid-projection algorithm for LS-
THC and the scaling of the resulting CDD-THC-SOS-LR-CC2 and CDD-THC-SOS-ADC(2)
methods, linear carboxylic acids (LCAs — see Figure 2) are selected as a best-case scenario
showing a local electronic structure as well as a local excitation for the lowest singlet excited
state (S1), which is mostly localized on the carboxyl group. Secondly, the scaling behavior
of the implementations of the presented methods is discussed for three-dimensional systems,
such as DNA fragments (see Figure 5). DNA double helices provide a valuable model sys-
tem for evaluating the scaling of a given method, as the system can be viewed as mostly
three-dimensional for 4-8 base pairs, but becomes increasingly linear beyond 8 base pairs,

for which the method should approach its asymptotic scaling.

4.2.1 Integral-direct Tensor Hypercontraction

First, the efficiency of the proposed density-based, integral-direct algorithm for the grid-
projection of the three-center RI integrals, i.e., for the formation of intermediates Y in eq. 13,
is demonstrated. For this, first a comparison between the previously published®® Cholesky
MO-based natural blocking approach (nat. block.) and density-based implementations based
on the J-engine (J-engine), RI-J (RI-J), and the newly proposed method in Section 2.2.3
(this work) is drawn in Table 6.

For the natural blocking-based algorithm the recommended settings from Ref. 58 are used,

140

most notably, attenuated Coulomb-RI*® with an attenuation strength of w = 0.1. The
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Table 6: Wall time required for the formation of the I'°®) T'("0) and T'™) intermediates
based on the previously published natural blocking®® (nat. block.) approach as well as
density-based and integral-direct using the J-engine (J-engine), the RI-J algorithm (RI-
J), and the proposed algorithm (this work) from Section 2.2.3. Since the natural blocking
approach was optimized for the formation of I in the virtual-occupied subspace, only timings
for T are reported. All times are given in hours for LCA, (n € {20,40,80,160}) using
the cc-pVXZ (X € {D,T}) basis sets. Extrapolated values are marked with an asterisk (*).

cc-pVDZ cc-pVTZ
nat. block. J-engine  RI-J  this work nat. block. J-engine  RI-J  this work

F(oo)

LCAy — <0.1 <0.1 <0.1 - 0.1 <0.1 <0.1

LCAy - 0.1 <0.1 <0.1 - 0.5 0.1 <0.1

LCAg - 1.2 0.1 <0.1 - 4.9 0.3 0.1

LCA 40 - 8.8 0.4 0.1 - 53.1 1.4 0.5
]_'\(vo)

LCAy <0.1 <0.1 <0.1 <0.1 <0.1 1.0 0.2 <0.1

LCA4 <0.1 0.8 0.1 <0.1 0.1 9.0 0.9 0.1

LCAg 0.1 9.2 0.5 0.1 0.3 85.3 3.3 0.4

LCA 140 0.4 70.0 2.1 0.5 1.2 924.0* 13.6 3.1
F(vv)

LCAy - 0.2 0.1 <0.1 - 1.3 0.4 <0.1

LCAy4 - 1.3 0.3 <0.1 - 11.8 1.5 0.1

LCAg - 14.6 1.1 0.1 - 114.0 5.9 0.5

LCA 140 - 118.3 4.1 0.6 - 1235.4* 24.6 3.7

latter is required in order to achieve sparsity in the three-center integrals, which makes this
approach efficient. In contrast, all density-based approaches use the regular 1/ry5 operator.
For smaller molecule sizes like LCAy all algorithms perform roughly equally well, resulting
in only an insignificant overhead for forming the THC intermediates. In the limit of the
largest LCA molecules, the apparent scaling for forming I' approaches O(N?) for the natural
blocking and the RI-J approach, whereas it approaches O(N?) scaling for the J-engine version
and the newly proposed method. It is noteworthy, that while the J-engine variant and the
proposed method both scale cubically with the system size, the J-engine based method has
a significantly higher prefactor, which leads to the fact, that it is slower than all other
variants. In contrast, for the proposed, likewise cubically scaling approach from Section
2.2.3 the prefactor is low enough to render the method competitive to the natural blocking
approach, which heavily relies on screening to be efficient, even for the largest molecule

sizes considered. In order to demonstrate the effectiveness of the algorithm, the system size
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scaling for the formation of the Y, Y and Y™V intermediate for LCAs up to LCA g

is shown in Figure 1 (left).

System Size Scaling Strong Scaling Speedup
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Figure 1: System size scaling (left) and strong scaling speedup (right) of the proposed density-
based integral direct grid-projection algorithm for the cc-pVTZ basis set. The scaling of the
wall time with respect to the system size is measured for LCAs up to 160 carbon atoms,
while the strong scaling analysis is performed with LCA4y up to 64 threads.

While for all MO subspaces the scaling is cubic, the applied grid-pruning technique from
Matthews®” reduces the prefactor considerably for the Y(©°) intermediate due to the com-
pactness of the occupied-occupied subspace. Additionally, the strong scaling, i.e., the time-
to-solution behavior for the same molecule size but increasing numbers of threads, was
assessed. For this, the strong scaling speedup relative to the baseline solution time for two
threads is shown in Figure 1 (right). Two threads were chosen as a baseline since the used
node has a dual-socket board and we want to neglect the communication latency when scaling
from a single thread on one CPU to a thread per CPU. Keeping the individual workload high
enough on all processors is key to ideal strong scaling speedup. In this regard, an almost per-
fect speedup is observed for up to 15 threads, whereas only diminishing returns are obtained
due to decreasing workload per CPU core. In summary, while the proposed grid-projection
algorithm scales cubically, its prefactor is diminutive with a good scaling with respect to the
number of CPU cores. Furthermore, it is competitive to the previously published natural
blocking approach while only relying on the shell-pair sparsity of the atomic orbitals, which

makes it better suited for non-sparse three-dimensional systems.
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4.2.2 THC-SOS-LR-CC2 and THC-SOS-ADC(2)

Linear Carboxylic Acids

Figure 2: Linear carboxylic acid with 20 carbon atoms.

The scaling behavior of the proposed CDD-THC-SOS-LR-CC2 and CDD-THC-SOS-ADC(2)
implementations is investigated by taking into account the number of floating-point opera-
tions (FLOP) required to form the singles-manifold CC vector and the matrix-vector product
for ground and excited state calculations, respectively. For excited states, it is important to
stress that, starting from the CCS transition density, the number of relevant elements R,
varies during the optimization procedure, as some electronic excitations become more (or
less) important to accurately describe the state. Therefore, we decided to take into account
the average number of FLOP per iteration (total no. of FLOP / no. of iterations) during
the DIIS procedure. In Figure 3 the described scaling of the number of FLOP for the ground
(left) as well as the excited state calculations (right) is plotted for the MO-RI-SOS-LR-
CC2/ADC(2) reference implementations as well as for the proposed MO/CDD-THC-SOS-
LR-CC2/ADC(2) methods for a series of LCAs.

As demonstrated in Figure 3, the MO-based THC-SOS-LR-CC2 and THC-SOS-ADC(2) al-
gorithms allow for a O(N?3) scaling evaluation of the ground state and excitation energies
with an effort that is ~ 7 and ~ 11 times smaller than their MO-RI variant, respectively. Re-
formulating the equations for the SOS-CC2 singles amplitudes in the local Cholesky /atomic
orbitals basis decreases the computational effort and scaling. As shown in Figure 3, the use

of sparse linear algebra to solve eq. 64 results in a sub-cubic asymptotic scaling and causes
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Figure 3: Number of FLOP required to evaluate the SOS-CC2 singles amplitudes (left)
and the SOS-LR-CC2/SOS-ADC(2) matrix-vector product (right) for a series of LCAs
(n € {40,80,160}). Labels represent the FLOP reduction compared to the MO-RI-SOS-
LR-CC2/ADC(2) implementation and all calculations are performed with the cc-pVDZ/cc-
pVDZ-RI basis set combination.

a ~ 19-fold reduction of the effort. Furthermore, CDD-THC-SOS-LR-CC2 and CDD-THC-
SOS-ADC(2) show O(N?) scaling behavior and a ~ 26-fold diminution for the largest LCA
considered. Additionally, as discussed below, it is possible to further decrease the asymp-
totic computational scaling to sub-quadratic by reintroducing the THC Z tensor instead of
I', as explained in Sections 2.3.2 and 2.3.3. Figure 3 demonstrates the described situation by
showing a higher number of operations when the Z tensor is used and a crossover with the
MO-based implementation at around ~ 60 carbon atoms is observed. Despite the increased
prefactor, the CDD-THC-SOS-LR-CC2 and CDD-THC-SOS-ADC(2) implementations us-

ing Z tensor will be more efficient than the I'-based algorithms for larger systems.

In order to understand the computational scaling of the local reformulations, we must dis-
cuss their memory demands and hence the number of allocated, i.e., significant blocks for the
most important intermediates in both ground and excited state calculations. Focusing on the
ground state, Figure 4 shows that the number of significant blocks in the different kinds of
(transformed) X matrices grows linearly with the system size. Therefore, both the memory

demand and the effort for the calculation of intermediate C — see eq. (a)-(c) in Table 1 —

38



scale linearly with the system size. The first time-determining step (d) in Table 1 scales
cubically in the asymptotic limit, as Cis multiplied with two dense matrices I'"® from the
left and right, leading to a dense result matrix. For the other time-determining steps (e)-(f),
the effort would scale cubically, as within a regular dense multiplication. However, the fact
that the next set of intermediates — N and M©"¥) — will be computed via a Schur
product of the D(voo0) gnd A (voco) intermediates, and the D) and Blevw) intermediates,
respectively, can be leveraged in steps (e)-(f). Considering that the number of significant
blocks in A and B grows linearly, only a fixed number of blocks of the intermediates D(voo)
and D) must be computed. Therefore, steps (e)-(f) in Table 1 scale again sub-cubically,
as the first multiplication with the THC fitting matrix scales as O(N?) and the second one
scales as O(N?). As shown in Table 1, all the remaining steps scale at most quadratically

with the system size. Hence, the overall computational effort for one iteration of CDD-THC-

SOS-LR-CC2 and CDD-THC-SOS-MP2 scales sub-cubically in the asymptotic limit.

For the solution of the excited state problem, the matrix-vector product must be formed.
To do so, the X matrices that contain information about the electronic excitation need to
be computed. For local excitations and local electronic structures, the number of significant
blocks in X will be constant in the asymptotic limit, as shown in Figure 4 (left). Conse-
quently, the number of blocks in the A, B, and C matrices will be constant as well. Again,
the time-determining steps are the formation of the intermediates D — (d)-(f) in Table 1 - and
D - (d)-(f) in Table 2. Contrary to the ground state intermediates, the effort for evaluating
D scales quadratically, if the fact that the C, A, and B intermediates only contain a constant
number of relevant blocks is leveraged. Alternatively, calculating D by contraction with the
Z fitting tensor — steps (e’) and (f’) in Table 2 — requires an effort that scales quadratically in
the asymptotic limit because we first contract C with the dense fitting matrix and secondly

evaluate only a fixed number of blocks for DV°°° and D°"YV. The remaining steps scale at

most linearly, except for eq. 80 that scales quadratically, albeit with a negligible prefactor.
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Figure 4: Number of significant blocks for the various THC X tensors (left) and the most
important Laplace point-dependent intermediates (right) for the CDD-THC-SOS-ADC(2)
method. For the Laplace point-dependent intermediates the number of allocated blocks is
averaged over the number of quadrature points. All calculations are performed with the
cc-pVDZ/cc-pVDZ-RI basis set combination.

DNA Fragments

In order to investigate the scaling behavior in the evaluation of the excitation energy for sys-
tems of practical interest, CDD-THC-SOS-ADC(2) was applied to DNA fragments containing
up to 16 adenine-thymine-pairs (AT,,), see Figure 5 (left). The smaller DNA fragments can
be considered to be three-dimensional systems, which become linear with increasing num-
bers of base pairs, i.e., in the asymptotic limit. The number of operations performed within
one iteration of the MO- and CDD-THC-SOS-ADC(2) is displayed in Figure 5 (right) for
the cc-pVDZ basis set and grids generated from the hand-optimized cc-pVDZ- (grid1) and
cc-pVTZ-based parent grids (grid2).

The MO-THC-SOS-ADC(2) implementation shows cubic scaling behavior and a FLOP count
reduced by ~60 times for the fragment with 16 AT-pairs. As demonstrated in the previous
section, the computational effort of CDD-THC-SOS-ADC(2) grows quadratically with the
system size for both grid types. Contrary to the case of the LCAs, the three-dimensional

structure of the DNA fragments does not display sparse one-electron density matrices un-
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Figure 5: DNA fragment with 16 AT-pairs and 1052 atoms (left). Number of FLOP per-
formed to evaluate the SOS-ADC(2) matrix-vector product for DNA fragments with 4, 8,
and 16 AT-pairs using the cc-pVDZ basis set and the grids generated from both the hand-
optimized cc-pVDZ- (grid1) and cc-pVTZ-based parent grids (grid2). Extrapolated values
are shown with dashed lines and marked with an asterisk (*). Labels represent the FLOP
reduction compared to the MO-RI-SOS-ADC(2) implementation.

til the ~1000 atoms scale is reached. Thus, the crossover with MO-THC-SOS-ADC(2) is
shifted toward ~6000 basis functions, as shown in Figure 5 (right). The reformulation in
the Cholesky basis and the use of sparse linear algebra grant an additional reduction of the
prefactor by a factor of ~2 and hence the newly presented CDD-THC-SOS-ADC(2) method

is ~119-fold faster.

According to the data provided in Figure 5, the THC decomposition is highly recommended
for calculations on three-dimensional systems, i.e., when there is not enough sparsity in
the electronic structure to reduce the computational effort as well as its scaling with the
size. Indeed, MO-THC-SOS-ADC(2) already provides considerable savings in the FLOP
count, and the CDD-RI-SOS-ADC(2) reformulation further reduces the effort via sparse
linear algebra. In addition, the memory and storage savings should be considered, which
extend the applicability of SOS-ADC(2) and SOS-LR-CC2 to much larger systems, without
any need of batching the workload until the ~1000 atoms scale is reached. Taking AT

as an example, one set of MO-based RI integrals using the cc-pVDZ/cc-pVDZ-RI basis set
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combination would require ~6 TB of memory (and disk space) with a ~20% saving if the
Cholesky pseudo-MOs and sparse algebra are put to use. Hence, considering that at least
one other set of integrals must be stored in the CDD-RI-SOS-ADC(2) implementation, both
the number of input/output operations (I/O) as well as storage demands easily become a
bottleneck for common high-performance compute nodes and would render batching — with
its intrinsic overhead — mandatory. In contrast, for the same basis set the evaluation of the
SOS-ADC(2) and SOS-LR-CC2 excitation energy of AT using THC only requires ~500 GB
of memory space. In addition, the presented implementation of MO- and CDD-THC-SOS-
ADC(2)/CC2 only requires disk I/O for the D matrices (~126 GB for ATyg/cc-pVDZ/cc-

pVDZ-RI) in the Laplace integration, while all other intermediates can be kept in memory.

4.3 Timings

The use of THC grants a reduction of the effort (FLOP) in each iteration and hence runtime
speedups are expected for both MO-THC-SOS-ADC(2) and MO-THC-SOS-LR-CC2. Table
7 shows ~14-fold and ~7-fold speedups for MO-THC-SOS-MP2 and MO-THC-SOS-CC2
for ground state energy calculations, respectively. Further, speedup of ~1.5 is achieved by
reformulating the methods in the Cholesky pseudo-MO basis and by using sparse linear

algebra, as discussed previously.

Table 7: Time required to perform 1 iteration of the respective ground state calculation.
Scaling and speedups are reported for the THC-based methods relative to MO-RI-SOS-
MP2/CC2.

MO-RI MO-THC CDD-THC

System Ny  Time /h Time /h Speedup Time /h Speedup
SOS-MP2

LCA, 1030 0.01 0.01 2.5 0.01 2.2

LCAgy 2030 0.13 0.02 6.7 0.02 6.8

LCAg 4030 1.72 0.12 14.3 0.08 22.4
SOS-CC2

LCA, 1030 0.03 0.01 2.5 0.02 1.5

LCAgy 2030 0.16 0.07 2.4 0.07 2.4

LCA50 4030 2.32 0.32 7.2 0.22 10.5
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Table 8 reports the speedups for the THC-SOS-ADC(2)/CC2 implementations for excita-
tion energies compared to MO-RI-SOS-ADC(2)/CC2. Since the steps performed to form the
CC2 and ADC(2) matrix-vector products are mostly identical, both timings and speedups
are similar. For the largest system the MO-based algorithms grant ~6-fold time savings in
each iteration with respect to the MO-RI implementation. As for the ground state step,
the local reformulation allows for an additional speedup of a factor of ~2. Furthermore,
THC-based implementation is already faster than MO-RI-SOS-ADC(2)/CC2 for the small-
est considered system size, i.e., LCAy, as a crossover is observed at around 40 carbon atoms.
Although the CDD reformulation is slower for LCA 4 due to the lack of sufficient sparsity in
the one-electron density matrix, a crossover between the CDD-THC-SOS-ADC(2)/CC2 and

the MO-based implementations is observed at around ~60 carbon atoms.

Table 8: Time required to perform 1 iteration of the excited state calculation. Scaling and
speedups are reported for the THC-based methods relative to MO-RI-SOS-LR-CC2/ADC(2).

MO-RI MO-THC CDD-THC

System Ny Time /h Time /h Speedup Time /h Speedup
SOS-ADC(2)

LCA, 1030 0.02 0.02 1.1 0.03 0.7

LCAgy 2030 0.22 0.09 2.5 0.09 2.4

LCA5 4030 3.19 0.54 5.9 0.27 12.0
SOS-LR-CC2

LCA, 1030 0.04 0.02 1.9 0.04 1.1

LCAgy 2030 0.22 0.09 2.5 0.10 2.3

LCAq0 4030 3.28 0.54 6.0 0.25 13.1

When applied to larger systems, such as DNA fragments, the speedups with respect to the
RI-based implementation vastly increase. Table 9 reports the speedup for up to 16 AT-pairs
for the two different parent grid types.

First, the timings obtained with the smaller grid originating from the cc-pVDZ basis set
are considered. Interestingly, the MO-THC-SOS-ADC(2) method is already ~9 times faster
than MO-RI-SOS-ADC(2) for ATy, while the speedup for the CDD reformulation is only

4-fold due to the lack of sparsity in the one-electron density matrices. As the size increases
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Table 9: Time required to perform 1 iteration of the excited state calculation. Scaling and
speedups are reported for the THC-based methods relative to MO-RI-SOS-ADC(2) using the
cc-pVDZ/cc-pVDZ-RI basis set combination together with the grids generated from both the
hand-optimized cc-pVDZ- (grid1) and cc-pVTZ-based parent grids (grid2). Extrapolated
values are marked with an asterisk (*).

MO-RI MO-THC CDD-THC

System  Np;  Time /h Time /h Speedup Time /h Speedup
grid1

AT, 2904 1.1 0.1 8.9 0.3 4.1

ATy 5896 19.0%* 0.8 23.4 1.0 18.8

AT 11880  312.2%* 6.6* 47.0 4.6 68.1
grid2

AT, 2904 1.1 0.4 2.6 0.5 2.2

ATyg 5896 19.0%* 2.3 8.3 2.5 7.7

AT 11880 312.2% 19.0%* 16.4 11.1°% 28.1

and simultaneously the densities become more sparse, a crossover between the MO-based and
the CDD-THC-SOS-ADC(2) implementations is observed at around ~6000 basis functions.
For the largest considered fragment, i.e., AT5, MO-THC-SOS-ADC(2) is ~47 times faster
than MO-RI-SOS-ADC(2) and is able to perform one iteration of the DIIS procedure in just
~7 hours, against the 312 hours estimated for MO-RI-SOS-ADC(2). When further taking
advantage of the sparsity in the densities with the CDD approach, it is possible to perform
one iteration in just ~5 hours for 16 AT-pairs. When instead the THC-grid is generated
from the cc-pVTZ-based parent grid — as used for the LCA calculations — the speedups are
reduced due to the larger number of grid points. Nonetheless, it is possible to perform one
DIIS iteration of MO- and CDD-THC-SOS-ADC(2) with ~16-fold and ~28-fold speedups
compared to MO-RI-SOS-ADC(2), respectively. In total, with both the MO-THC-SOS-
ADC(2) and the CDD-THC-SOS-ADC(2) methods it is possible to compute the excitation
energies to the two lowest singlet states of ATy in ~3 days when using the cc-pVDZ basis

set and the THC grid generated from the cc-pVTZ-based parent grid.

Employing CDD-THC-SOS-ADC(2) makes it possible to compute the excitation energy to

the lowest singlet excited state of AT4 for the cc-pVDZ basis set. The total time required
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for the calculation is ~3.5 days, for which most of the time is spent evaluating the THC
I' matrices, which take up ~25.5% of the total computation time, and calculation of the
ADC(2) excitation energy, which requires ~57.2% of the total computation time. Notice
that the ADC(2) optimization procedure is converged with thresholds of 1076 and 10~° for
the excitation vector and the energy, respectively. The SCF procedure, the calculation of the
MP2 energy correction, and the evaluation of the ground state intermediates E from eq. 76
together required ~4.6% of the total time. Finally, the pre-optimization at the CCS level
within the Davidson procedure took ~12.9% of the time. The generous speedup granted by
a smaller grid comes with a reasonable error in the excitation energies. In fact, the error
introduced by this grid type for CDD-THC-SOS-ADC(2) calculations on ATy is ~0.01 V.
Despite being larger than the error provided in Table 5, it is known to be small enough for
investigating the electronic transition and additionally provides a good starting point for
optimizations with larger grids. At this point, it is important to stress that the error in the
excitation energies does not increase with the size of the system, as demonstrated in Section
4.1, and hence we expect an error of the same order for the ATg system when using the

smaller grid.

5 Conclusion

An efficient reformulation of SOS-LR-CC2 and SOS-ADC(2) for both ground state as well
as excitation energies is presented. The implementation leverages the THC-factorized rep-
resentation of the ERIs together with block-sparse linear algebra for the resulting tensor
contractions. The latter is particularly attractive since local Cholesky pseudo-MOs from
the CDD approach are employed in the Laplace integration, which cause the number of
significant blocks in all ground state-dependent intermediates to grow linearly, while excited
state related intermediates here show constant scaling. Since SOS-LR-CC2 and SOS-ADC(2)

only involve Coulomb-type integral contractions, no higher than second-order tensors have
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to be formed and all FLOP-intensive contractions can be performed by block-sparse matrix-
matrix multiplications. Furthermore, a density-based integral-direct approach for the grid-
projection of the ERI tensor, which is the most time-consuming step in the THC fitting, is
presented. The density-based reformulation allows to use existing code for Coulomb matrix
builds in the grid-projection. This facilitates the implementation of LS-THC in quantum
chemistry packages, since apart from linear algebra, which is readily available from BLAS
implementations, only the ability to evaluate basis functions on a real-space DFT-like grid is
required then. Consequently, LS-THC is easily implemented in existing quantum chemistry
programs, which already implement a Kohn—Sham SCF. Nonetheless, an optimized kernel
for this type of integral contraction can improve the performance of this step significantly, as
demonstrated above. Combined with the described optimizations, memory-efficient and ef-
fectively sub-quadratically scaling implementations of SOS-LR-CC2 and SOS-ADC(2) for the
computation of excitation energies are presented. The efficiency of the presented approach

is demonstrated for representative systems up to 1000 atoms and 12000 basis functions.
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1 Sparsity-conserving Grid Pruning

Throughout this work the grid pruning technique by MatthewsS! was used, which serves
two purposes: 1) a removal of unnecessary linear combinations of grid points and 2) the
solution of the system of linear equations required for forming the final T' intermediates.
Instead of defining novel parent grids from which to prune from, the hand-optimized grid
for the cc-pVTZ basis set by Kokkila Schumacher et al.5? is used as a parent grid. In the
following, the influence of the pruning threshold ¢, i.e., the rank threshold in the underlying
pivoted Cholesky decomposition (PCD), on the accuracy is assessed. Figure S1 shows the
behavior of the error (solid lines) of THC-SOS-RI-MP2 compared to SOS-RI-MP2 as well
as the growth of the numerical rank (dashed lines), i.e., the resulting number of grid points

Ngria after pruning, for LCAs up to 160 carbon atoms.
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Figure S1: Behavior of the error (solid lines) of THC-SOS-RI-MP2 compared to SOS-RI-
MP2 as well as the growth of the numerical rank (dashed lines) with an increasingly tight
pruning threshold . All calculations were performed with the cc-pVDZ/cc-pVDZ-RI basis
set combination and with the hand-optimized grids for the cc-pVDZ (left) and cc-pVTZ
(right) basis set as parent grids.

In general a smooth linear reduction of the error and a linear growth of the number of
resulting grid points is observed with increasingly tight pruning thresholds, like previously
reported by Matthews.%! Also, with the hand-optimized grid for the cc-pVDZ basis set
serving as a parent grid, the accuracy deteriorates beyond a threshold of 107?. While with

the tightest reasonable threshold an acceptable accuracy on the order of 10~° H for absolute
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energies is achieved for both parent grids, the cc-pVTZ based parent grid was chosen for
all calculations in the main part of this paper because of the more well-behaved error.
Additionally note that by comparing the errors between the LCAs of different chain length,
it is observed that the error grows linearly with the molecule size, as reported previously. 5153
One potential drawback of the PCD-based grid pruning is the pivoting, which changes the
order of the grid points, or rather linear combinations thereof. To increase sparsity in the
one-particle density matrix it is custom to reorder atoms according to the reverse Cuthill-
McKee (RCM)5* algorithm in order to minimize the bandwidth of the resulting density
matrix. Likewise, this reordering also reduces the bandwidth of grid-based intermediates
like the grid metric S, for which the order of the grid points is predominately determined
by the order of the atoms since the constituting grids are atom-centered. However, the
pivoting in the PCD causes are reordering of the grid points which results in unwanted fill-
in. To preserve sparsity, all resulting grid points after pruning are assigned to their closest
neighboring atom and then ordered according to their parent atom in the order determined
by the RCM algorithm. Figure S2 demonstrates the described situation for the THC grid

metric tensor S for LCAgy and highlights the importance of the reordering of the grid points

after pivoting.
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Figure S2: Block sparsity pattern of the THC grid metric S in the AO basis before (left)
and after pruning (center), as well as after reordering of the grid points (right). Red pixels
indicate significant blocks while white pixels represent blocks for which the norm is less
than 1071°. All sparsity patterns are obtained from LCAg, using the cc-pVDZ basis set and
pruning from the hand-optimized cc-pV'TZ based grid for the occupied-virtual subspace.
Note that the images for the S tensor after pruning are scaled up; before pruning S was of
size 45411 x 45411 and after pruning of size 22906 x 22906.

2 Ground State Equations
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3 Excited State Equations - Triplet States

The matrix-vector products for triplet (T) states are given by:

O'SjOS_CCZ(T) - FabRbi - Raiji - Z(achi)Rck — Cos Z EabRbi — Cos Z RajEji
b -

ck J
+ USL-’ ™ 4 Ug_, ™ 4 U(I{i (T) (4)
US?S_ADC@)’(T) = (Ea - 61‘)Rm‘ - Z(GC|ki)RCk — Cos Z Eup Ry — Cos Z RajEji
ck b J
+ 02’ ™ 4 02’ ™ 4 ai’i (T) (5)

The derivation of the singlet equations is discussed in the paper. In order to derive the
equations for the triplet states it is necessary to consider the following spin-symmetry rela-

tionships for singlet

Raaia = Ra[ii[)’ (6)

and triplet state:

Raaia = _Raﬁig (7)



where «, 0 here are the spin of the electrons. Accordingly, the intermediates to the matrix-

vector product are given by:
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where for triplet states:
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4 Programmable Equations for the MO-based algorithm

Table S1: Programmable equations of the intermediates for the solution of eq. 77 and ?7?.
Notice that, for SOS-MP2 calculations, t,; = 0 and only eq. (a)-(d) need to be solved.

Intermediates Formal Scaling
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Table S2: Programmable equations of the intermediates for the solution of the MO-SOS-
THC-CC2 excited states equations.

Intermediates Formal Scaling
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Comparing the L2-norm of T1 in the Rl and THC implementations
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Figure S3: The plot shows the error in the single amplitudes T1 (in the log,, scale) along
the DIIS iterative procedure, defined as the difference of its L2-norm within the RI- and
THC-fitted implementations for LCA 4.

5 Growth of the error in the T1 amplitudes during the

CC2 optimization
6 DNA Scaling
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Table S3: Average number of PFLOPs (10> FLOPs) required per DIIS iteration to form
the matrix-vector product in CDD-THC-SOS-ADC(2) and MO-THC-SOS-ADC(2). Ad-
ditionally, the x-fold reduction in the number of FLOPs is shown with respect to MO-
RI-SOS-ADC(2). All calculations are performed using the cc-pVDZ/cc-pVDZ-RI basis set
combinations and the grids generated from both the hand-optimized cc-pVDZ- (grid1) and
cc-pVTZ-based parent grids (grid2).

MO-RI MO-THC CDD-THC

System Ny PFLOPs PFLOPs Scaling Reduction PFLOPs Scaling Reduction
gridl

ATy 2904 6.2 0.3 — 20.3x 0.5 — 12.4x

AT 5896 110.0* 2.6 3.0 41.0x 2.6 2.3 40.0x

ATqg 11880 1800.0* 21.0* 3.0 83.5x 15.0 2.5 119.3x
grid?2
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6 Ongoing Projects

In Publications I-III local-orbitals reformulations of the Laplace-transformed SOS-LR-CC2 and
SOS-ADC(2) are presented within the RI and THC approximations. They efficiently decrease the
computational effort for the evaluation of excitation energies and extend the application of these
methods to molecules with several hundreds of atoms by exploiting block-sparse linear algebra.
In Section we will discuss an improved implementation of the &'(N) scaling w-CDD-RI-
SOS-ADC(2) method proposed in Publication II which has been extended to the closely related
®-CDD-RI-SOS-LR-CC?2 for the first time. However, as quantum chemists, we are also interested
in the properties of the computed excited states as well as the transition itself. Therefore, in
Section we provide the low-scaling equations for the calculations of the one-particle reduced
density matrix and transition density matrix at the SOS-ADC(2) level. The algorithm for their
fast and memory-efficient evaluation is currently under development, and we will not provide
information about it. Nonetheless, it will be clear that the formation of the one-particle reduced
density matrix and transition density matrix requires intermediates similar or equal to those for
the energies. Accordingly, the introduction of Cholesky decomposed density matrices[©3/64104]
is expected to reduce the &'(N*) scaling to &' (N?), or even &(N), in the asymptotic limit — for
systems with significant HOMO-LUMO gap and local excitations. That is, we will be able to
compute the transition moments, oscillator strengths, and natural transition orbitals, and hence
to study the photochemistry of large systems (i.e., hundreds of atoms) with sparse electronic
structure and localized excitations. In addition, the approach used for the calculation of the
one-particle reduced density matrix and transition density matrix can be easily extended to the
analytic evaluation of the nuclear gradients required to investigate the potential energy surface
and thus study the process a given system undergoes after the excitation.

6.1 Linear-Scaling Evaluation of Closed-Shell RI-SOS-LR-CC2
and RI-SOS-ADC(2) Excitation Energies

As discussed in Section [3.3] the calculation of excitation energies requires the formation of the
matrix-vector product (MVP) in the single excitations manifold:[23:¢]

Ay A
tmpAnv
Apyv, —————

8}/2 — o va — Gul — (I)Rul (6.1)

where Ry, is the singles part of the right eigenvector. The doubles part of the excitation vector is
defined as
o AIJ2 Vi R )4

R =
H2 =
Ep —

(6.2)
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Notice that, contrary to Chapter 3, we used R to indicate the excitation vector to avoid confusion
with the THC X matrices.

In order to solve the nonlinear eq. (6.1, the solutions (i.e., excitation energy @) have to be
found until self-consistency is reached. If the initial guess of the eigenvectors and eigenvalues
is close enough to the final results, a common choice for the solution of the nonlinear problem
is the DIIS algorithm, which turned out to be stable and rapidly convergent.!2>38] In addition,
it has the advantage of being a single root algorithm, thus it is possible to aim for high-lying
excited states without converging all the lower states. On the other hand, if the initial guess
is far from the converged CC2 — or ADC(2) — results, the eigenvalues, and the eigenvectors
must be pre-optimized using an alternative algorithm. For this purpose we use a modification
of the Davidson algorithm.!22%7l Both DIIS and Davidson procedures for CC2 and ADC(2) are
described in literaturel233827] and will not be further discussed here.

The calculation of the matrix-vector product oy, (@, Ry, ) is required in both optimization proce-
dures and represents the time-determining step. The original implementation in the MO basis of
RI-SOS-LR-CC258) scales with the fourth power of the system size. Here, we will reformulate
the equations for the matrix-vector product in a local basis reducing the scaling behavior of the
method to &'(N). The explicit expressions for SOS-LR-CC2 and SOS-ADC(2) can be easily ob-
tained by neglecting the same-spin contributions and scaling the remaining terms in the equations
of Section[3.3.1| by a factor ¢, = 1.3.

6.1.1 Low-scaling reformulation: ®-SOS-RI-CDD-LR-CC2 and
®-SOS-RI-CDD-ADC(2)

As proposed in Publications I-1II, in order to reduce both computational and memory scaling
with the system size, we back-transform the contributions to the matrix-vector product of singlet
(S) and triplet (T) states in the AO basis:

G,SS\/)/(T) _ ZC“aG(ElS)/(T)CV ZCM 0 (S(T) + GG (SH(T) + GH (SHAT) + GI (SHYAT) + GJ (S)/(T))C
at

o 0,(S)I(T) + GG (SHYAT) + GH (SHY(T) + 61 ;(SH(T) +o J (S)/(T) 6.3)

Introducing the Laplace transform3#3237) that decomposes the orbital energy denominator
— HemEte =€) gp n Y oo teEETEE) (6.4)
— &+ E—E / Z

with the integral in eq. (6.4) accurately approximated with 5-8 integration points 7,52 the
intermediates of eq. are expressed in terms of ground state one-electron density matrices

Puv = Zcuicvi qu = Zcuacva (6-5)
i a
as well as ground state pseudo-density matrices

1
T 7 —g,t
Ouy = wzCpqe “Cyy P’

< = WTC,,”eS’ Cyi (6.6)
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and excitation vectors in the AO basis

RLS\),/(T) = ZC MREE)/(T)CW 6.7)
at

Note that C matrix contains the coefficients obtained as the solution of the SCF procedure (i.e.,
the molecular orbitals). As previously discussed in Publications I-III, the resulting pure-AO
reformulations are only suited for large systems and moderate basis sets. Its applicability to
large basis sets is hampered by the scaling with the basis set size (Ny¢) and auxiliary basis set
size (Naux). In fact, the formal scaling is increased from Nochvaazux to Nngfux for a fixed
molecular size, shifting the crossover with the MO-based method to large sizes. This problem is
overcome using the Cholesky decomposition of P in eq. with complete pivoting!®21% and
the idempotency relation of the occupied pseudo-density matrix ¢4

P=LL’ P =P°SP = P*SLL’ (6.8)

that reduce the scaling with the basis set size to Nochbe;%UX’ as previously proposed by our
group.l®!l The columns of L can be considered as the coefficients of localized occupied MOs that
are also known as Cholesky orbitals!® which inherit the locality from the density matrix. 164
Moreover, it is important to stress that the number of Cholesky MOs — obtained from the Cholesky
decomposition of P — is equal to the number of occupied canonical MOs. From this point, the

Einstein summation convention!©>*#104 ]| be employed in this section.

Transformation of the three-index integrals

The RI decomposition is performed according to Sec. [4.1] For the sake of simplicity, we will use
B to indicate the three-index integrals in eq. (4.4) or eq. (4.6), while J refers to the two-index
integrals in either eq. (4.5)) or eq. (4.9). Although the effort for computing the three- and two-index
integrals scales as &'(N?) (see Table , it does not affect the overall scaling of the method as
the integrals B and J are evaluated only once at the beginning and stored on disk.

The scaling behavior of RI-SOS-CC2 and RI-SOS-ADC(2) is reduced by transforming the three-
index integrals with the one-electron density matrices and taking advantage of their locality
through our block-sparse linear algebra routines. According to eq. (6.8)), the ground state
T1-dependent virtual Q and occupied P density matrices are given by

Ouv = Cua\l; = Ouv — QuurSwotorSav Pory (6.9)
p,uv = AZICVZ = Puv + Quu’Su/Gta/lSJLv'Pv’v
- (Lm n QW/SM/G[G,IS;W/LVQ Ly; = PuiLyi (6.10)

where S is the overlap matrix. Thus, the Laplace-independent three-index integrals are trans-
formed using eq. (6.9) and eq. (6.10) for the ground state:

Bffg - Bg’v’ (Lv/l + QV’VSVO'to')LSlv”Lv”l) (61 1)
Bt = LB, Pyi (6.12)
By = ByyLyi (6.13)
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The ground state T1-dependent virtual and occupied pseudo-density matrices are obtained ac-
cording to

A 1 B
thv =wz;Cuge sd[TAsd = wa - Q,Z“/Su/otcls/lwpv’v (6.14)

~ 1 )
P/.f\/ = W‘?Aﬁie(&)trcvi — (Lul + Q/JV’SV’O'tGZ,S},V”LV”j)LG!SG/Z/P;’;

Ly; (6.15)

and used to compute the ground state Laplace-dependent three-index integrals:
BT = 0%, BY, (LG, lSGWP)f,J (6.16)

Similarly to the ground state, the pseudo-density matrices containing the information about the
electronic excitation

_ 1 -

Ofy = wiCuae A, = 08 SwoRSY VS5 LyiLiy (6.17)
_ 1 _

P/j\/ = W% Aﬁie(ez)trcvi = [(Q.uﬂlSIJ,}LR(ASC);/(T)SGVILV,JI> LG/jSG/l/PZ/i] LVL (618)

are used to evaluate the Laplace-dependent excited states three-index integrals, according to
BZQT = Q:LGSGlBgl’ (LG!SG’VP\Z‘) (6.19)

where we exploited the idempotency relation of the pseudo-density matrices to form the half-
transformed and Laplace-independent integrals,/®1®%l in order to reduce the number of operations
as well as the I/O effort and the space requirements:

B ) ST
Bﬁi - QﬂH’Bg/v/ (QV'#NSH’%RSL();( )Scl’Lk’l)

+ QB (va J+ OvaSaotonSamrLur 1) (6.20)
with
qu = C/.La/_\eu = _Quu’Su’oR(GS))L/(T)Slv’Lv’kLkv (6.21)

For systems with significant HOMO-LUMO gap and local excitations, the transformation of the
AO-based three-index integrals into the Cholesky orbitals basis — see eqs. (6.11)-(6.13), eq. (6.16),
and egs. — — scales as @'(N?) and O'(N) in the standard RI Coulomb metric (@ = 0.0)
and the attenuated RI Coulomb metric (@ = 0.1), respectively.

Contributions to the singlet matrix-vector product

The single-single block of the Jacobian matrix provides zeroth-, first-, and second-order contribu-
tions to the matrix-vector product

0,(S A o S S p P S S I,(S J,(S
o = 0 FaRS) — RLEP\, FuvLyi+ EywRS) — RLEE i+ oS ol (6.22)
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with

ROV = 0,8, R DSy Ly, (6.23)

ol = {Qw,ﬁv,i 2(u'Voh) - (u’mav’)}R;S,ngk}Lw- (6.24)

The E intermediates only depend on ground state quantities and hence they are computed once
and stored on disk:
_ _ VB ph _ . pBph
Eyy ==Y, B, Eji=+B, Y, (6.25)

Vjtvi

where the Y intermediate is formed according to

5 = —coBYTMEP (6.26)

with
NP — ¢ e® [JO_,;]WVJ};H 6.27)
Ny =BITBY, (6.28)

The last contribution from the single-single block is defined as

ol = [ BT+ mt VBT | L A = m(A) +mEB)  (629)

where the intermediates are given by

R = —cose® [ﬁg‘ljo_‘é,} A = BB (6.30)
% (A) = —cose® [ ()| A% (A) = Ey BT (6.31)
% (B) = —cos [ﬁ?/ (B)J(;;‘,} 7% (B) = FuBL} (6.32)

Finally, the coupling-block contributes to the matrix-vector product through the O'ffv and 0'5\,
terms, which are reformulated in the following fashion:

65 = 0 (B, 7B Ly, o™ = (~ 7B Ly, (6.33)

wv'tvi
with the formation of the Laplace-independent Y tensor being the most expensive step:
7B.(S) _ potyyaB | pot o
Vi =By Mz + B Mz (6.34)
The M matrix is given in eq. (6.27), while the excited state intermediate M is equal to

M;"B = _cosed”f [J(;llvp/]*l

oYY _ pvtRY
! yﬁ} N — BB (6.35)

Hjouj
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Notice that we postpone the multiplication with the two-index integrals to the steps in egs. (6.35)),
(6.27), (6.3T)), (6.32)), and (6.39)), in order to exploit and preserve the locality of the three-index
integrals, as long as possible.

The CDD-RI-SOS-ADC(2) equations are obtained by setting 7,y = 0 and by symmetrization
of the Jacobian single-single block:

GE,VSOS—ADC(Z)(S) =0u F;WRf/S,E — RLS;PV jFuvLui + % (E”v/ +Ey M)RE,S,E
— %RLS; (E i E; 1) +ol® 4ol (6.36)
GL,&OS—ADC(Z)-,(S) — % {mﬁ’(B)BZ‘f + QuvLyi2(W'V'|oA) — (u'A| cv’)]Lleg} Ly, (6.37)
where
Ly =m* (C)ijf (6.38)
% (C) = —cos [ﬁ,@" (C)J(;Olc,} (6.39)
% (C) = ROIBYT (6.40)

For systems with a significant HOMO-LUMO gap and local excitations, the overall computational
scaling of CDD-RI-SOS-LR-CC2 and CDD-RI-SOS-ADC(2) is asymptotically quadratic, due to
the slow long-range i decay within the standard Coulomb metric (@ = 0.0) that couples the aux-
iliary functions to the AO basis-function pairs.l'’81%I On the other hand, the attenuated-Coulomb
metric has the property of combining the accuracy of the Coulomb metric and the sparsity of
the local overlap metricll®®1191 a5 described in Section The erfc-Coulomb metric with
o = 0.1 increases the sparsity of the @-CDD-RI-SOS-LR-CC2 and o-CDD-RI-SOS-ADC(2)
intermediates and grants a further reduction of the scaling. Hence, one achieves &/(N) scaling

behavior. The computational behavior for each step is reported in Table

Contributions to the triplet matrix-vector product

The evaluation of excitation energies to triplet states at the SOS-LR-CC2 and SOS-ADC(2) levels
of theory requires minor modifications of the equations derived for singlet states. Considering the
following spin-symmetry relationships for the transition vector

R =—RD (6.41)

with the (ai) and (ai) orbitals having opposite spins, one obtains the expressions for the triplet
intermediates. First, the ®-CDD-RI-SOS-LR-CC2 contributions o/ and o for triplet states are
obtained as

oD = {QW P [ —( umov’)} R Lo }Lv,- (6.42)

o = [meBLT +me BT | L (6.43)
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with
_a,(T):—aA —m%(B 6.44
my" =g (A) — iz (B) (6.44)
Finally, the o0& and o terms, for triplet states, are given in the following fashion:
G,(T A 7 B.(T (T =B.(T) 5
o = Oy (Bﬁ,V,Yﬁ; ))LVi o = (_Yfk( )BZ)LW (6.43)
with the Laplace-independent Y tensor evaluated as
BT _ pa.tyyaB _ potygof
Vi =By tM — B M (6.46)

Note that, for @-CDD-RI-SOS-ADC(2), the triplet states contributions to the matrix-vector
product are obtained by setting 7, = 0 in eqs. |Hb and by symmetrization of the o! in
eq. (6.43):

Oy > APCAM - % [— m (B)By" + Quv Lywil— (WA |0V Loxly) | Lvi  (6.47)
with I)(LTk) = I/(lsk). The other intermediates are equal for both the singlet and triplet states. The
computational effort for the evaluation of triplet intermediates is slightly reduced compared to
the singlet state because the Coulomb term in the Fock-like terms is not computed. Overall, for
triplet states, ®-CDD-RI-SOS-CC2 and ®-CDD-RI-SOS-ADC(2) show ¢'(N?) and &'(N) com-
putational scaling behavior for systems with significant HOMO-LUMO gap and local excitations.

6.1.2 QOutline of the implementation

The equations for the excitation energies can be implemented as for the underlying ground state
®-SOS-RI-CDD-CC2 method in Publication I. For the sake of simplicity, we will assume that
ground state calculations have been carried out and that the ground state three-index integrals —
Bfu and Bﬁi in eqs. (6.13) and (6.16) — and intermediates —M;"ﬁ and M in eqs. (6.27) and (6.30
— are stored on disk. The high memory demands of excited-states calculations easily exceed the
available memory on a single computing node. Therefore, as in Publication I, we employ an
optimized batching scheme based on a Lagrangian formulation!®!! for evaluating the excited

states intermediates (e.g., the three-index integrals, NY P and Y;ﬁ‘) and the contributions to the
matrix-vector product. The implementation of the equations for the state-specific matrix-vector
product can be summarized in three main algorithms:

 We compute the intermediates Ny P and n%, as shown in Algorithmby reading integrals
in lines 13, 27, and 39 in batches of auxiliary and basis functions indices, at the cost of
a batching overhead proportional to the number of auxiliary and basis functions batches
baux and bap. In the optimal batching, b,y and by are equal. Once the intermediates are
formed (lines 20, 22, 34, and 43), they are multiplied by the RI metric (lines 49-52) and
stored on disk. Notice that these intermediates, as well as their ground state homologues
My P and m%, do not depend on the eigenvalues @ and are computed only once for each
macro-iteration of the Davidson procedure.
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* The intermediates formed in Algorithm and the ground state matrices My

B

and m¢ are
read and scaled by the updated @. Then, the intermediates Ylﬁ" Qiti’ and I;; are computed
by batching occupied indices (see Algorithm . The three-index integrals Efj ;and Bﬁ‘ jare
read with an overhead proportional to the number of occupied batches b,... Notice that
we keep in memory the ¥ fl intermediate until both contributions from lines 23 and 35 are
computed, and we write it on disk only once.

G H
The Oui and Opi

Qﬁi contributions to the ground state vector-function proposed in Publication I. Therefore,
the algorithm is not discussed here.

contributions to the matrix-vector product are computed as the Qﬁi and

As can be seen in Algorithm [T} the minimal overhead is obtained if there is only one 7-batch
containing all Laplace quadrature points.[°!] We also used only one 7-batch in the simpler batching
scheme in Algorithm 2] Finally, in order to increase the efficiency, the three-index integrals are
read and simultaneously transformed in parallel using all the available threads (i.e., lines 12 and
26 in Algorithm [T} and lines 12 and 25 in Algorithm [2). Finally, the Coulomb and exchange
terms in, e.g., the Gﬁv contribution are computed by using the same routines used to build the
Fock matrices. The Coulomb term is computed in a quadratic scaling fashion as proposed by
Kussmann et al., 1) while the exchange term is calculated via the linear-scaling sn-Link method
by Laqua et al..”2163] Dye to the high efficiency of the routines, the resulting overall scaling of
these steps is linear with the system size (considering timings).
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Algorithm 1 Singlet states @-CDD-RI-SOS-LR-CC2 and @-CDD-RI-SOS-ADC(2):

af

calculation of M;" and m%

1: for aux-batch-1 do
2: for o0 € aux-batch-1 do

3 read B, VL, v
4 Bﬁj = Quu’Bz/w(Qv’u”Su”)LRJLGSUA’LA’l) + Quu’Bz/v/(Lv’l"‘QV%S/IG[GA/S)L’ ”L " ) V] u
5: write Eﬁ ; on disk
6 end for
7: end for
8: for aux-batch-1 do
9: for AO-batch do
10: for o0 € aux-batch-1 do
11: read Bﬁ‘,j V', j, if do_adc: 7y =0
12: for all deo
13: = Q;”/B” ](LG] Soa Py )Vz U € AO-batch;
14: end for
15: end for
16: for all T do
17: for o € aux-batch-1 do
18: i%(B)+ = B“ ;" Fu Vi, 1 € AO-batch
19: lf do adc then
20: A% (C)+ = B, Ry;Vi, i € AO-batch
21: end if
22: end for
23: end for
24: for o € aux-batch-1 do
25: read B’Z‘,j vu',j
26: for all ‘L'fdo
27: Bul = wa /J/(L"J o Py )Vz U € AO-batch;
28: end for
29: end for
30: for all T do
31: for o € aux-batch-1 do
32: A% (A)+ = By Fiy Vi, p € AO-batch, if do_adc: n¢(A) =0
33: end for
34: end for
35: for aux-batch-2 do
36: for B € aux-batch-2 do
37: read Bqu;', U € AO-batch;
38: end for
39: for all T do
40: for i € rank_occ do
41; NZP+ = B%™BE, Vi € AO-batch and o, B € aux-batch-1/-2
42: end for
43: end for
44: end for
45: end for
46: end for
47: M%P = J NT B Jﬁ ;3 VT — write on disk
48: m%(A) =i% (A)J, oo ! V1 — write on disk
49: m%(B) = ﬁ?' (B)J(;,la V7T — write on disk
50: m%(C) = i (C)J(;,la VT — write on disk




162 6. Ongoing Projects

Algorithm 2 Singlet states w-CDD-RI-SOS-LR-CC2 and w-CDD-RI-SOS-ADC(2):

calculation of Yfl, G ;and Iy;
1: for all 7 do
2 read M?ﬁ and M2 and scale it by —cose®
3 read m%(B) and scale it by —cos
4: if do_adc2 then
5: read m%(C) and scale it by —cos
6 else
7 read m%(A) and scale it by —cose®”
8: read Mm% and scale it by —cose®'
9: end if
10: end for
11: for occ-batch do
12: for all @ € naux do
13: read E‘g,j vu',j
14 for all deo
15: = Q;Tm/Bu J(LGJSG;LPM)VM i € occ-batch;
16: end for
17: end for
18: for all 7 do
19: QL += Bairma Yu,i € occ-batch
20: if do_ adc2 then
21: Iyi+ = By "'m%(C) VY, i € occ-batch
22: end if
23: 5+ =B mg?
24: end for
25: for all o € naux do
26: read Eg/j v, j
27 for all 7 do
28: Bul = QZ# _# j(Lc, jSo'aPf;) VML, i € oce-batch;
29: end for
30: end for
31: for all 7 do
32: if !do_adc2 then
33: Q’ += Bm mg‘vu, i € occ-batch, Va € aux-batch-1
34: end 1f
35: Vh+ =BLTNE

36: end for

37: write ¥, 3 Y, i € occ-batch
38: end for

39: if do_adc2 then

40:  scale Q; and I;; by 0.5
41: end if
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Table 6.1: Formal and asymptotic computational scaling (with the number of orbitals N) for
key steps of @-CDD-RI-SOS-LR-CC2 and w-CDD-RI-SOS-ADC(2) within the RI
standard-Coulomb metric (@ = 0) and overlap metric (@ — o).

Formal Scaling Asymptotic Scaling

=0 o—o
Cholesky decompose P N3 O(N) O(N)
Compute J N? O(N?) O(N?)
Invert J N3 O(N?) O(N?)
Compute B, N? O(N*) O(N?)
Compute 6,7, N* O(N?) O(N)
Compute Gﬁl‘, N4 O(N?*) O(N)
Compute o}, N3 O(N?*) O(N)
Compute o}, N* O(N*) O(N?)
Compute /; N3 O(N?) O(N)
Transform By, N* O(N?) O(N)
Compute 7% N3 O(N?*) O(N)
Compute 7t N? O(N*) O(N?)
Compute NP N* O(N?) O(N)
Compute NP N* O(N*) O(N)
Compute meP N3 O(N*) O(N?)
Compute 7P N3 O(N?) O(N?)
Compute f’fv N* O(N*) O(N?)
Compute va N4 O(N3) O(N)
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No. of FLOP to form the matrix-vector product (def2-SVP)

1.0e416 | MO
£ -©-CDD-0 0(N4'0)
CDD-1
1.0E+15

No. of FLOP

1.0e+14 F o,

1.0E+13 2 Il 2 Il 2 'l
800 1800 2800 3800
No. of basis functions

Figure 6.1: Number FLOP for the evaluation of the matrix-vector product of MO-RI-SOS-LR-
CC2 and MO-RI-SOS-ADC(2) (MO) and w-CDD-SOS-RI-SOS-LR-CC2 @-CDD-
SOS-RI-SOS-ADC(2) with @ = 0.0 (CDD-0) and @ = 0.1 (CDD-1) in the def2-SVP
basis. The computational scaling and speedups are also reported.

6.1.3 Scaling Behavior

The sparsity of the ground state one-electron density is closely related to the HOMO-LUMO
gap of molecular systems and the asymptotic linear-scaling behavior holds only for systems with
a non-vanishing HOMO-LUMO gap.!!*# In addition, when calculating excitation energies,
one must consider the sparsity of the transition vector in eq. as it is related to the locality
of the excitation. In order to discuss the computational scaling of w-CDD-RI-SOS-LR-CC2
and w-CDD-RI-SOS-ADC(2), we first consider linear carboxylic acids (LCAs) showing a local
electronic structure and a local excitation for the lowest singlet excited state Sy (see Figure [4.T))
—mostly localized on the carboxyl group. Although the LCAs represent the best-case scenario,
the asymptotic scaling behavior discussed in this section can be translated to three-dimensional
systems with localized excitations as well. For the test calculation on the LCAs, we used the
def2-SVPI182 basis set and the related def2-SVP-RI!®® and def2-universal-RI-J1¢7 auxiliary
basis sets. Note that the formation of the intermediates for singlet and triplet state calculations
shows the same computational effort and scaling behavior with the system size. Thus, only the
singlet state calculations are discussed here.
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Linear Carboxylic Acids

The scaling behavior of our @-CDD-RI-SOS-LR-CC2 and w-CDD-RI-SOS-ADC(2) implemen-
tations is investigated by taking into account the number of floating-point operations (FLOP)
required to form the matrix-vector product with @ = 0.0 and @ = 0.1. Notice that, starting from
the CCS transition density, the number of relevant elements R,y might slowly increase during the
optimization procedure, as some electronic excitations can become more important to accurately
describe the state. Therefore, we decided to take into account the average number of FLOPS
per iteration (total no. of FLO / no. of iterations) during the DIIS procedure. The results are
summarized in Figure[6.1} where the number of FLOP of w-CDD-RI-SOS-ADC(2) and w-CDD-
RI-SOS-LR-CC2 overlap and display ¢'(N?) and &'(N) computational scaling behavior with
o =0.0 (i) and  =0.1 (%), respectively. Alongside the lowering of the scaling, Figure
[6.T] shows that a significant diminution of the effort is achieved when @-CDD-RI-SOS-ADC(2)
and ®-CDD-RI-SOS-LR-CC2 are used on systems with local electronic structure and excitation,
such that ~10-fold and ~39-fold less operations are performed with @ = 0.0 and @ = 0.1,
respectively. However, it is important to stress that for larger basis sets, i.e., def2-TZVP, 162l
the linear scaling regime is reached at larger system sizes and a smaller reduction of the effort
is seen for fixed sizes. In addition, we remember from Publication I that the calculation of the
®-CDD-RI-SOS-MP2 ground-state energy scales quadratically (with @ = 0) or even linearly
(w = 0.1) in the asymptotic limit. On the other hand, the @-CDD-RI-SOS-CC2 ground state
energy is computed with a sub-cubic and sub-quadratic scaling effort, for ® = 0.0 and ® = 0.1,
respectively.

In order to understand the scaling behavior of our local implementations, we must discuss the
memory demands for the formation of the matrix-vector product. To do so, we consider the
number of allocated blocks for the important intermediates during both ground and excited state
calculations. Again, for the excited state quantities, we look at the average number of allocated
blocks per iteration (total no. of blocks / no. of iterations) during the DIIS procedure. Since the
memory demands of @-CDD-RI-SOS-LR-CC2 and w-CDD-RI-SOS-ADC(2) implementations
only differ for the storage of the B"‘ integrals in eq. , whose number of relevant blocks is the
same of BO‘ in eq. l-i we will only report the memory demands of the latter one. Considering
the use of the standard Coulomb operator (@ = 0.0), Figure @A shows that the number of
relevant blocks in the ground state intermediates (BO‘ Y fl, and N;") scales quadratically with the
system size, due to the long-range nature of the standard Coulomb metric. On the other hand, the
number of significant blocks in B"‘ and N; ap scales linearly with the system size as they depend
on the transition density matrix — see eq. (6.34) and eq. (6.35) — whose number of relevant blocks
becomes constant for large systems and local excitations. The time-determining calculation of
Yfl- scales as €(N?) because we multiply BY; with M P and B% with M7 P Notice that the M
and M matrices are obtained from the multiplication with the RI two-index integrals in eq.
and eq. (6.27), respectively, and the number of their relevant blocks grows quadratically with the
system size. The computed Yuﬁi tensor contains a quadratically growing number of blocks.

If the attenuated Coulomb operator with @ = 0.1 is used (see Figure[6.2B), the memory demands

for the ground state three-index integrals BO‘. and the intermediates Ny P scale as € (N), while

the number of allocated blocks in Y ﬁ ; scales sub-quadratically with the size of the system with
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significant HOMO-LUMO gap as LCAs. On the contrary, the number of blocks within the BZ‘;

and N7 P becomes constant in the asymptotic limit for localized excitations. Accordingly, the
time-determining evaluation of eq. (6.34) scales linearly with the system size due to the constant
number of elements in N¢ P that introduces sparsity in the matrix My P Hence both terms in
eq. (6.34) show computational linear scaling for large systems and local excitations. The memory
demands of f’fi scale linearly in the asymptotic limit.

For three-dimensional systems with local excitations, w-CDD-RI-SOS-LR-CC2 and w-CDD-RI-
SOS-ADC(2) are expected to reach the computational linear scaling regime only for larger system
sizes. Similarly, the memory demands for the three-index integrals and the other intermediates
are expected to be severely affected by the decreased sparsity of the one-electron densities. In
such cases, as well as when diffuse basis functions are involved, the THC-based implementations
presented in Publication III would be a better choice in terms of computational and memory
efficiency since they have been proven to yield chemically accurate results.
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No. of blocks for the intermediates of LCA with w = 0.0 (def2-SVP)
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Figure 6.2: Number of relevant blocks in the most important intermediates of w-CDD-RI-SOS-
ADC(2) with @ = 0.0 (A) and @ = 0.1 (B) for the def2-SVP basis.
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6.2 Low-scaling Evaluation of Closed-Shell SOS-ADC(2)
Density Matrices

In Sec. and in Publications I-III, we proposed several ways of reducing both computational
and memory demands of the SOS-LR-CC2 and SOS-ADC(2) methods. The implemented algo-
rithms proved to be fast and accurate even for molecules with hundreds of atoms. In this section,
we discuss the evaluation of the one-particle reduced density matrix and transition density matrix
— that depend on the solutions to the eigenvalue problem — in order to gather knowledge about the
electronic transitions to singlet excited states. We will focus on the ADC(2) method since it is
a Hermitian and size-consistent method, 2222116811691 and contrary to LR-CC2 does not require
the solution of the left eigenvalue problem.H8I7OU7I Ty the best of our knowledge, low-scaling
reformulations based on the Cholesky decomposed density matrices within either the RI or the
THC approximation (see Sec. [6.2.3]and Sec. [6.2.5] respectively) have not been published for
SOS-ADC(2) density matrices and transition density matrices.

Following the solution of the eigenvalue problem for an excited state /, the normalized®>
ADC(2) wave function is used to evaluate the one-particle reduced density matrix p and

transition density matrix p/“° from the MP2 ground state to the excited state / according
to: [TA6IT54[T69[T70[172)

qu _ <TADC(2)’ T4 ’\PADC(Z)> (6.48)
pII;q_O <TADC(2)’ AT a ’MP1> (649)

With the ADC(2) one-electron density matrices at hand we can investigate any excited state

property T, or transition property Ty, that can be expressed in terms of a one-particle operator
OUIA6TSAT70[173)

Ty = (WrPC@|O|wPe@) — ZO,,qp[I,q (6.50)

Tr o = (PAPC®|0|MP1) ZOPqp{,;O (6.51)

for instance, dipole transition moments and oscillator strengths.*®70l Furthermore, a visual
analysis of the electronic excitation is enabled by the evaluation of, e.g., the one-particle reduced
transition density

= Lo, (652)
as well as the one-particle reduced difference density

= L4 004(0)(Ph i) (6:53)

or attachment and detachment densities that derive from the difference density.['’%l Moreover,
the one-particle reduced density matrix yields the natural transition orbitals (NTOs) via diagonal-
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ization of its occupied-occupied pl .. and virtual-virtual pL . blocks:E-O0LAAL76]
Pl U= MUy (6.54)
PuinVie = M Vi (6.55)
where k = 1,2,...,Noce, K = 1,2,...,Nyir, and the U and V are the unitary transformation

matrices,” &) used to transform the canonlcal MO basis to the NTO basis. The eigenvalues
represent the importance of occupied and virtual NTOs for the description of the transition to the
excited state 1,220V

6.2.1 Closed-shell expressions of the one-particle density matrices

The converged closed-shell SOS-ADC(2) wave function describing an excited state /
lPSOS -ADC(2) __ (RI +RI 05)( TO%) |HF> (656)

is normalized dividing the transition vectors Ry, and Ry, by the normalization factor>®!

1

2

c= ZRQ,R§,+ SCos Y RUPSRUS (6.57)
1

aibj

The zeroth-order contributions to the SOS-ADC(2) excited state one-particle density matrix are

Pl = = LRRY — cos L RuiR iy (6.58)
a

pc{h =+ ZRaini =+ Cos ZRZISC] E?Cj (6.59)
i ijc

pla p(ll = Cos ZR alb/ (660)

while the first-order contributions vanish and the second-order contributions to p! are neglected.
The evaluation of the transition one-particle density matrix requires the calculation of contribu-
tions up to second-order. In this work, we neglect the most expensive among the second-order
contributions as they scale up to & (N6) with the system size. Hence, the SOS-ADC(2) density
matrix is correct up to first-order and consistent with the LR-CC theory.% The zeroth-order
contribution to pI <0 js simply the transition vector in the singles manifold

pu =Ry, (6.61)
and the first-order contribution is computed as
I
PO = cos ZR,,] o (6.62)
The second-order contributions to pI <0 involve the doubles part of the excitation vector
10 Y
pl] = —Cos ZRazbk ajbk (6.63)
abk

Pis 0 = cos Y RuSSHDS. (6.64)

ije
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as well as the SOS-MP2 corrections to the ground state one-particle density matrix

Pi 0=+ Y Rupf — Y pO,Ri (6.65)
P D
pioj = _Coszfgfbkfgjbk (6.66)
abk
Py = Cos Ztc(z)iscjtgiscj (6.67)

ijc

Notice that the doubles part of the SOS-ADC(2) excitation vector and the SOS-MP2 doubles
amplitudes are formed according to

ab g7 .
Sij (ailbj)

RIS — 6.68

aibj E—Et+E—€—@ (6.68)
i

195, = __ (@ib)) (6.69)

Ea—&+E—E

with the ERIs defined in eq. (3.49) and eq. (2.73), respectively. Hence a key role in deriving
the RI- and THC-decomposed formulations for the density matrices is played by the cross-
multiplication: 177172

1 1 1 1 1
= — 6.70
(ea—€i+ep—e)(ea—€j+&—&) [ea—eiJrsb—ek & —E+E&—&|&—€; (6.70)

Upon the Laplace transformation of the energy denominators, eq. (6.70) becomes:

[eebtfeektrefa’r (6.71)

1

T
pr— W ..
(a— €+ —&)(€a— &+ 8 — &) ; w8

where the energy exponentials for the i and j orbitals are included in the coefficient gi’j, for each
Laplace quadrature point. Considering both the occupied-occupied and virtual-virtual blocks of
the density matrices, we obtain the following Laplace-dependent scaling coefficients:

Eilr Ejlr —&ylr —&plr

e —e e —e
T T
= =" (6.72)
Y & —&; “ €, — &
&t £t —&qt —gpt
ettt — e®itt e alt __ o blt  _
T (= o) T o)
(@) = ———— % 0)=———"-——¢"" 6.73
gl]( ) &€ gab( ) € — &) ( )
gtz 0 €jt — &ty O £pt
eciltelt _ oSl e “lte r_ebr
=T - =T —
gii(0)=——""—F"F7—— gap\) = ——F"F7"F"——— (6-74)
(@) (&i+ @) —¢; (@) (e,— @) — ¢

6.2.2 Quartic-scaling RI-MO-based formulation of the one-particle density
matrices

The RI decomposition of the ERIs and Laplace transformation of the energy denominators
allows for quartic-scaling evaluation of the SOS-ADC(2) excitation energies.[2238 The memory
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demand scales with the cubic power of the size of the system.[2258] Although an efficient
implementation of the equations for the MO-RI-SOS-ADC(2) densities has already been published
in literature,3®178) we propose the explicit equations to be used as a reference for the low-scaling
reformulation. Before deriving the MO-based expressions of the density matrices, we introduce
the transformed three-index integrals

B% =Y CuCviBY, (6.75)
wv

B%=Y ([\gacv,- n CHaABi) B, (6.76)
wv

obtained with a quartic-scaling computational cost. The A matrices are defined in eqs. (3.50) and
(3.51)) and depend on the singles part of the transition vector.
One-particle reduced density matrix

The elements of the occupied-occupied and virtual-virtual blocks in the one-particle reduced
density matrix of an excited state / are evaluated with a quartic scaling effort

I _ 1,08 11,08
Pij = —Cos ZRaikaa bk

abk
1 _ _ _ _ -
— —c Y wigh(@)Y [BZ‘,-M?B +B§§M$ﬂ3§j + [Bg;ME“ —I—B(‘;‘,-Mgﬁ}ij}e_ea’f
T a aﬁ
— % T = YBvTBﬁ —&lr ?ﬁvTBﬁ —&lzr 677
= COSZW‘CgZJ(w)ZZ ai Paj€ +¥ai aj€ ©.77)
T a B
Phy = +Cos ZRZ?cj bic
ijc
- 47 (@ BEMEP 1 gt B8 + [BewP® 1 pena?P| BB \ et
+COSZW’L’gab(w)ZZ ai’"'v + ai’"' T bi+ ai’" v + ai’”" v bi (€
T i of
_ 1.7 (7 BB peite | yBTpB Leite 6.78
—+CosZW18ab(a’)ZZ ai Bpi€ " Ty Bye (6.78)
T i B
with the intermediates computed as:
7T =Yy (Bame® + e’ T =Y (Bumte + ) (6.79)
o o
MOCﬁ _J—l % BOC/BB/ —&pjltr ]—1 6.80
" =Joq | W2 ) ByiBye BB (6.80)
L bi J
T Yoo WT; bjPbj€ B'B (©.
L J i
W& =57 (w2 Y BB e ] 6.82)
T Yoo WT; bjPbj€ BB (©.
J i
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The M and M matrices are formed — and stored on disk — while evaluating the ground state energy
and the excitation energies, respectively. Thus, only the M matrices must be computed for each
excited state /. Moreover, it is important to stress that the elements pl-lj and péb can be evaluated
within the same algorithm as they differ only in the last summation over the occupied or virtual
index, respectively. The calculation of the off-diagonal blocks of the density matrix p! requires
cubic-scaling steps:

1 _ = Dt —E:
Phi = Cos Y Ri RO, i = Cos Y WE Y [Bﬁ‘inﬁ? + mg‘Bg‘i] et it (6.83)
bj T o
with
1
ms = J(;é [w% Zijijeehf“] (6.84)
bj
1 _
e = Jop [W% Zijijeeb-”’] (6.85)
bj

Notice that the intermediate in eq. (6.84) is formed and stored on disk during the evaluation of
the excitation energies.

One-particle reduced transition density matrix

Similar expressions to eqs. (6.77), (6.78), and (6.83) are obtained for the contributions to the
one-electron reduced transition density matrix. In fact, to form the transition density matrix only
part of the intermediates from the previous Section are required. It follows that the density matrix
and the transition density matrix are obtained in the same algorithm, with the second one being
considered as a by-product of the matrix p.

The elements of the first-order off-diagonal block of p’<
effort:

are computed with a cubic-scaling

1 ) _ _ 1 .
pila<_0 = COSZW% ngBgie_sth mg = Jaé [W’Lz' ZRb,iBEje Eh'/[T] (6.86)
T o bj

with the intermediate m defined in eq. (6.84). On the other hand, the elements of the diagonal
occupied-occupied and virtual-virtual blocks can be evaluated with a quartic-scaling behavior,
according to:

1«0 __ 1,08 _0s
pij = _COSZRaibkta bk
abk

1 _ -
— o Y wigh (@YY { B+ ente? | BY, }efa’f (6.87)
T a aﬁ
Pis = con ) Raithr

ijc

- —&—COSZWT%ga((Z)) ZZ{ [Eg‘ng‘ﬁ —|—B$M§‘ﬁ}B§i}eatT (6.88)
T i af
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The matrices M and M in egs. 0) and (6.81) are computed and stored while evaluating the
energy of the state /. Finally, the second order off diagonal block of the transition density matrix
in eq. (6.65)) is formed with a &(N*) scaling effort since it depends on the SOS-MP2 correction
to the ground state density matrix:

0 __ 0s ,0S
Pij = —Cos Zfaibkfa bk
abk

= —cwLws gZZZ{B“ "B, } (6.89)

aaﬁ

_ 0s
ab = Cos Ztalqtbtq

ije

= +cos Z wigt, Yy {Bg‘iM?BBfi } ool (6.90)

i af

6.2.3 Low-scaling RI-CDD-based formulation of the one-particle density
matrices

A low-scaling reformulation of the contributions to the one-electron reduced density matrix
and transition density matrix is obtained by rewriting the equations from Sec. [6.2.2]in terms
of Cholesky decomposed density matrices!©204194 _ gee eq. . The computational cost is
expected to scale as @'(N?) and &(N) with the attenuation factor of the Coulomb metric equal to
o = 0.0 and @ = 0.1, respectively, and for systems with a significant HOMO-LUMO gap and a
local electronic excitation. As discussed in Publications I-III and in Sec. the reformulation
is enabled by back-transforming the MO-based blocks of p’ and p/* into the AO basis:

i = 3 CupPpyCrq (6.91)
Pq

iy =Y Cupppy "Cuq (6.92)
Pq

Before presenting the reformulation of the equations, we introduce the following symmetric
pseudo-density matrices which depend on the singles part of the transition vector:

szw = W{%: Zl_\fml_\gae—g‘lt‘[ = Z [ZCmRm] [ZcujRaj]
a a i Jj

= (PSRTSQ’SRSP),,, (6.93)
ZA*‘ At =Y [ X CuaRai| [ Cuvo]
a b
= (QSRSPTSRTSQ)W (6.94)

1 1
where wa =w? ¥y CuaCyae %' and Pﬁv = wi ¥, CyiCyie®"*. Additionally, in order to obtain
efficient programmable equations, we rewrite eqs. (6.93) and (6.94)) as follows:
Oy =—Y. 05000y P, =Y BiPy (6.95)
i

U”
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with the virtual densities formed as

05, = (PSR'SQ’S),y (6.96)
Q_uv = —(QSRSP),,y (6.97)

and the occupied densities formed as

P = ;(QSRSL)M(LTSPTSL)Q (6.98)
Pui = (QSRSL)y; (6.99)
Pf = (LSP'SL),, (6.100)

Finally, using the density matrices in eqs. (6.99), (6.97), and (6.8), one can transform the Laplace-
independent three-index integrals to reduce the computational cost and the I/O effort, as discussed

in Sec.

BYi=Y OuuBiLvi+ Y QuuBi, P B =Y Bj, Ly (6.101)
u'v uv \Y

Notice that the three-index integrals in eq. (6.101)) are also used to form the contributions of
the matrix-vector product in Sec. [6.I] and hence they are already stored on disk and are not
recomputed to form the @-CDD-RI-SOS-ADC(2) one-particle excited state density matrix and
transition density matrix.

One-particle reduced density matrix

The elements of the occupied-occupied and virtual-virtual diagonal blocks of the one-particle
reduced density matrix are obtained by performing the time-consuming steps in the local Cholesky
orbital basis, which result in the intermediate matrix €2. For the occupied-occupied block, we
obtain the following intermediates:

o -5 { EIE (Do) e [0

op W

+ ; [#Z Qﬁufgffq} meP [;chLai] } (6.102)

of A

QO -y { %" [ZB Lw} {Z <ZQLG/SGW)B§‘L,J } (6.103)
o i

93(3)_Z{Z[ZQ#V LVi}ﬁgﬁ{ngcLoj]} (6.104)

op



6.2 Low-scaling Evaluation of Closed-Shell SOS-ADC(2) Density Matrices 175

where i < j symmetrizes an intermediate according to (£;;);<—; = €;; + ;. On the other hand,
the intermediates for the virtual-virtual block are formed as:

RS { X | i M | L 0va oL
Ao

af \ i "k

"‘X;, [Xk‘,gﬁ/kplﬂ meP {éQv%BQGPm} } (6.105)

orf) =Yy { | X OBy L | 2P | Y B } (6.106)
Y %

Otﬁ LL’<—>V’
Qi =Y, { )3 {Z QuuBiyLvih kil] i {QV’ABQGL@} } (6.107)
of iouv

It is important to stress again that the M and M matrices are computed and stored while evaluating
the excited state energies — see eqs. li and |b respectively. The remaining matrix M must
be computed for each excited state density matrix p/, according to:

iy J;&/{Z | LY00 850 | [ L 8oL

a'B! Aj

+ ; [;Zk‘, (%‘, QLUS,M/) Bg‘,’kpé.] [;BQ;PM} }Jﬁ,}i (6.108)
j k

Note that the intermediates M can be evaluated within Algorithmwith minor changes. Once
the intermediates €2 are formed, we can collect them:

ij B - -

Eventually, the matrices Qf;&om) and Qf;\(,vm) are formed by multiplying intermediates whose

sparsity has been discussed in Sec. — except the matrices M. Therefore, we expect to compute
QZL"(,OCC) and ijf,vm) with asymptotical quadratic and linear scaling computational effort — in the
standard and attenuated Coulomb metric, respectively, and for systems with sparse electronic
structure and a local excitation. The memory demands of the intermediate M are expected to

show the same scaling behavior discussed for M. The diagonal blocks of the one-particle reduced
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density matrix p’ are given by:

1
P,-Ij = —Cos ) Wigh(®@) Z Y CuiSwuQy (OCC)SW,CV,j 6.111)
T pup' vv’
1
péb = cOSZw%‘ gl (@ { Z ZC# Sy NQT (vlrt)SW/Cv/b} (6.112)
T up' vv’

Finally, the off-diagonal blocks of p’ are evaluated with ¢(N?) and ¢'(N) for @ = 0.0 and
o = 0.1, respectively:

Pai = Pl = Z Y CuaSuy {meLw} SyvCyi (6.113)

up' vy’

phi=c Y Y lnﬁg‘(%gflu,Bg,kP,fi) (X X 05y SuBiybE )i ] O (6.114)
T« Wk

/v/ k

with Ry, defined in eq. (6.23), and the intermediates m and m given by

Y Ryj (Z;’(Qvu/Bﬁ,kPkJ] e = ZRW(ZZQW,SV “,Bﬁ,kpk,)] (6.115)
vj wk

wv' k

—1
=Jo

One-particle reduced transition density matrix

As discussed for the MO-based formulation in Sec. [6.2.2] the one-particle transition density
matrix p/? can be obtained as a by-product of computing the one-particle density matrix p’. For
systems with a significant HOMO-LUMO gap and a local electronic transition, the second-order

diagonal blocks of p/<* are formed according to:
1 —
pli0= —COSZWT 7(@)QF, Pl = —co Y Wil (@), (6.116)
T

where the €2 intermediates are evaluated with an effort scaling as ¢’(N?) — with the standard RI
Coulomb metric — or &'(N) — with the attenuated Coulomb metric and @ = 0.1:

“E T Fnsota] EE[E (L ohus)

ocAo'A ij of o v
+ZQWB ""3}3" }L(,,jsc,wc,l/j (6.117)

= ZZCMSML{ZZ [(ZéﬁkPé)M?ﬁ n (ZBﬁkPé)Mgﬁ}Bei }SVGCGb (6.118)
k k

Hvoi

The first-order off-diagonal block of the transition density matrix is evaluated according to

P 0="Y CudSu u{cogz[ZngBﬁf}Lvi}sw,cvli mE =J,p [ZRV]BB T] (6.119)

up'vv!
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where Ry; is defined in eq. - Notice that this block is equivalent to the first term in the
right-hand side of eq. (6.37)). Therefore, it is not recomputed to form the transition density matrix.
Finally, the second-order off-diagonal block, depending on the SOS-MP?2 correction to the ground
state density matrices, is evaluated with a ¢’(N?) and sub-quadratic asymptotic scaling for the
standard and the attenuated RI Coulomb metric, respectively:

pg = _COSZgirj{Cu/iSﬂ’uLﬂiij(O)ijSVV/Cv/j} (6]2())
- J
pgbzcoszgfzh{cﬂ’asu uQT va'Cv’b} (6.121)
T
with

T(O) ZZ [ZQvu v'Lv'} aBBB (6.122)

af v uv
" =Y V| ¥ QuuBjiupe | MEP B, (6.123)

aff i uk

Despite the higher computational asymptotic scaling for the matrices in egs. (6.122)) and (6.123),
it is important to stress that the prefactor for these steps is smaller compared to the evaluation of
the other blocks. Moreover, the corrections p* are evaluated only once for the ground state and can
be obtained as a by-product during the computation of the intermediates in eq. (6.25). Therefore,
for systems with a local electronic structure and a local excitation, the overall computational
effort to form p’? is expected to scale as ¢(N?) within the standard RI Coulomb metric and as

O (N) in the attenuated RI Coulomb metric with @ = 0.1.

6.2.4 Cubic-scaling THC-MO-based formulation of the one-particle density
matrices

Before deriving the THC decomposed equations, we should define the THC X matrices trans-
formed into the MO basis as:

=Y X, Cui X =Y xFAh, (6.124)
u m

XP =Y XCua XP=Y X[AL, (6.125)
U U

with the A matrices given in egs. (3.50) and (3.51)). Using eqgs. (6.124) and (6.125)), the THC-
approximated MO-based SOS-MP2 doubles amplitudes and the doubles part of the SOS-ADC(2)
excitation vector are rewritten according to

Loy =—Y we ) Y XX TETGX X Pe telrebing™ alretite (6.126)
T PQa

K= vt E (0 100 g
T PQ @

e Calt pfilt o Elx pEjle (6.127)
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Notice that contrary to Publication III, only (ovlov) ERIs appear in the equations for the SOS-
ADC(2) density matrix and transition density matrix, and hence only one kind of THC-fitting
matrix I' is required.

One-particle reduced density matrix

According to eq. (6.127), the THC decomposition of the diagonal blocks of the one-particle
reduced density matrix results in the following expressions:

o= e L { (4B BRI 437080
PR

n (X,.Péfpr v x,.PBg’Rx;’) DPR ¢ (xfgl;Rxf v ;z,.PBI;Rxf) DRP

+ X DERBLRXE } Z wigh(@)) {Zﬁ(l)xf + ﬁf;(”)‘(f} (6.128)

ply = Ltei@)F { (REAERE + RLAX -+ XEALORS + XL AL L
PR
+ (XPATRRS + XPARPXS) DER + (REATRXS + X[ ATRXR ) AP
= 1
+X5D’;RA§RX,§} =Y wigt (@Y {YR OxR 4y RORE } (6.129)
T R

The calculation of p{ ;and pl, elements scales as & (N3) with the size of the system. As discussed

in Publication III, we expect the formation of the intermediates D, D, and ]=) to be the time-
determining step, because it involves the multiplication of the corresponding matrices C, C, and
C with the THC-fitting matrix I":

Df =YY TLrece g CP =ALB?®  (6.130)
oS af

DR =Y Y ThTSCH T CP5 = ASBYS + AZBYS  (6.131)
oS af

DIF =Y Y TATICOTEIE  C95 = BIAYS 4+ BEAYL + BIPALS + BPAL  (6.132)
oS af

The matrices required to evaluate C, C, and (=3, via Schur product, are given by
1 1
AL =i Y xCefiex} BY =wiY xPe o X} (6.133)
k b
_ FRN _ 1o
AL = i) XLetute xS B =wiy XLPe X} (6.134)
k b

= 1 _ - = 1 - —
AL =iy xPefi XS BY =wiY XCe X7 (6.135)
a

i
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where eq. (6.133) only depends on ground state quantities, while eqs. (6.134) and (6.135) contain
information about the electronic excitation. The intermediates Y in egs. (]6.128l) and (]6.129l) are
computed with a cubic computational scaling effort, according to:

7RO _ X _§’;RD§’R+I§§PD’T’R+BfRD§R+B’T’RD’§P+B’T’R5€R +X7| B DR (6.136)
7RO —x7 —BfRDfR 1+ X7 | BERDPR |- BPRDRP (6.137)
FRO _ xP _ZITDRD‘;’R 1+ ARFDER | APRDRP | APRRPR | | 3P | ZRPDPR | APRGEP| (6 138)
7P =xr _AI;’RD‘;’RJFAQ’RD‘;’R +XP|ALRDER (6.139)

The less expensive off-diagonal blocks of the one-particle reduced density matrix are computed
according to

1 _ _
PL=pi=Ywiy { (Xf xP+x7x! ) e~ Eits it xPx P ega’fegf’fm?(z)} (6.140)
T P

with a cubic scaling computational effort and with the intermediates m equal to

1
i = wiTaTg | Y X2XRyje e (6.141)
bj
1 _ _
iy ® = wilhT2 | Y XX IR, e~ eti's + X2X jQRb,,-eE”’feef’f] (6.142)
bj

One-particle reduced transition density matrix

The first-order off-diagonal block of the one-particle reduced transition density matrix is already
computed during the evaluation of the excitation energies, according to

1
pr=Y wY {ij,.”e—ga'fe&ffm?“)} (6.143)
T P

with n‘af’(l) computed as in eq. (6.141). On the other hand, the diagonal blocks of the one-particle
reduced transition density matrix are computed as a by-product of eqs. (6.128)) and (6.129),
according to

I _ _ _
Pl = —co. Y wigh(@) ¥ {X,.P |BERDIR 4 BIRDIR| + XP | BIRDIA| }X]R (6.144)
T PR

1 — _ _
o = e Yl (@)% {xf A0+ AL+ 52 a0 }Xf (6.145)
T PR
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The second-order off-diagonal block depends on the SOS-MP2 one-particle density matrix, whose

MO-based THC reformulation has been already published by Hohenstein et al.:[18
1
Pl =—cos Y, wigh ) {X,-P [BfRDfR} }Xf (6.146)
T PR
1
Py = Cos Y Wigh, Y {Xf [A’ERD?R} }Xf (6.147)
T PR

6.2.5 Low-scaling THC-CDD-based formulation of the one-particle density
matrices

The THC decomposition allows for a straightforward low-scaling reformulation of the equations.
Indeed, upon back-transformation of p! and p’°, in egs. and , we can easily
reformulate the expressions for the THC X matrices in egs. (6.136)-(6.139), the A/B intermediates
in eqs. —, and the Y intermediates in egs. (]6.136 -(6. 139[) in terms of Cholesky
decomposed density matrices. For systems with a significant HOMO-LUMO gap and local
excitations, the formation of the density matrices is expected to scale quadratically if our block-
sparse linear algebra is used, as it will involve intermediates whose sparsity has been discussed in
Publication III. However, in order to obtain efficient low-scaling implementations, particular
care should be put into sorting the evaluation of the intermediates because the computational and
memory efficiency strictly depends on the ability to avoid the redundant calculation of the same
matrices as well as to store the minimum amount of them. Our group is currently testing different
ways of performing the presented steps.

One-particle reduced density matrix

First, the THC X matrices are transformed using the densities defined in eqgs. (6.93))-(6.100) and

eq. (6.8):

P,
XP =Y XPLy X =y x” (ZPJGSMLM) (6.148)
u u oA
X =Y xFB,; X[ =Y x[P, (6.149)
m u
x0T =Y 0%, x2 X" =Y 05, x5 (6.150)
K T " pp :
w W
P A P vET _ V) P
Xy = Y Quu Xy X =Y O X (6.151)
w W

with Qﬁv =Yio Q:L 1S 16Qcv. For systems with a significant HOMO-LUMO gap, the ground
state X matrices contain a number of relevant blocks that grows linearly with the size of the
system. On the other hand, for localized excitations, the excited state X and X matrices contain
a constant number of significant blocks in the asymptotic limit, as discussed in Publication
III. Once the Laplace-dependent X matrices are obtained, the A/B intermediates are computed
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according to

A® =Y x27X} B =Y x27°X5 (6.152)
k M

A% =Y x27x} B =Y x£°x;] (6.153)
k u

A0S vO. TS ROS v Ty S

A% =Y XK B? :§X“Q X3 (6.154)
]

The A/B intermediates in eqs. (6.152)) and (6.153) are formed with a cost that scales linearly
with the size of systems with a significant HOMO-LUMO gap and local excitations. On the
other hand, the effort to form the intermediates in eq. (6.154) is expected to be constant in the
asymptotic limit, since the THC X matrices contain a constant number of relevant blocks in the
asymptotic limit, as shown Publication III, for systems with local excitations. Accordingly, for
systems with a significant HOMO-LUMO gap and local excitations, the C intermediates in eq.
(6.130) are computed with a linear scaling effort, while those in eqgs. (6.131))-(6.132) are formed
with a constant effort in the asymptotic limit.

The fact that the D matrices are Schur multiplied with either the A/B matrices in eqs. —
can be exploited. Since intermediates A/B intermediates are sparse and the Schur product
will only involve blocks — since we are using block-sparse algebra — which are significant in
both A/B and D, only the blocks in D which are significant in A/B need to be computed in eqgs.
—. In the end, this enables the formation of the expensive D intermediates with
O(N?) asymptotic scaling.

For systems with local electronic structure and excitations, the Y intermediates are reformulated
into the local basis and computed with a linear scaling behavior:

v = xF -EI;RDIER +BRPDIR 4 BERDER 4 BPRDRP 4 gPRDIR| 1 XP | BRPDIR| (6.155)
7RO _ xF e L XP | BIRDPR 4 BERDRP (6.156)
Vit =Y 0uXx? _Z‘;’RD‘;’R +ARPDPR 1 APRDRP 1 APRDER| 1+ X1 | ARPDER 4 ALRDRP

' ) (6.157)
Fus = L OuXy _A’ERD‘?R +ATRDER | + X1 | ATRDER (6.158)

Then, the diagonal blocks of the one-particle reduced density matrix are obtained by multiplying
the Y intermediates with the THC X matrices to form the §2 matrices as

QR — ZL”,-{ y [Z.fi“)xf n 2{2%2;*] }LH ; (6.159)
7 R - -

Q" = Y Y VX5 0y + LT RS (6.160)
R Vv R
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with a 0 (N) scaling effort, and hence multiply them with the Laplace dependent coefficients
g;;(®) and g7, (@) while adding the contributions from each Laplace quadrature point:

plI] Zwrgu {ZZCO'ISG;LQ;TL\(/OCC)SVACM} (6.161)
Hv oA
1 i T [~ T,(virt)
pip =Y wigh (@)Y < Y Y CouSonQiv™SvaCus (6.162)
T R  uvoi

At last, the less expensive off-diagonal blocks of the one-particle reduced density matrix are
computed with a linear scaling effort, according to

pila = Z Z CviS V v [ZLWPW} SupwCura (6.163)
uv vy’
oot (Dos ) e (Rt
(6.164)

with the m terms depending on the elements Ry, ; defined in eq. @:

(6.165)

a0~ LY T (L0

Q0 vj " u

A ZZFPFQ{ Y (%2727 (L onx? ) %27] Rw} (6.166)
1L J

vi

Notice that for systems with delocalized electronic structure and excitations, the computational
effort to form the matrix p/ scales as 0(N?).

One-particle reduced transition density matrix

The THC-based expressions for the diagonal blocks of the one-particle reduced transition density
matrix are simpler and depend on the intermediates discussed for the density matrix p’. Once the
local intermediates €2 are obtained

Qr J(occ) Z LyiLy; Z { x? [ BPRDPR | pPR DPR] i XP { BPR DPR} } X]R (6.167)
- i

QF virt) Z { ZQMM’X:L)’ [A{C)RD{;R _l_A{E’RD};’R} —i—Xﬁ {AI;RDI;’R} } Z Oy XE (6.168)
v/
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they are back-transformed to the MO basis and scaled by the Laplace-dependent factors gfj((b)
and g¥, (@), in order to collect the contributions from each quadrature point:

P,I;_O ZWT gu {ZZCGlSG/J,QT (OCC)SMCA]} (6.169)
v o
[ wa gp(@)) { Y'Y CouSonQy (V‘”)SMCM} (6.170)
R  uvoi
The first-order off-diagonal elements are obtained according to
pLrO=Y. T CuiSuy [Zprm | Sy Cure (6.171)
uvv'u!

P’ = wa ) { (ZQWXP) X[ ”“)} (6.172)

with the m term defined in eq. (6.165). Finally, the second-order off-diagonal block depends on
the CDD-SOS-MP2 one-particle density matrices which are computed as:

Py = cOs;wé gfj{ ;gcglsguﬂf oee0g,,C j} (6.173)
5
pY, = cOSwagabZ { ;%:CGQSG#QT i, ‘”SMCM,} (6.174)
1o
QF e ZL,“LV,Z {XP [BI*DIA| }Xf (6.175)
QF{vin 0 -3 { Y Qu X |AZR D] } Y 0y Xt (6.176)
7

Notice that for systems with delocalized electronic structure and excitation, the computational
effort to form the matrix p/*¥ scales as O'(N?).






7 Conclusion

In this thesis, various solutions aiming to improve on the most important bottlenecks of CC2[2324:381
and ADC(2),22!1411701 being the high computational cost, the high memory requirements, the
scaling behavior with the size of the system, and the 1/O effort, were proposed. Inspired by the
previous works on the MP2, 0410310363 RpA [TIOASIHISS) cp_SCF, 84 and CCI®Y theories,
we took advantage of the Laplace transformation of the energy denominator to reformulate the
molecular orbitals (MOs)-based scaled opposite-spin (SOS)-CC2 projected equations’>® —within
the resolution of the identity (RI) frameworkB8183H188] _ into the local atomic orbital (AO) basis.
For systems with a significant HOMO-LUMO gap, the computational and memory demands of
the newly derived density-based AO-RI-SOS-CC2 method scale as &'(N?) and &'(N?), respec-
tively, upon screening via the block-sparse linear algebra routines developed in our group. Note
that our block-sparse linear algebra routines allow for direct control of both the block-sparsity
and accuracy of the method. Although the AO-RI-SOS-CC2 implementation is suitable for large
systems and small basis sets, the use of large basis sets is hindered by the scaling with basis set
size. Therefore, as previously proposed for MP2 and RPA, 64 LIOU63IE2HI8H we introduced the
local Cholesky MOs — from the Cholesky decomposed densities (CDD) — enabling the trans-
formation of the large three-index electron integrals at an early stage and hence decreasing the
memory requirements by a factor of Nyg/Noce. Overall, the formal scaling of memory require-
ments for the three-index integrals is slightly increased from NyyxNyirtNoce in MO-RI-SOS-CC2 to
NauxNotNoce in CDD-RI-SOS-CC2. A further reduction of the scaling of CDD-RI-SOS-CC2 was
achieved by introducing, for the first time in coupled cluster theory, the local attenuated Coulomb
RI-metricl®108L01 which increases the sparsity within the three-index integrals at the cost of
slightly reduced accuracy — both controlled by varying the attenuation factor w. The resulting
®-CDD-RI-SOS-CC2 model shows computational and memory demands scaling quadratically
with the size of systems with local electronic structure. Despite the reduced scaling and the use of
block-sparse linear algebra, the memory demands of the three-index integrals exceed the capabil-
ity of a single computing node for large systems and large basis sets. Therefore, particularly for
systems with three-dimensional structures, the three-index integrals must be stored on disk, and
one is forced to batch the workload. In order to minimize the overhead related to the batching
and the I/0 of the integrals, we applied a Lagrangian-based optimized bathing.l®!) The strategies
outlined so far have been extended to the efficient local treatment of electron excitations, previ-
ously limited to local molecular orbitals and natural (transition) orbitals approaches which require
state-specific localization techniques. In this work, we proposed the first local linear response
(LR) RI-SOS-CC2 and RI-SOS-ADC(2) models based on the Cholesky decomposed density
matrices. By exploiting the locality of both the electronic structure and excitation, combined with
the local attenuated Coulomb metric, we demonstrated that the evaluation of excitation energies
scales linearly when using @-CDD-RI-SOS-LR-CC2 and @-CDD-RI-SOS-ADC(2). In addition,
we showed that the memory demands of the three-index integrals scale as &'(1) if they contain
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information about the local excitation, while the other excited state intermediates scale linearly
with the system size. Within the RI approximation, we also studied the quasi-robust approach®®!
to achieve the linear scaling behavior within @-CDD-RI-SOS-ADC(2) while retaining the same
accuracy of the dense standard-Coulomb metric.

Although w-CDD-RI-SOS-LR-CC2 and @-CDD-RI-SOS-ADC(2) show linear scaling behav-
ior, their application is hampered by the use of large basis sets with diffuse basis functions that
severely impact — in particular for three-dimensional systems — the sparsity of the densities and
hence negatively affects the overall scaling behavior. That is, the low-scaling regime is only
reached for very large systems —i.e., more than 1000 atoms — in either the ground or excited state
calculations, and thus not only the computational effort but also the memory demands and 1/O
become relevant. In addition, it should be stressed that in the case of dense electronic structure, i.e.
small HOMO-LUMO gap, the low-scaling regime will not be reached and the computational cost
of w-CDD-RI-SOS-LR-CC2 and w-CDD-RI-SOS-ADC(2) will surpass the cost of the MO-based
implementations. In order to overcome the drawbacks of the RI-based implementations, we
employed the least-squares (LS) tensor hypercontraction (THC) approach!!®21°2l to decompose
the electron-repulsion integrals into two-index tensors, as previously proposed for MP2, 1131141
CC2,123 ccsp, P46 ccsD(T), 27 and EOM-CC2.1281 The LS-THC approximation led to
a reformulation of the equations of SOS-LR-CC2 and SOS-ADC(2) that require only the use
of matrix linear algebra as it circumvents the necessity to store and contract three-index tensors
completely. This means that, as opposed to the RI approximation, LS-THC not only considerably
reduces the memory requirements and the computational effort but also reduces the scaling of the
SOS-LR-CC2 and SOS-ADC(2) methods. Accordingly, the computational cost and the memory
demands of MO-THC-SOS-LR-CC2 and MO-THC-SOS-ADC(2) scale as ¢(N?) and &'(N?),
respectively. In the case of large basis sets with diffuse basis functions, they already represent
the most efficient choice among the approximated models reported so far. In order to make use
of the locality of the electronic structure and of the excitations, and further reduce the scaling,
we combined the LS-THC approximation with local Cholesky MOs in the Laplace integration
and block-sparse linear algebra obtaining the efficient &'(N?) scaling CDD-THC-SOS-LR-CC2
and CDD-THC-SOS-ADC(2) formulations. As for the RI-based algorithm, we showed that,
assuming local electronic structure and excitations, the memory demands for the intermediates
of the local THC-SOS-LR-CC2 and THC-SOS-ADC(2) scale as &(N) or even (1) with the
system size. Benefitting from the reduced memory demands and computational effort of CDD-
THC-SOS-ADC(2), it was possible to evaluate chemically accurate excitation energies to the
lowest singlet and triplet states of DNA fragments in the thousand atoms scale. Finally, in this
work, we provided low-scaling expressions for the excited states one-particle reduced density
matrix and transition density matrix for the CDD-RI-SOS-ADC(2) and CDD-THC-SOS-ADC(2)
models. Although we could not yet present results to show the performance, the intermediates
appearing in the working equations were already encountered in the equations for the excitation
energies and hence we can efficiently form the density matrices via algorithms discussed in
Publications I-III.

Despite the fact that we focused on the opposite-spin contributions, the concepts discussed in
this work can be extended to the same-spin contributions as well as to the ADC(2)-x2211431150]
variant and the higher-order ADC(3)U142143I7IIO9200] schemes, as well as combined with dif-
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ferent approximations — i.e., core-valence separation (CVS)-ADC(2),20152931 spin-flip (SF)-
ADC 1522032051 Another valid contribution to the field of approximate and fast electronic struc-
ture methods is represented by our density-based integral-direct implementation for the evaluation
of the THC fitting described in Sec. 4.2] We proposed two different approaches based on the
J-enginel’®) and the RI-J kernels!!®!2%] providing an easy way to implement the least-squares
THC in any quantum chemistry packages, since apart from linear algebra, only the ability to
evaluate basis functions on a real-space DFT-like grid is required then.






8 Appendix

Notation
Throughout this thesis, we employ the following notation:

* U,v,A,o: atomic orbital indices belonging to the AO basis {x, } of size Nps.

* o,f3,7,6: auxiliary basis function indices belonging to the density fitting basis { xq } of
size Ny (usually Nayyx == 3 - Npf).

* P O,R,S: auxiliary basis function indices belonging to the THC basis of size Nayux.THc; in
the context of least-squares THC gridpoint indices belonging to the least-squares THC grid
of size Ngrig (usually Ngrig ~ 3 - Naux).

* i, j,k: occupied molecular orbital indices belonging to the MO basis {¢;} of size Nycc.

* a,b,c: virtual molecular orbital indices belonging to the MO basis {¢,} of size Nyir
(Nvirt > Nocc)-

* i,k, j: occupied local Cholesky orbitals basis {¢;} of size Noc; they are obtained via
Cholesky decomposition of the occupied one-electron density.

* p,q,r,s: general orbital indices

* 7: Laplace quadrature point of size N; (usually 5 < N; < 10 is sufficiently accurate).
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