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Abstract

During the last three decades, the field of theoretical and computational chemistry has
evolved rapidly, promoted by the increasing availability of computational power inherent in
modern CPUs and cluster structures. This development has expressed itself in a particular
manner in the formulation of modern state-of-the-art electronic structure methods in the
frameworks of, for instance, the Algebraic Diagrammatic Construction scheme or Coupled
Cluster. Application of these methods to the calculation of molecular excitation energies
and properties that describe the most fundamental processes of light-matter interaction, has
been established as a profound and reliable tool for experimentalists within chemistry and
molecular sciences.

This work, which is spilt into three main parts, presents the implementation as well as
benchmarking of novel electronic structure methods for the Algebraic Diagrammatic
Construction scheme (ADC) as well as Unitary Coupled Cluster (UCC).

In the first part, an implementation and benchmark study for the calculation doubly-ionized
as well as double electronically-attached states for ADC, termed DIP-ADC and DEA-ADC,
respectively, up to third order is presented. The implementation was executed in the
Q-Chem program package, benchmark studies included the comparison of states to Full CI
data for DIP as well as EOMDIP-CCSD and EOMDEA-CCSD. For both schemes, the
third-order methods DIP-ADC(3) as well as DEA-ADC(3) proved to produce results which
are in a remarkable good agreement to the corresponding EOM-CCSD method.

As for the second part, a benchmark study on core excitation energies in the framework of
Unitary Coupled Cluster was presented. To this end, the Core-valence separation
approximation was applied to the second-and third-order UCC schemes for electron
excitations. It was shown that CVS-UCC is very suitable in the computation of X-ray
spectra, similar to CVS-ADC, which has been studied before by Wenzel et al. and that it
provides reliable data for the description and simulation of energetically high-lying core
excitations.

The last part of this work features an implementation of an automated code generator for



Unitary Coupled Cluster as it was realized by Leitner et al. for the computation of
electronically excited states on a ADC(4) level. Working equations for a UCC3-x scheme
(in similarity to UCC2-x with an extended description of the doubles/doubles block of the

secular matrix) as well as a full UCC4 for the calculation of electronically-excited states

and properties are presented, together with an improved ground-state description, termed
UCC4+5[s,t] that includes fifth-order terms.

At the end of this work, all results for the three presented topics are summarized in detail,

accompanied by a short outlook of what could include future work and development.



Zusammenfassung

Die Numerische Chemie erlebte in den letzten drei Jahrzehnten, befordert von stéindig
wachsender Rechenleistung der verfiigbaren Prozessoren und Rechenclustern, einen
wahren Wachstumsschub. Diese Entwicklung manifestiert sich in besonderem Male in der
Formulierung von modernen Elektronenstrukturmethoden, wie sie zum Beispiel in den
Formalismen des Algebraisch-diagrammatischen Konstruktionsverfahrens und Coupled
Cluster zu finden sind. Die Anwendung dieser Methoden zur Beschreibung der
fundamintalsten Eigenschaften von Molekiilen, z. B. Anregungsenergien oder
Wellenfunktionseigenschaften, haben sich zu einem zuverldssigem Werkzeug entwickelt,
dass die Arbeit von Experimentatoren in allen Fachgebieten der Chemie ergénzt und
vorantreibt.

Diese Arbeit, die sich in drei Themen aufteilt, prasentiert die Implementierung und
statistische Auswertung von neuartigen Elektronenstrukturmethoden fiir das
Algebraisch-diagrammatische Konstruktionsverfahren (ADC) sowie unitdrem Coupled
Cluster (UCC).

Im ersten Teil werden ADC-Schemata fiir die Berechnung von
Doppelionisationspotentialen (DIP-ADC) sowie Doppelelektronaffinititen (DEA-ADC) bis
zur dritten Ordnung vorgestellt. Dies beinhaltet sowohl die Implementierung, welche im
Q-Chem vorgenommen wurde, als auch die statistische Auswertung im Vergleich zu Full CI
(fiir DIP) und EOMDIP-/EOMDEA-CCSD Daten. In beiden Fillen zeigte sich, dass
DIP-ADC(3) sowie DEA-ADC(3) in sehr guter Ubereinstimmung mit den entsprechenden
EOM-CCSD Daten sind.

Der zweite Teil dieser Arbeit beschiftigte sich mit der Berechnung von hochenergetischen
Kernelektronenanregungen fiir unitdre Coupled Cluster Methoden bis einschlieBlich dritter
Ordnung. Zu diesem Zweck wurde die sogenannte Core-valence separation-Niaherung auf
die unterliegenden UCC-Schemata fiir die Berechnung elektronisch angeregter Zustinde
angewandt. Die statistische Auswertung erfolgte mit den Sets an Molekiilen, die bereits
zuvor von Jan Wenzel et al. fiir CVS-ADC Schemata verwendet wurden. Es konnte
festgestellt werden, dass CVS-UCC und CVS-ADC vergleichbar gute Ergebnisse fiir die

Berechnung von Rontgenspektren liefern.



Eine automatisierte Generierung von Gleichungen fiir die Berechnung von elektronisch
angeregten Zustanden in UCC4 wurde im letzten Teil dieser Arbeit vorgestellt. Ein
dhnlicher Ansatz wurde bereits zuvor von Jonas Leitner et al. fiir ADC(4) realisiert. Neben
der vollen UCC4-Sidkularmatrix wird ein verbessertes Grundzustandsschema, welches
Beitrige in fiinfter Ordnung enthilt (UCC4+5[s,t]) vorgestellt.

Das letzte Kapitel dieser Arbeit dient der ausfiihrlichen Zusammenfassung der Ergebnisse
aus allen drei oben genannten Teilen und beinhaltet dariiber hinaus auch einen kleinen

Ausblick auf moglich zukiinftige Entwicklungen zu den hier prisentierten Ergebnissen.
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1. Theoretical Background

1.1. A brief historical introduction

"A physicist is just an atom’s way of looking at itself."
- Niels Bohr

This famous quote, without a doubt ambiguous, gives a good idea of how profound yet
strange the emergence of modern chemistry and physics, especially quantum mechanics,
must have been for scientists at the end of the 19th and the beginning of the 20th century.
Evidence of the quantum nature of atoms date back to the late 19th century, for instance,
when Kirchhoff and Bunsen introduced the spectral analysis in Heidelberg (1859). But it
was not until the early 20th century that theory and experiment could deduce profound mod-
els of "the indivisible" - the atom itself. It was Niels Bohr who in 1913 introduced the
first atomic model to include elements of a novel theory, quantum mechanics, even before
its postulates were formulated (see figure [I.1)), introducing a breakthrough to modern chem-
istry. Bohr’s atomic model, albeit revolutionary, showed significant weaknesses, such as an
inconsistency with the laws of electrodynamics. The model was expanded by Sommerfeld
in 19152, but it was not until 1926%® when Schrédinger introduced the equation-of-motion,
so to speak, for the scales of atoms and molecules where classical mechanic breaks down.
Electrons, previously seen as particles, inherit properties of waves, an electron is now de-
scribed by a wavefunction and delocalized in space. The application of this equation to the
hydrogen atom'#> was the birth hour of atomic and molecular physics and, along with it,
modern chemistry. Since this point, theoretical chemists and, especially in the early days

of quantum mechanics in the 1920s and 1930s, theoretical physicists established a frame-
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Figure 1.1.: The Bohr model for hydrogen. Depicted in different colours are the sets of spec-
tral lines for each main shell.

work for the calculation of molecular properties that has made modern quantum chemistry
become the theoretical foundation of all contemporary chemistry. Since then, experimental
progress (i. e. in laser physics) as well as the ability to use machines to compute equations
has led to the development of highly accurate theoretical models for the description of atoms

and molecules. Modern state-of-the-art methods, such as Mgller-Plesset®

perturbation the-
ory for the ground state and Coupled Cluster’> or the Algebraic Diagrammatic Construction
scheme? for excited states and molecular properties enable high-precision calculations that
are in an extraordinary accordance with experimental results. The component of steadily in-
creasing computational power (Moore’s law?) fuels the process of development for highly-
accurate, although computationally costly, methods in quantum chemistry. Modern quantum

chemistry has become a discipline where all professions, chemistry, physics, mathematics

and informatics meet and complement each other perfectly.



1.2. THE WAVEFUNCTION

1.2. The wavefunction

As briefly mentioned in the previous chapter, modern quantum chemistry aims to deduce the

solution of the Schrddinger equation®®, in its most general form given as
HY(7) = EY@). (1.1)

for atomic and molecular systems with energy E and a wavefunction ¥ . The formulation
of the atomic and molecular version of this equation in its most general form can be written

using the full Hamiltonian function™? A = T' 4 V as

N al 1 X 1 -
H) =- ;%vf-;ﬁvg =
N N 1 X XZaZ N X Za .

where the first two terms in the first line give the the kinetic energy of the N electrons and X
atomic nuclei in the system, respectively. In the second line, the potential (electronic) terms
are given, namely the electron-electron repulsion (first term), the nuclei repulsion (second
term) and the electron-nucleus repulsion (third term). Summation indices are restricted to
avoid a double-counting of terms. m, and m, constitute electron and nucleus masses, Z,, the

nuclear charges and the 7 represent the distance operators.

Born-Oppenheimer approximation

One of the most fundamental assumptions for the solution of the molecular Schrodinger
equation is the Born-Oppenheimer approximation®. It states that the motion of the electrons

around the nuclei and the nuclei motion itself happen each on different time scales (—2ex2

pr oton

1836) assuming that the electron motion adapts almost instantaneously to that of the nuclei.
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Figure 1.2.: Coordinate system for the Hamiltonian. The coordinate origin is given as 0.

This leads to a product ansatz,

Y(F,F) = V,(F,) - Y,(F), (1.3)

a’l

that reformulates the full wavefunction in equation as a product of a nuclear (¥,) and
electronic (¥;) wavefunction. The corresponding eigenvalue problems then become
ﬁlq’i(?i) = EY,(7),
(1.4)
H)Y (F,) = EY, 7).
The (electronic) Hamiltonian, representing the most fundamental operator in quantum chem-

istry, then reduces to the electronic terms

\:>|N

i=1 a=1

N N N
H(#) = ;ﬁ@ +ZZ (1.5)

i=1 j>i

N\:>| —

This Hamiltonian constitutes the starting point for all types of electronic structure calcula-
tions.

Within this work, atomic units (7 =e=m, = = 1) are used.

4re
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LCAO-Ansatz and basis functions

Until now, the formulation of the Hamiltonian and the wavefunction is kept in an general
manner, i. e. applicable to both atoms and molecules. This means that an algebraically
consistent ansatz is needed to formulate a multi-electron wavefunction. John Lennard-Jones
introduced the LCAO (Linear combination of atomic orbitals®*!%) ansatz as early as 1929,
establishing the connection between the solution of the one-electron Schrédinger equation

(atomic orbitals) and a multi-electronic wavefunction (molecular orbitals),

N

¢ = Zciv v, (1.6)
i

The vector space of the so-called molecular orbitals ¢, is thus spanned by the atomic orbitals
y,, ¢;, represent the expansion coefficients of the atomic orbitals to form the molecular or-
bitals. A set of N atomic orbitals spans a vector space of exactly N molecular orbitals. The
set of atomic orbitals {y, } represents the basis set of the system. Each basis function y, itself
is a linear combination of functions depending on the coordinates of that system. To model
physically correct Slater-type orbitals®!' (STO) that possess a radial part of the form ~ e™",
generally a series of Gaussian-type orbitals®® (GTO) that behave like ~ e~ is combined.
The reason is the much easier mathematical manipulation of these type of expression, which
is important for the computation. Examples for commonly used basis sets for benchmark-
ing are the Pople bases?#, the correlation-consistent Dunning bases® or the Karlsruhe basis
sets*”, with the second and third presenting state-of-the-art sets for precise calculations. A
major collection of basis sets for computational chemistry is provided at the Basis set ex-
change™.
A perfect basis, that is, a basis that physically represents the electronic structure of an atom
correctly, would have to be of infinite size. This is of course not a feasible task, but proce-
dures to approach this completeness in a limit, called the complete basis set limit>*# (CBS)
may be employed. This is done by using a series of basis sets increasing in size and thus pre-
cision (but also computational cost) for a fixed system. The series of (converging) generated

data points may then be fitted, understanding the result as the CBS limit.
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Spin and the fermionic wavefunction

Electrons possess an intrinsic spin=>"2

which can take two quantum numbers, m, = i%, a
property that was discovered in 1922 by Walther Stern and Otto Gerlach®>. It was one of
the first experiments to reveal the quantum nature of electrons. However, this finding leads
to a specific implication for the wavefunction of an electron: Each spatial orbital may be
populated by exactly two electrons with opposite spin.

Spin may be introduced in a mathematical sense with a(w) and f(w) representing the func-
tions for spin-up (m, = +%) and spin-down (m, = —%), respectively®®, @ is an auxiliary spin

variable. The spin functions feature the properties

/a(a))ﬂ(a)) do = /ﬂ(a))a(a)) do =0 (1.7)

as well as

/a(a))a(a)) do = /ﬂ(a))ﬁ(a)) do = 1. (1.8)

Every spatial (molecular) orbital ¢»(F) may thus be expanded to two spin orbitals by multi-

plying the respective spin functions as

P, F0) = ¢F) - a(w)
o) (1.9)

Ps(F.0) = ) - flw)

with the spin orbitals ¢,, ¢, (also denoted as y in the literature) depending on both, position
() and spin (w). For notational brevity, the subscripts « and f will be skipped through this
work, understanding the wavefunction ¢ as a spin orbital from now on.

An arbitrary composed wavefunction W of electrons (being fermions) needs to suffice the
Fermi-Dirac statistics®#%?, As "indistinguishable" particles, the total wavefunction needs to
be antisymmetric for each permutation of fermions (Pauli principle®?), or formulated alter-
natively, two fermions can not possess the same set of quantum numbers,

- - - - - -
Y7, 07w, .57, 0,) = =P, w,;F,0;...;T

no°

,). (1.10)
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The antisymmetry of the electronic wavefunction is thus a purely quantum-mechanical fea-

ture and has no classical interpretation to it.

1.3. Second quantization and the particle/hole

formalism

When working with multi-particle states that are constructed using (orthonormal) single-
particle states, the formalism of second quantization® is a very helpful and straightforward
tool for the formulation of operators and wavefunctions. In particular, for fermionic systems
as for electrons, this formalism introduces the ability to evaluate mathematical expressions
efficiently and also enables the use of automatic code generation, as will be represented later
in chapter {4}

An arbitrary fermionic wavefunction that has been constructed from a set of single-particle

wavefunctions may be written as a determinant
¥) = [1,,....1,), (1.11)

where the subscript denotes the respective single-particle wavefunction and the number the
occupation number for this particular one. It is quite intuitive to understand that this num-
ber is either 1 or 0, or in other words, an election exactly possesses all quantum numbers of
this wavefunction ("occupies this orbital") or does not. If no other electron does so for this
wavefunction, it is called an "unoccupied" or "virtual" orbital. While occupied orbitals have
the occupation number 1, virtuals do have the occupation number 0. A completely unpop-
ulated state (a state that contains no electrons), also referred to as the vacuum state, is thus
represented as

|¥poe? = 10

UaC>

-0,) = 10). (1.12)

po -

At this point, the so-called creation and annihilation operators, denoted as 4* and 4, respec-

tively, may be introduced by their action onto a state as

alo,) =11,) 4,1,y =10,). (1.13)

10



1.3. SECOND QUANTIZATION AND THE PARTICLE/HOLE FORMALISM

In a general way, the action of these operators onto a multi-particle wavefunction is

18y ees O s &) = Ty S0 160 g ens 6,

(1.14)
A1y s Lgroens §) = Ty 814 10 s 0o s G,
where { = {0, 1} denotes the occupation number and I" being the phase factor
p—1
r, =[]-1* (1.15)
n=1

The phase factor may be understood by permuting the corresponding orbital to the leftmost
position of the Ket-state (the rightmost for a Bra-state) and then acting on it. For an even
number of electron permutations, I' = 1 holds, while for an odd number, I' = —1 holds. Also,
as equation demonstrates, the creation and annihilation operators will only yield a non-
zero result if the respective orbital acted on is virtual (for creators, 50,@ = 1) or occupied (for
annihilators, 6 1, = 1), respectively.

It should be noted that the common nomenclature, as also used throughout this work, is
labelling orbitals i, j, k, I, ... when referring to them as occupied, a, b, ¢, d, ... when virtual as

well as p, g, r, s, ... when referring to them in a general sense.

Anticommutation relations and Normal ordering

Due to their definition (eqgs. [I.13][T.14)), second-quantized operators posses an anti-commutator

relation amongst each other, that is

la,a,] = a,a,+a,a, = 0 (1.16)
AT AT ATa A AT
[apaq] = aa,+aa, = 05
or, formulated differently,
sat st A _ N .
aa = —aa, a,a, = —aa, aa, =6,, a,a,. (1.17)

11



1.3. SECOND QUANTIZATION AND THE PARTICLE/HOLE FORMALISM

A normal-ordered string of second-quantized operators may now be defined as a string where
all annihilation operators stand on the right of all creation operators'>, or equivalently, where
all creation operators stand on the left of all annihilation operators. Introducing normal-
ordering facilitates the evaluation of strings of creation and annihilation operators, for exam-
ple, by identifying combinations that yield zero. By definition of the normal-ordering, the
expectation value of a normal-ordered string {5} (commonly denoted by curly brackets or

colons in the literature) with respect to the vacuum state must vanish,

(0[{S}]0) = 0. (1.18)
Taking, as examples, the two simple strings
(1.19)

it it obvious that S is already in normal order (S = {S}) while 7" may be brought into

normal order by using the anti-commutation relations presented above:
(1.20)

An arbitrary string of creation and annihilation operators may be therefore translated into a
set of normal-ordered strings in an iterative manner by re-applying these rules. Defining the

contraction of two arbitrary second-quantized operators & and f as
a*p* = af - {ap} (1.21)

enables the reformulation of the anti-commutator relations (eqgs. [I.16] [[.17)) in a more elegant
way as
(1.22)

a* = a%® = a'*%a® =0 ata'* =6,
q r“q » P

where only the non-normal-ordered combination &p&f] will yield a non-zero result.

12



1.3. SECOND QUANTIZATION AND THE PARTICLE/HOLE FORMALISM

Wick's theorem

The reformulation of a string of second-quantized operators is, of course in general, a much
more tedious task as the easy example of a three-operators string given above. A generalized
way to compute the linear combination of normal-ordered strings arising from an arbitrary
string of creation and annihilation operators is introduced by Wick’s theorem?®. It states
that an arbitrary string of creation and annihilation operators & fy...5¢¢ may be reformulated

as a linear combination of normal-ordered strings according to

afy..5¢¢ = {apy...5et}

+ ), {africe.8mel)

double (123)
contractions
+...
+ {&oﬁo?oo‘.'é\oogoooéﬁooo}.

contraction

This means that the string can be rewritten by applying all pairwise operator contractions in
the manifold of a single contraction, two contractions etc. up to a fully contracted scheme
that includes all operators. For the expectation value with respect to the vacuum state (eq.

(Olapy...0€C|0), (1.24)

only the fully contracted scheme, i. e. where every operator is paired up with another one
via contraction and no uncontracted operators remain, may produce a result that differs from
zZero.

For notation brevity, the curly brackets to denote normal-ordered strings are omitted through

the rest of this work, understanding all second-quantized strings as normal-ordered.
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1.4. HARTREE-FOCK THEORY

General operators in second quantization

Using the formalism introduced in the previous section, general one- and two-electron oper-

ators take the form

0, =P Y o0,d4a, (1.25)
pq
and
0, =P, ) 0,,.ddaa,. (1.26)

pqrs

respectively. O, and O

s TEPresent the matrix elements for the operator in the underlying

basis. P, and P, represent the, in a general formulation, complex prefactors which are often

restricted to the real number space.

1.4. Hartree-Fock theory

Introduced as early as 1935, the Hartree-Fock method#33+4494

represents the most fundamen-
tal method for modern quantum chemical calculations. It has been established as the starting
point for most wavefunction-based state-of-the-art methods. The Hartree-Fock method seeks
to find the best possible description of the atomic or molecular ground state in a variational

way for a single ground-state wavefunction. To this end, a product ansatz, the so-called

Hartree product, is chosen to parametrize the total wavefunction,

1DF,.. 7)) = |,F )by Fr)) = |y.by) (1.27)

In this ansatz, ® is formed as a product of single-electron molecular orbitals ¢,. The molec-

ular Hamiltonian is now acting on each molecular orbital individually,
H|®) = (H+..+ Hy) ¢,7)..py(Fy) = E|D). (1.28)

assuming that the single electronic wavefunctions are uncorrelated, yielding the total energy
E of the system as a sum of the single-electron energies ¢;. To form a fermionic wavefunc-

tion, the Hartree product is now antisymmetrized with respect to all orbitals and coordinates

14



1.4. HARTREE-FOCK THEORY

(see eq. [L.10),
¢1(71) ¢N(?1)

®) = ——

VN!

: .. : (1.29)
¢1(?N) ¢N(?N)
which gives the so-called Slater determinant®“®*, This fully antisymmetrized and normalized
wavefunction is able to parametrize spin-pure eigenstates of a given electronic system, i. e.
in a proper linear combination for singlet or triplet states as configuration state fucntions“.
It is important to note that the short hand notation for the Hartree product is in general used
in the literature to describe the fully antisymmetrized Slater determinant of the form (1.29

The Hartree-Fock Hamiltonian acting on a single molecular orbital is divided into two parts,

the one-electron part

1 < Z
nE) = -5 VFE) - Y, —— (1.30)

including kinetic energy of the electron and the electron-nuclei attraction as well as the part

to describe the electron-electron interaction,

. o PR ) L D7) i)
Ji(rl) = /d ro ———=— Ki(rl) = /d ry —35——>——. (1.31)
|r1_r2| |r1_"2|

The first term in equation m J can be interpreted classically as the Coulomb term that
describes the electrostatic potential arising from a charge distribution at 7,. For the second
term K, on the other hand, no classical interpretation exists, making this term a purely quan-
tum mechanical effect. As such, the so-called exchange term is due to the fermionic nature
of the wavefunction.

Summarizing the operators in equation [I.30]and [I.31] gives the Fock operator
f=%+§L@‘ZkJ (1.32)
J J

At this pont, it is now straightforward to define the two-electron integrals for the Coulomb

and exchange operator as

(b.FDIT,F) 1Ry = (ijlij) (1.33)
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1.4. HARTREE-FOCK THEORY

and

(b:FDIK;(F) 19, (F) = (ijlji) . (1.34)

as well as the antisymmetrized two-electron integral, also called electron repulsion integral

(ERI) as
(ijllijy = Cijlij) = (ijlji) - (1.35)

Using the short-hand notation of equation[I.35] the Fock operator in equation[I.32]acting on

a single orbital may be evaluated as

fd’i = fid; = (hii + Z <’J||1J>) ¢ = €, (1.36)
JF#

where canonical orbitals (orbitals that diagonalize the Fock operator, f;; = 6, f;) have been

assumed. For the atomic or molecular ground state, the Hartree-Fock energy is now given

as the expectation value of the full Hamiltonian (eq. [I.28) with respect to the Hartree-Fock

ground state wavefunction |®),
A 1 s 1 s
Eyp = (D|H|®,) = Zhiﬁi;(u”u) = Zef-z?’f”’”- (1.37)

In the formalism of second quantization, the Hartree-Fock Hamiltonian (usually denoted as

F') takes the general form

F =Y fudta, =Y hdta,+ Y (pillgi)a'a, (1.38)
pq pq i.pq
The Hartree-Fock energy is a suited and computationally cheap method to recover about
95%"° of the atomic or molecular ground state energy, however, the lack of explicit electron-
electron correlation makes it unsuitable for highly accurate calculations. More elaborate
electronic structure methods, the so-called Post-Hartree-Fock methods therefore aim to re-
cover the correlation energy,

E.. =E

corr tot

jop (1.39)

that constitutes the energy difference between the total (exact) energy of the electronic sys-

tem and the Hartree-Fock energy.
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1.4. HARTREE-FOCK THEORY

Roothaan-Hall equations and the self-consistent filed procedure

The introduction of a suited basis set of atomic orbitals to parametrize the molecular orbitals
(LCAO ansatz, see eq. [[.6) allows to rewrite the Hartree-Fock eigenvalue equation in [I.36]
as

Hv = vi

ZFWCW = ¢ ZS C,; orin matrix notation FC = e SC. (1.40)

77140

This equation, the so-called Roothaan-Hall equation , introduces the Fock matrix F L @s

F,, ={($,fl$,) (1.41)

as well as the overlap matrix of the (generally not orthogonal) basis functions S, as

S = (P,ld,). (1.42)

The matrix of coefficients C,; stem from the LCAO ansatz.

A practical way to solve the Hartree-Fock equations is now achieved by the so-called self-
consistent field approach (SCF or HF-SCF)?*. The idea is to use an iterative rule that is
reapplied to equation [I.40until the computed eigenvalue does not differ more than a certain
threshold in two consecutive iteration steps, and thus, has reached self-consistency. This
is done by starting off with an initial guess for the electron density of the system (for C),
calculating and diagonalizing F and forming new coefficients in C. The solution of the
Hartree-Fock self-consistent field method is the starting point for more elaborate methods,
as the eigenvalue of a converged Hartree-Fock wavefunction always presents a lower bound

to the exact energy of the system (see equation [I.39),

®,|H|D
(D] |o><E

Eyp(®) = ooy < e
0 0

(1.43)

Brillouin’s theorem and the Slater-Condon rules

An important feature of a converged Hartree-Fock wavefunction is formulated by Brillouin’s

theorem®#4¢, It states that the matrix element of the electronic Hamiltonian between a singly
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1.4. HARTREE-FOCK THEORY

excited determinant and the converged Hartee-Fock ground state wavefunction is zero,

(D1 H|®,) = 0. (1.44)

VP40 state that the matrix element

Additionally, in a general sense, the Slater-Condon rules
for an arbitrary one-electron operator O , vanishes if the Bra and Ket for an arbitrary deter-
minant |¥) differ in more than one spin orbital. Analogously, for an arbitrary two-electron

operator (52, both may only differ by at maximum two spin orbitals:

(P7110,1¥) = 0,
) (1.45)
(Vo 10,%) = 0.

The Slater-Condon rules constitute fundamental principles in the application of electron cor-

relation methods, as their implications are used throughout this work.

Fermi vacuum and particle-hole formalism

Although the true vacuum state |0) may be used to generate any physically allowed pop-
ulation of electrons, it is more useful and intuitive to utilize the so-called Fermi vacuum
when working with second-quantized operators, instead. The Fermi vacuum is represented
by the underlying reference state |®,), all one-electron states populated (occupied with in-
dices i, j, k,...) in |®,) are denoted as hole states, while unpopulated (virtual with indices

15146/

a, b, c,...) states are denoted as particle states. The particle-hole formalism is intuitively

understood by the application of creation and annihilation operators: The process
&Z&i |Dy) = |DF) (1.46)

promotes an electron from an occupied to a virtual orbital creating both, a hole (4;) in the
occupied space as well as a particle (é;) in the virtual space. De-excitation would then
annihilate a particle (@,) in the virtual space and by putting it back into the occupied space

also annihilate a hole (&:) in there,

ald, | %) = |D). (1.47)
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1.5. PERTURBATION THEORY

These so-called quasi-particle operators, often abbreviated as g-creators and g-annihilators,
establish a very useful framework for the application of Wick’s theorem or a diagrammatic
approach to quantum chemistry*®, Using the above definitions, the fundamental contrac-
tion rules of second-quantized operators in equation [I.22] may now be reformulated for g-

creators and g-annihilators according to

a*a’® = a%a® = 0

p q P q

a*al = a%a* = al*a) = atat = 0
(1.48)

a*a® = 6

[y N ¥

A.AT. —

aa, = 6,

1.5. Perturbation theory

The need for a mathematical formalism of treating small deviations to an otherwise well-
described eigenvalue problem, i. e. a small perturbation to an operator, emerged as early
as the formulation of quantum mechanics itself. The most common approach, the Rayleigh-
Schrédinger perturbation theory®®?, assumes that the complete spectrum of the eigenvalue

equation for a Hamiltonian fIO 18 known,
Hy ¥y = EO ¢y, (1.49)

As a requirement, the set of eigenfunctions to the unperturbed Hamiltonian {|‘P§O))} is or-

thonormal. A small perturbation H , is now introduced to the Hamiltonian,
H = Hy+ AH,, (1.50)

which is assumed to change the spectrum of the Hamiltonian only on small scales. The new

eigenvalue equation for the perturbed Hamiltonian H reads then

HI|Y,) = (Hy + AHp)|¥Y,) = E;|¥,) (1.51)
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1.5. PERTURBATION THEORY

where 4 is introduced as an ordering parameter. The eigenfunctions and eigenstates of the

perturbed system are parametrized using an infinite series for the wavefunction
W) = [P0 + A1) + 2P + o= YY) (1.52)
n=1

and for the energy

E = E” + iE" + PE” + .. = Y 1IE". (1.53)

n=1
Inserting the expressions for the perturbed wavefunction (equation [1.52)) and the perturbed
energy (equation[I.53) into equation [I.5T] and using the order parameter A to regroup terms

yields

Hy ¥y = E? |¥”)
AH P) + AH, 190 = AE? Yy + AED [PO)
(1.54)
PH W) + 20,190 = 2EQ 1Y) + 2EV ) + 2EP |PY)

or, in the general form,

{(ﬁo+mp> 2 |‘P§">>} = {(Z ﬂ”Ef’”) (Z 3 |‘P§”>>>} (1.55)
n=1 M(A)=C n=1 n=1 N(A)=C

where the curly brackets indicate that all terms with the same perturbation order, i. e. the
same power of A (as the factor C equals 1, A, A%, 43, ...) are grouped together. The parameter
A thus is an artificial one to switch the perturbation on and off and order the terms of the
perturbation series, for the solution of the eigenvalue problem itself it has no meaning and
can be omitted. Choosing the wavefunction correction of to be orthogonal to |‘P§0))

introduces the so-called intermediate normalization

POy = (PO = 1 (1.56)
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1.5. PERTURBATION THEORY

and allows to reformulate the expansion of equation[I.54] as

¥ Hy 1) = EY
) 74, ¥ = EV (1.57)

P Hy 1Py = EP.

Wave-function corrections may be obtained in a similar way by projecting the zeroth-order
expression (‘I’fo)l from the left onto the expansion in equation As the eigenfunctions of
FIO constitute an orthonormal basis ((‘Pgo)|‘1’§0)) = 4,;), the expansion coefficients for i # j

are obtained as

o= (PP, (1.58)
which, as an example, would be in first-order

0 55 0
o (EVIHED)

Mdgller-Plesset perturbation theory

The lack of explicit electron-electron correlation within the Hartree-Fock framework intro-
duces a new manifold of electronic structure methods, the Post-Hartree-Fock methods. As
an application of quantum-mechanical perturbation theory, the Mgller-Plesset perturbation

thCOI'y 69194154

is presented in the following.
Starting with the full electronic Hamiltonian H containing a one- as well as two-electron
part,

~ SO | At AT A A
H = Z hpqa;aq + 7 Z (pql|rs) a;aqasar, (1.60)
pq

pqrs

and recalling the Hartree-Fock Hamiltonian from equation|1.38]

Fo= Y hyaa,+Y (pillgi)d'a,
pq

i.pq
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1.5. PERTURBATION THEORY

all explicit electron-electron correlation effects may now be parametrized in the two-electron

part with the so-called fluctuation potential ¥V defined as

- 2 (pi||qi)a a + - Z (pqllrs)a a aga,. (1.61)

i,pq pqrs
The sum of both, F and V as defined above, is reproducing the full electronic Hamiltonian
of equation exactly. Starting from a converged Hartree-Fock ground state solution, F

may be simplified as

In the framework of Rayleigh-Schrodinger perturbation theory, V is now introduced as the
perturbation in analogy to H pin equation while F constitutes the unperturbed Hamilto-
nian H, o- This partitioning, called the Mgller -Plesset partitioning®® of the electronic Hamil-
tonian, enables the effective computation of perturbative energy and wavefunction correc-
tions for a well-described unperturbed system, which constitutes the premise of Rayleigh-
Schrodinger perturbation theory. The Mgller-Plesset Hamiltonian can now be formulated

as:

Ayp = E+2V = Y ¢,dla,+ ( Y (pillaiyta, + Z (pallrs)d’ata a) (1.62)
p i,pq pqrs

Applying the generating formula (eq. i to the Mgller-Plesset Hamiltonian A mp Of

allows for the formulation of the MP energy and wavefunction corrections. The zeroth-order

wavefunction is then given as the Hartree-Fock ground state wavefunction, |‘I‘f)0)> = |Dy).

The wavefunction corrections are formulated in a CI-like ansatz®* of excited determinants

(which constitute eigenfunctions of the Fock operator F'),
¥ = Z 1 |®¢) + Z 12 |y 4 (1.63)

where the so-called 7-amplitudes in the Mgller-Plesset formulation represent the expansion
coefficients C from equation [I.58]in the Rayleigh-Schrédinger formulation. For a first-order
treatment (MP1), the exact Hartree-Fock energy is recovered®®. A first improvement of the

HF ground state is introduced by the second-order MP2 scheme, where the corresponding
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1.6. CONFIGURATION INTERACTION

energy correction (see is given as

E(()z) _ Ztab(l) (ijllab) = iz (abllij) (ij||ab) (1.64)

Ijab tjab€l+€ €T

along with the first-order wave-function correction (see[I.59) for the ground state

(1 ab(l) ab _ 1 <ab| |l.]> ab
Py = - th ij>_Zz;€+€ pa—. |0y . (1.65)
ij,a ij,ab "1l

Higher-order expressions as well as a diagrammatic approach to determine Mgller-Plesset

working equations are presented in the literature“®°4,

1.6. Configuration Interaction

Among the Post-Hartree-Fock methods, the most straightforward and simplest is the so-
called Configuration Interaction*®>*, It expands the Hartree-Fock ground state by including
virtual orbitals, that is, exciting electrons from occupied orbitals and populating previously
unoccupied ones. This may be done for one, two, n electrons simultaneously, leading to
different excitation classes. In a second-quantized form, these excitation operators may be

written as

Cor = 1+Ceys+Coip+.. = 1+cha“ ZcDa;a;a.ai+... (1.66)

zjab

where the coefficients ¢ are the amplitude coefficients of the corresponding excitation. The

CI wavefunction ansatz then simply reads

|TCI> = éCI |q)o>,

a 1 a
P.,) = |<I>0)+Zc5 |q>i>+ZZcD D) + .

ijab

(1.67)

where the lower line of equation is the fully expanded form including excited determi-

nants. The CI eigenvalue equation

H|¥.,) = Ec;|¥¢;) (1.68)
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may be solved in an iterative manner using the variational principle. To this end, it is common
to choose intermediate normalization (W;|®,) = 1. A truncation of the full CI scheme is
labelled respectively, i. e. the truncation of the full scheme to singles and doubles excitations
is labelled as CISD (Configuration Interaction for Singles and Doubles). The FCI (full CI)
scheme without truncations for an N-electron system goes up to the N-th excitation class
and represents an exact parametrization of the electronic Schrédinger equation. However,
the treatment of molecules with FCI is limited to small systems due to the computational

cost of the full CI expansion.

1.7. Coupled Cluster

The Coupled Cluster>724% formalism represents one of the most commonly used methods
in quantum chemistry. Its wavefunction is an exponential ansatz of the so-called cluster
operator T ,

|Wee) = exp(T) - |Dy) (1.69)

where, just as in Configuration Interaction, the different excitation classes and their respec-

tive amplitudes 7 are represented as

T=T+T+.. = Y da+- Zt“b a'alaa; + ... (1.70)
ia ljab
with a general prefactor of (n!)~? for the n-th excitation class. Truncating the cluster oper-
ator after the singly (S), doubly (D) etc. excitation class leads to the respective scheme, for
instance with singles and doubles labelled CCSD. The Taylor expansion for the exponential
function,

el = 1+T+21T2+..., (1.71)

represents a power series of the cluster operator. As a difference to the linear CI ansatz
(equation , the CC ansatz gives a product form of the cluster operators (e. g. 72 =
le + ZTI Tz + T; for CCSD), introducing size consistency as a fundamental property of Cou-
pled Cluster.

Using the CC wavefunction (equation [I.69), the Coupled cluster working equations are for-
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mulated as
(| He™ | D)

E
e (1.72)

(@] Ae @) = Ecc (Pl e! |D,)
with the upper equation representing the CC energy equation and the lower equation rep-
resenting the CC amplitude equations, with the example of CCSD, the working equations
for the calculation of singles and doubles amplitudes. As before for Configuration Interac-
tion, intermediate normalization was chosen, (¥ |®,) = 1. By introducing the so-called

similarity-transformed Hamiltonian A as
H=eTHe, (1.73)

the equations[I.72)may be decoupled and solved individually, yielding the common CC work-

ing equations

(®y| H |®y) = Ecc,
v cc (1.74)
(@;| H |®y) =0

for the CC amplitudes and energy, respectively. Amplitude equations are solved iteratively
and coupled (e. g. in the singles and doubles space for CCSD) until a self-consistency is

reached, the converged amplitudes are then plugged into the energy equation to yield the

corresponding value.

Baker-Campbell-Hausdorff formula

Including an exponential ansatz in the similarity-transformed Hamiltonian, the approach
to solve the CC working equations [[.74]is the so-called Baker-Campbell-Hausdorff (BCH)

identity,

& A

e THe = A+[H,T]+ [[ﬁ,T],fHé[[[ﬁ,f],f],fﬂ... (1.75)

| —

which reformulates the exponential ansatz in a power series of nested commutators (remem-
ber that [H, T simply means HT — T H). The solution of the CC working equations is now

issue to the solution of the BCH expansion for the Hamiltonian.
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Diagrams in Coupled Cluster theory

The application of diagrams in quantum chemistry has become a common and useful task56°

and facilitates the work with strings of second-quantized operators, as will be shortly pre-
sented in the following.

Computation of the Coupled Cluster working equations (1.74)) applying the BCH expansion
may be executed in several ways, the most straightforward being the application of
Wick’s theorem. The strings of creation and annihilation operators that arise from the dif-
ferent fragments in the BCH expansion, namely the Hamiltonian fragments F and V as well
as the amplitude fragments 7', are combined and then contracted. However, this is a very
tedious task when executed by hand, and the applicability of a certain class of diagrams
(Feynmnan diagrams) may be utilized to represent the terms in the CC working equations.
At this point, a brief introduction to Coupled Cluster diagrams shall be given, as they are not
only a suited tool to generate CC equations but also give a great framework for a better un-
derstanding of the Coupled Cluster (and later Unitary Coupled Cluster) formalism. A more

detailed description can be found in the literature!>4%,

Figure 1.3.: Free particle line and free hole line.

As a starting point, consider the lines that represent the second-quantized operators. Lines
that are directed upwards are particle lines acting on virtual orbitals a, b, c, ... while down-
ward directed ones are hole lines acting on occupied orbitals i, j, k, .... These lines meet at
the interaction vertices, at each of these exactly one line enters and one line leaves the ver-
tex. Lines above the vertex correspond to creators, lines underneath to annihilators. For the

one-particle operators, F and D (see eq. Ol), the diagrams are represented as
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Figure 1.4.: Examples of diagram fragments for one-particle operators.

where the "X" represents the Fock matrix element and the circle the matrix element of an

arbitrary one-particle operator. The diagrams in figure [[.4]thus represent the terms

AT A AT A At A AT A
Z Sy 4,4, Z fa .4, Z d;; a;a; Z d,a.a, (1.76)
ab ia

ij ia

Upon constructing the diagrams, general orbital indices are replaced by occupied and virtual
orbital indices to produce all possible combinations. The direction of the lines in a diagram
determines its so-called excitation number, that is, the number of electrons that are promoted
from the occupied to the virtual space. Consider the two fragments of £ in figure : The
left one has two particle lines (both pointing upwards), one underneath the vertex and one
above, therefore annihilating and creating a particle. This means that the electrons are shifted
around within the virtual space, thus not exciting an electron and giving an excitation class
of 0. The right one has two lines above the vertex, two creators, one acting on the hole and
one on the particle space, promoting an electron and yielding an overall excitation number
of +1. Similarly, the other two diagrams in figure [[.4] have the excitation classes 0 and -1,

respectively. In general, the excitation class of a diagram may be calculated as:

_— 1 .
Excitation class = 5 (Number of open creator lines

— Number of open annihilator lines).

For the two-electron part V', the diagrams take the form
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Figure 1.5.: Examples of diagram fragments for V.

The corresponding terms are

A A 1 . At AT A A
—Z(atllbc} a a, ZZ(Z]Hkl) ajaja,ak —Z(abllu

iabc ijkl ijab

(1.77)

Q)
Q)
Q)
Q)

The two-electron part of the Hamiltonian includes nine individual contributions!® (of which
three are depicted above, excitation classes are from left to right: -1, 0, +2), three with exci-
tation class 0, two with +1 and -1, respectively as well as one with +2 and one with -2. As

a final diagram class, the amplitude fragments represent one-, two- or n-electron fragments

VARAVEAV]

Figure 1.6.: Examples of diagram fragments for 7.

and are given as

with the corresponding analytical expressions

Zz“ ifa, -~ Z v a'a’a.a, (1.78)

zjab

Amplitude fragments connect their vertices with a solid line in contrast to the dashed line
for the V fragments. For Coupled Cluster, 7 diagram fragments always have a positive
excitation number (+1 for the singles part Tl, +2 for the doubles part T2 etc.).

Full Coupled Cluster diagrams are now obtained by combining the different fragments for F,

V and T'. As an example for the second term of the BCH expansion (the single commutator),
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the following diagrams may be constructed:

Figure 1.7.: Examples of two connected fragments, V and T, on the left, ¥ and 7} on the
right.

Indices that start and end at a vertex are summation indices, i. e. they occur in a sum of the
corresponding algebraic expression, while indices connected to only one vertex (open lines)
are the target indices of the term. For the left diagram in figure the type and algebraic

expression are

A RN .
(Dol H|g) « 7 D (ijllaby . (1.79)

ijab
Indices are distributed for each fragment by using the rule left out, right out - left in, right in
("loro-liri"). If no open lines leave the diagram, either at the top or at the bottom, this gives
rise to the ground-state determinant |®,). Therefore, this diagram is part of the CC ground
state energy expression. A factor of i needs to be added since the pair of internal lines begin
and end at the same vertex, respectively. The prefactor is determined by —1%+) with A being
the hole lines in a diagram and / being the closed loops, thus we find here —1* = 1. For the

right diagram in figure [[.7] one finds
a1y . -\ b
(@1H|D,) Zb (allbi) 1), (1.80)
J

giving now rise to an amplitude diagram with the ground-state determinant on the right of
the expression (on the bottom of the diagram) and the singly-excited determinant on the left
(on top of the diagram, on open hole and particle line). The excitation level of the diagram
is +1, therefore contributing to the singles amplitudes equation, for +2 it would be doubles
and so on. A detailed set of construction rules can be found in the literature™45,

The Baker-Campbell-Hausdorff expansion (eq. for the derivation of Coupled Cluster

equations naturally truncates, as an example, for CCSD after the quadruply nested com-
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mutator. This becomes obvious when looking at the excitation levels of the diagrams: In
the CCSD working equations, the highest excitation level that occurs is +2 for the doubles
amplitudes part. Singles amplitudes have an excitation class of +1, meaning that the corre-
sponding part for the fluctuation potential ¥ with an excitation class of -2 may be combined
with four singles amplitudes to yield an overall +2. For the doubles amplitudes, it is only the
doubly nested commutator, since doubles amplitudes possess an excitation class of +2. As

will be discussed later, in an Unitary Coupled Cluster®

scheme, this very handy property
of the BCH expansion is not valid any more, urging the introduction of a suitable truncation

scheme.

A fundamental rule for the construction of CC diagrams is the so-called connectedness. The
algebraic expressions of connected diagrams represent the only terms that do not vanish
when evaluating the Baker-Campbell-Hausdorff expansion of nested commutators. Their

definition is embedded in the following statement:

The only nonzero terms in the Hausdorf f expansion are those in which
the Hamiltonian has at least one contraction with every cluster operator

on its right*>

Connected diagrams may thus be immediately recognized by their form as they constitute a
conjoined structure in a topological sense, while disconnected ones form separate structures

that are not connected by any contraction (see figure[I.8§).

disconnected connected

Figure 1.8.: Examples of a connected and an unconnected diagram.

Referring to the definition above, it is important to note that diagrams of the form in fig-

30



1.7. COUPLED CLUSTER

ure [I.9)do also count as connected diagrams, as the open fermion lines may be interpreted
as "connected in infinity"®*. However, this is only possible if the diagrammatic fragments
contain open fermion lines and not, as the fragment on the left in figure represent fully
contracted expressions without open lines. These kind of diagrams arise, for instance, in the

construction of the Unitary Coupled Cluster secular matrix.

connected

Figure 1.9.: Example of a connected diagram with open fermion lines.
As an example, the diagram above constitutes a part of the zeroth-order energy contribution,
(@I H D) < £, (1.81)
as present in the singles/singles block for PP-UCC.

Equation-of-motion Coupled Cluster

To make Coupled Cluster also applicable to excited states, the so-called equation-of-motion

ansatz for Coupled Cluster (EOM-CC)>¢ is applied to the CC ground state |¥..),

Yoom) = RI¥cc), (1.82)

with R being an excitation operator, just like 7 for the ground state, of the form

7%:7%1+7%2+...=27a;al+ Dt atata e, + (1.83)

ia ljab
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where r represent the excitation amplitudes. Plugging the EOM wavefunction ansatz into
the Schrodinger equation [I.1] and using the CC ground-state wavefunction parametrization

the EOM-CC eigenvalue equation is obtained,
HR|¥ee) = ELLRIWPee). (1.84)

E{ . represents the excited state energy. Applying now the excitation operator of equation

[1.83]to the CC ground state,
RH|®ce) = EccR[Pee)s (1.85)

and subtracting [T.85| from [1.84] the commutator expression

[H,R1|®cc) = AEL R |Pee) (1.86)

is obtained. This is where the name, equation-of-motion Coupled Cluser, comes from: The

892 which contain the com-

similarity to the equations of motion in quantum mechanics
mutator of the position with the momentum operator. AE7, . represents now the excita-
tion energy as the difference of the total excited state energy and the ground-state energy,
AE;. = El.— Ecc.
Inserting now the CC parametrization of the ground-state wavefunction (eq. [I.69) into the
EOM ansatz (eq. [1.84),

ARe™ (@) = E¢ Re @), (1.87)

the EOM-CC working equation® may be reformulated using the similarity-transformed Hamil-

tonian to yield excited state energies as
[H,R1|®,) = AE.. R|D). (1.88)
A similar equation may be established for a de-excitation operator,

L=Li+Ly+.. =) ﬁ?éﬁizl;}” aldlaa, + ..., (1.89)

ijab
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as

(@] [£, H] = (@] £ AE, (1.90)

with the same eigenvalues as the right-hand side eigenvalue problem. Combining both leads

to the EOM-CC energy equation
E'. = (DYILAR|D,). (1.91)
An important property of EOM-CC is the so-called bi-orthogonality
(DL, R,1Dy) =68, # (PIRIR,|Dy), (1.92)

with I and J labelling CC state functions. The EOM-CC secular matrix may now be con-
structed by expanding the Hamiltonian with the full set of excited state functions for both,

the right and the left hand side,
Hyy = (@ |H|®;) [ = (CI)0|f,|CI)1) ry = <(DJ|7A€|¢0> ) (1.93)
and the energy equation for excited states reads
(" Hry = E (1.94)

where the left-hand side eigenvector is transposed, bi-orthogonality is enclosed as (/)T r; =
6,,. Depending on the set of excitation operators R and L that are chosen for the compu-
tation, EOM-CC can be also applied to excitation schemes that do not preserve the electron

number, in particular (doubly-) ionized as well as (double-) electronically attached states.

1.8. Algebraic Diagrammatic Construction scheme

The Algebraic Diagrammatic Construction scheme?>202/841LL developed by Jochen Schirmer

1 82199

eta , 1s a versatile tool to precisely describe electronically-excited states for atomic and

molecular species. It is based on many body Green’s functions theory=*** for a specific
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1.8. ALGEBRAIC DIAGRAMMATIC CONSTRUCTION SCHEME

set of electronic propagators, as Green’s functions represent a robust tool for the solution
to inhomogeneous differential equations. The versatility of the ADC formalism enables the
description of all kinds of excited states, be it electronically excited states where the number
of electrons in the system N is kept constant®®, (doubly-) ionized states with less electrons
than the ground state or (doubly-) electronically attached sates with more electrons™78, As
a starting point, the spectral (or Lehmann?®) representation of the corresponding Green’s

function for a specific propagator is considered,

(PYIC 1PV (P C, 1P
= a)+EéV _ErZ,\H +in
_y (FYIC 1)) (PN 1C 1Y)

. a)—EéV+E,11V’—i11

M, ,@ = Y,
(1.95)

where the N-electron ground-state energy is denoted as E(])V and the energies of the corre-
sponding excited state as EN" and EVN”, respectively. The poles of the spectral function thus

represent the excitation energies w, = —(EéV - EV "y as well as @, = Eév +EN.

For the particle-hole propagator C = ﬁ;&q, equation |1.95| describes electronically excited

states which conserve the total number of electrons in the system, N = N* = N, thus both
sums contain the same information. Similarly, for the hole propagator 4, together with its
conjugate operator, the particle operator &;, ionized as well as electronically attached states
are represented by the two sums in equation[I.95] one with N + 1 and N — 1 electron states,
respectively. The same accounts for doubly ionized and doubly attached states.

Equation may be rewritten as®22>
(w) = x'(0l —Q)7'x, (1.96)

with x being the matrix of transition (or spectroscopic) amplitudes and Q being the diagonal
matrix of excitation energies w,,. 1 represents the unitary matrix. As a fundamental assump-
tion of ADC, this so-called diagonal form of the spectroscopic function may be reformulated
in a non-diagonal way,

I(w) = F'(wl — M)"'F, (1.97)
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where F are now the modified (or effective) transition moments and M represents an non-
diagonal form of the "effective" Hamiltonian. M may now be further splitinto a diagonal part
K (the zeroth-order Hartree-Fock energies) as well as the non-diagonal part C that describes
the electron correlation,

M= K+C (1.98)

This form allows now for a diagrammatic treatment of the spectral Green’s function in terms
of Feynman-Goldstone diagrams®*, which enables an expansion of the quantities F and C in
a perturbative manner using the Mgller-Plesset partitioning of the Hamiltonian (eq. [I.62).
The corresponding expressions may be evaluated up to an arbitrary order in perturbation

theory, . .
F = ZF(") C = ZCW, (1.99)

and plugged into equation[I.97]to yield the corresponding contributions to an n-th order ADC

scheme:

N%w) =F% (@1 - K)™' F©
H(l)(a)) — FOt (wl — K)_l CHOfFO® 4 gpdf (0l — K)_l FO
+ FO" (0l - K)™' F©
(1.100)
H(2)(w) = FOf (0l — K)—l COFO 4 pdf (0l — K)—l chO O
+ FO (01 - K)™' CVFP + FVT (0l - K)™' CO FV

M%) =F% (w1 -K)"' COF? + .

In an ADC(n) scheme, all expressions to describe II(w) consistent through n-th order in
perturbation theory are included®®. The solution of the ADC equations is thus issue to the
eigenvalue problem

MY = YQ, (1.101)

where the matrix Y is composed of the ADC eigenvectors y. The matrix of ADC eigenvectors
suffices the relations

YY =1 (1.102)
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and the eigenvectors are related to the spectral amplitudes via
x = Yy'F. (1.103)

The algebraic approach to determine the ADC working equations was, as the name implies,
the first one applied. A different approach is represented by the so-called Intermediate state

representation (ISR) which shall be introduced briefly in the following.

Intermediate state representation for ADC

The Intermediate state representation®$¥2> for ADC seeks to represent the electronically
excited state wavefunctions in a correlated basis of excited determinants, that is, the eigen-

functions of the matrix representation of the shifted electronic Hamiltonian as
M, = (¥, |H-E|¥?,) = (¥, |H|V,) - 5,,E,, (1.104)

where the exact solution of the excited state wavefunction |¥,) can be represented in the

basis of these intermediate states { |¥ 0l
1

Capital indices (1, J, ...) are referring to the intermediate states here. To this end, a CI-like
ansatz is used to construct the excited state determinants by acting on the correlated (Mgller-
Plesset) ground state determinant as C’I |'Y,,). Depending on the ADC scheme, these sets of
excitation operators {é ; } form manifolds of excited states (for a constant number of elections
in the system N), ionized or electronically attached states (for states with N — 1 or N + 1

electrons), doubly ionized and attached states (N + 2) and so on. As an example,

APPY _ (AatAs AfaTs 4 . ..
{CI"Y = {ala,ala,a;a,,...;a < b,i < j}
{CEYy = (a',d'dla,,..;a<b)

l coer (1.106)

(CP'7y = (a

>
[S)Y
o
Q>
~
(SN
S
A\
.
A
b
e
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1.8. ALGEBRAIC DIAGRAMMATIC CONSTRUCTION SCHEME

represent the excitation operators for electronically excited states (particle-hole, two particle-
two hole configurations etc.), electronically attached states (particle, two particle-hole con-
figurations etc.) and doubly-ionized states (two hole, particle-three hole configurations etc.),
respectively.

To construct the full set of orthogonal intermediate states |¥ ;), in a first step, the so-called
precursor states |‘P’;) are constructed using the excitation operators C‘I in and the

ground state determinant |'¥,),

1P%y = C; [¥,) — |¥,) (¥l C,1P,) (1.107)

which then need to be orthonormalized. This is done by employing a Gram-Schmidt?

scheme. States of the different excitation classes (e. g. two hole, two-particle two-hole
for electronically excited states) are orthogonalized with respect to each other successively
by employing the so-called excitation class orthogonalization (ECO). The overlap matrix

between two states I and J is then constructed as
Sy = (PP = (P[] C,1%,) — (F,|C] 1) (Po| C, | ¥,) (1.108)

to produce the set of orthonormalized excited state determinants, the basis of the intermediate

state representation,

¥)) = D 8,7 |9h). (1.109)
J

By inserting the expressions of the ISR (eq. [I.I09) into the general form of the ADC secular
matrix (eq. [[.104)), the ADC matrix of the effective Hamiltonian spanned by the intermediate
states is obtained,

_1 R 1
My, = Y S 2 (¥HIH - E|¥) S, ). (1.110)
KL

However, a direct evaluation of this expression is neither desirable nor feasible. This is why

the individual components of [[.1T0] are evaluated, just as in[[.55], in a perturbative manner,

1

1\ (@) R p _IN®D
Jatpy M;‘Tﬁ”) — Z}LO{(S’ 2) ,1/7( (‘Pi|H - E0|‘I’#z)> /1”<SLJ2> . (L.111)
KL

K
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1.9. UNITARY COUPLED CLUSTER

The auxiliary indices @, f and y are, as for the derivation of the Mgller-Plesset working
equations, needed to group terms of a certain perturbation order together: The sum of per-
turbation orders of the individual constituents equals the one of the matrix element M, ;.
The inverse square root of the overlap matrix, .S, is constructed using a Taylor series and
employing the order relations of perturbation theory to it.

For a general one-particle operator D of the form e. g. the dipole operator, the for-
malism of the intermediate state representation may be applied to set up the corresponding

matrix representation as’-42>

F; = (¥,1DI¥,) (1.112)

for the ground-to excited state expectation values and
B, = (V,|D-D,|?,). (1.113)

for the state-to-state expectation values with D, = (¥,| D|¥,) being the ground-state contri-
bution for the operator. Using the above, ground-to excited state moments may be computed

as

(¥,|D|¥,) = y'F (1.114)

and excited state properties (m = n) as well as state-to-state moments (m # n) as
(¥,|DI¥,) = y'By, (1.115)

with y, being the ADC eigenvectors formed by the coefficients of [1.105]

1.9. Unitary Coupled Cluster

Unitary Coupled Cluster®°l or abbreviated UCC, modifies the ordinary (bi-orthogonal)
Coupled Cluster scheme by introducing a hermitian matrix representation for the calculation
of excited states, making it very similar to the previously introduces Algebraic Diagram-
matic Construction scheme. The starting point, just as in ordinary Coupled Cluster, is the

wavefunction ansatz,

Yyce) = exp(6) - |D) . (1.116)
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1.9. UNITARY COUPLED CLUSTER

As a difference to the CC cluster operators T, the UCC cluster operators & are composed of

an excitation part (as in T) as well as a de-excitation part,

6 =6,+6,+... = af’&T&.+ o a'a
1 2 i a 1 a [ a
ia
ab At At A A ij A.AT,\A
+ - Za aaabaja,+ Z o, ;44,4 (1.117)
Uab ljab
+ ...

Nomenclature is the same as in CC, for instance, the scheme to include singles and doubles
is called UCCSD. The above definition of the UCC cluster operator 6 introduces it as anti-
hermitian, meaning that

6" = -6 (1.118)

holds true and the cluster amplitudes in equation fulfill the relations
— (o) (1.119)

for the manifolds of singles, doubles and so on cluster amplitudes. Restricting the wavefunc-
tion to real values therefore establishes the straightforward relation between excitation and
de-excitation amplitudes in an UCCSD scheme, for example, as

i _ a ij _ ab
o= —o ol = — o (1.120)

H = ¢ Hef = e He® (1.121)

allows to formulate the UCC working equations in the same way as the traditional CC ones

of equation

<¢0|H|q)o> = Eéfcc
(1.122)
(@, H|®)) =0
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1.10. BERNOULLI EXPANSION FOR UCC

with |®@,) representing the manifolds of excited states. As for ordinary Coupled Cluster, H

may be evaluated using the BCH expansion,
H = H+[H,6]+ %[[1—7, 61,61+ =[[[H,6),6],6] + ... (1.123)

However, due to the de-excitation operators in the cluster amplitudes, valid contributions

(connected diagrams) as shown in figure lead to a non-terminating expansion of H.

Figure 1.10.: Schematic example of the non-terminating BCH expansion using diagrams.
Note the indirect connection of fragments to V' via other fragments.

This introduces the necessity for a proper termination scheme for the similarity-transformed

Hamiltonian for Unitary Coupled Cluster.

1.10. Bernoulli expansion for UCC

An alternative to the BCH expansion in equation[I.123|is the parametrization of the similarity-
transformed UCC Hamiltonian H using Bernoulli numbers. Introduced by Liu et al.©1%2 the
Bernoulli-UCC scheme (referred to as simply UCC in this work) includes the Fock part of
the Hamiltonian F only in the ordinary commutator and not in the nested expressions, un-
like the normal BCH-UCC*, Furthermore, an iterative rule to generate H using Bernoulli
numbers is introduced. A short overview of Bernoulli-UCC is given in the following.

At first, the definition of the so-called superoperator (denoted with a double hat) is useful. It

is defined by its effect on an arbitrary operator,

pa = [a,fl, (1.124)
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which simply acts as the commutator when applied to another operator. Following definition

1.124, H of equation [1.121|is alternatively formulated as
H = ¢H, (1.125)

which is equal to the BCH formulation of equation [I.123] The Hamiltonian can now be

separated using the superoperator,

— 2 A

H = F+eV = F+XBG)6F +eV, (1.126)

with the polynomial function X being the exponential Taylor series where the power of the

argument is lowered by one order,

Q>

X(6) = 1+ +é§2+.... (1.127)

0| =

The inverse of this function, X ~'(6), is represented as®!

X76) = 1+ ) B3 (1.128)

n>0
where B, constitute the Bernoulli numbers

B,=--, B,=—, B,=0, B, = —, ... (1.129)

Plugging in the inverse function X ~1(§) into the separated Hamiltonian of equation |1.126

leads to the expression

F+ X 15)eV. (1.130)

Q»

X 'G)[H - F] =

Inserting the definition of X ~1(6) from equation yields the iterative rule for the gener-
ation of the UCC similarity-transformed Hamiltonian using Bernoulli numbers as expansion
coefficients™s,

+V

F+ X760V - ) B,
n>0

M

H =
— 1.131
n ) ( )

<
Il

S>>
(o P
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As equation|1.131{shows, the iterative generation of H includes F only in the very first term

which is a singly nested commutator.

Non-diagonal and Rest part of an operator

To be able to apply the iterative rule to generate H, it is necessary to introduce a charac-
terization scheme for the operators that are involved in the expansion of the Hamiltonian.

Consider a general operator & which can be split into two parts®!,
@ =y = ay + ay, (1.132)

where the subscript "O" refers to the ordinary (full) expression of the operator, "N" refers
to the non-diagonal part of the operator which includes all excitations and de-excitations
and "R" represents the rest part that remains when excluding the non-diagonal part from the
full operator. Using diagrams, this partition can be directly understood: The non-diagonal
part of an operator or a product of operators always constitutes a diagram with only creators
or only annihilators, that is, only open fermion lines above or below the vertices. Since in
a UCCSD scheme (UCC2 and UCC3) the amplitude equations (I.122) have to be fulfilled
for singles and doubles, non-diagonal contributions may have the excitation levels -2, -1,
1 or 2. For a UCCSDT scheme such as UCC4, however, the additional triples amplitudes
introduce contributions with an excitation level of -3 and 3 in the non-diagonal part (see
figure [[.T1)). All other contributions, that is, products of operators whose diagrammatic
representation include both, creators and annihilators, or do exceed the demanded excitation
level, are collected in the rest part. With this definition, the generating function for the UCC

amplitude equations may now be rewritten as
(D, | H|D,) = (D;|Vy|D,), (1.133)
assuming a block-diagonal Fock operator,

(®,|Fy|®,) = 0. (1.134)
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excitation class: -2

UCC2, UCC3, UCC4: non-diagonal part |

excitation class: +3
UCC2, UCC3: rest part
L UCC4: non-diagonal part

excitation class: -1

UCC2, UCC3, UCC4: rest part

Figure 1.11.: Examples for the "N" and "R" parts in different UCCn schemes.

Equations[I.133]and[T.134]may now be applied to the iterative rule to generate the fluctuation

potential V in equation (1.131}

(1.135)

which allows to construct H by including only the rest part of the fluctuation potential V

with an initial statement of 17150) = I7R61. The full expressions up to the quadruply nested
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commutator for H are thus evaluated as©263

1, = F+V

H, = [F,8] +%[I7,8]+ %[AR,&]

i, = %[[V 6161+ 511761, &]+5[WR,&]R,6]

Ay = [V 61,810 621 + 2 [V 61061161+ 11V 610811062
214[[[1/ 811081:61 = 5111V 61,61, 61

a, = 116[[[[VR,61R,&]R,G]R,G]+%[[[W,61R,&]R, 811080 + —[[11Vy-81, 61,811 61
418[[[[V &1 61, 614061 — %[[[[VR, &1 81, 615,61 — 131—4[[[%,&],61,@, 51,5]

= A1V 615812 61.81 = <[V 61,8110 61,61 = 5[V 61,61, 61,6)

(1.136)
where the subscript gives the level of commutator nesting. These nested commutator expres-
sions may now be used together with a suited truncation scheme for the generation of UCC
working equations.

Throughout this work, the common truncation scheme that is applied to the similarity- trans-
formed UCC Hamiltonian is labelled as UCCn. In such a UCCn scheme, in similarity to an
ADC(n) scheme, the UCC working equations are truncated after a certain order in pertur-
bation theory n. To this end, UCC amplitudes are attributed with the perturbation order of
the corresponding MP expressions: ¢, being a first order property, o, and o5 being second
order properties etc., ' and D fragments constitute zeroth-order properties and V' fragments
constitute a first-order property. Another example for a practical truncation scheme would

be the evaluation of a certain number of nested commutators, as it is done for qUCCSD®263,

Intermediate state representation for UCC

As for ADC, an intermediate state approach can be applied to UCC=%>! to establish a for-

malism to describe excited-state wavefunctions. In this ISR-UCC formulation, excitation
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operators as given in[I.106|are applied to the UCC ground state wavefunction of [I.116]
1¥,) = e°C, |D,) (1.137)
Secular matrix expressions can then be directly evaluated as

(P, H|P,) = (@y|Cle P He C)| D) = (D,|H|D,). (1.138)

Since both, ADC and UCC follow a Cl-like parametrization for the construction of excited
states, the sets of intermediate states for both methods { |‘ZI’ 7))} and { |P) s} are connected via

a unitary transformation UV ag
(P,|?,) = U,,. (1.139)

This establishes the same order relations in UCCrn secular matrices as in the correspond-
ing ADC(n) scheme. Applying the Baker-Campbell-Hausdorff expansion to the similarity-

transformed expression of an arbitrary one-particle operator D as
D = e?De® = D+[D,6]+ 211[[13, 61,61+ ... (1.140)
allows for the calculation of the UCC ground state density as
Dy = (®@y|D|Dy), (1.141)
ground- to excited states moments as
F; = (0,|D]®y), (1.142)

and state-to-state moments as well as excited state properties as

B, +5IJD0 = <CDI|D|CDJ>' (1.143)
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Section[C]in the appendix includes UCC equations that were computed and used in the scope

of this work.

1.11. CC, ADC and UCC: A short comparison

This last section of the theory part gives a short comparison of the electronic structure meth-
ods used throughout this work, namely Coupled Cluster, the Algebraic Diagrammatic Con-
struction scheme and Unitary Coupled Cluster.

Starting with the underlying ground state: For CC, the iterated amplitudes also introduce an
iterated description of the ground state. For CCSD, the ground state furthermore includes
explicit singles contributions of the form (ij||ab) tl‘.‘tj? 15 These are not present in the non-
iterative ground-state descriptions of Mgller-Plesset up to the fifth order, as for an ADCn
calculation, the MPn ground state is used as a starting point. Unitary Coupled Cluster, on
the other hand, combines the iterative nature of cluster amplitudes with the perturbative order
relations for the energy expression: The UCC ground-state energy corresponds to the MP
expression up to third order, additionally including the advantage of an iterative amplitude
description as in ordinary CC.

For the calculation of excited states and properties, however, the non-Hermitian formulation
of the similarity-transformed CC Hamiltonian (eq. leads to a significant drawback:
The bi-orthogonality of the EOM-CC secular matrix with separate left- and right-hand-side
eigenvalue problems that need to be solved (see eq. [I.144]to the left). This is not the case
for Hermitian ADC and UCC matrices (see eq. [[.144]to the right), facilitating the evaluation
of secular matrices of any kind. Again, the similarity between ADC and UCC (eq.
shall be noted, for the calculation of electronically excited states, the secular matrices of the
second- and third-order schemes show the same term structure®!, with the difference of an

iterative nature for UCC amplitudes.

EO HOS HOD EO 0 0
Mce =10 Hgs Hgy Mipcjuce =0 Mgs Mg, (1.144)
0 HDS HDD O MDS MDD
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The computational cost for the second-order schemes ADC(2) and UCC2 is identical with
O(N?®), N being the number of basis functions. For the third-order schemes ADC(3) and
UCC3 as well as the extended second-order schemes ADC(2)-x and UCC2-x this is, as for
CCSD schemes, O(N°®). Notably, UCC calculations are slightly more expensive due to the
additional iteration of the amplitudes.

As a summary, UCC may be characterized as a suitable mélange of both CC and ADC, in-
heriting the iterative amplitude description from CC as well as the Hermiticity from ADC as

big advantages to be combined in one single method.
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2. The Algebraic Diagrammatic
Construction scheme for the
two-hole and two-particle

propagators

[Tonizations and electron attachments are among the most investigated processes in a whole
variety of fields of physics, chemistry and biology. For instance, the ionization of electrons
from a species constitutes one of the most fundamental light-matter interactions. A promi-
nent example for the ionization of two electrons is represented by the Auger effect® (figure
[2.1): Upon high-energy radiation, a first ionization is followed by a recombination and sec-
ond ionization, both of lower energy as the initial electron to be removed. A theoretical
approach would enable the prediction of this kind of spectra.

In this section, an implementation and benchmark of the Algebraic Diagrammatic Construc-
tion scheme for the two-hole propagator’®®? is presented. As has been already shown be-
fore, the application of the ADC scheme for the calculation of electronically excited (PP)
statesHHHH24L0Y 49 well as ionized (IP)?22%2!' and attached (EA) states'™® has proven to be
very successfully and is competitive to EOM-CC or other state-of-the-art electronic structure
methods. An efficient implementation for the two-hole propagator in the ADC framework
does not only complement this family of methods, but further introduces a novel method for

the calculation of doubly-ionized and double electronically-attached states within the quan-

tum chemistry software Q-Chem"".

« Parts of this chapter were already explicated briefly in:
S. M. Thielen. Implementation of the Algebraic Diagrammatic Construction scheme for the two-hole prop-
agator to study double ionization, master thesis, Hiedelberg, 2018. (97)
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2.1. THEORY

Figure 2.1.: Schematic depiction of the Auger Effect. Taken from®”.

2.1. Theory

As has been already outlined in the theory chapter for the Algebraic Diagrammatic Con-
struction scheme, the starting point for the calculation of doubly-ionized as well as double
electronically-attached states is the spectral (or Lehmann’®) representation of the Green’s

function of the two-hole propagator (see eq. [I.95),

(PN a,a, |PN2?) (PN aal W)
N _ I’N+2 ;
o+ E] —E " +in
(W) ala; [WN-2) (¥N2| 4,6, YY)
a)—EéV+Er’lV‘2—i17 ’

Hij,kl(a)) = Z

neN+2

>

neN-2

(2.1)

where the upper line of equation corresponds to the double electron attachment spanned
by states with a surplus of two electrons |‘I‘flV *2) and the lower line to doubly-ionized states
spanned by states with two less electrons |TnN ~2). The corresponding set of second-quantized
operators which create the intermediate states in an ISR approach are thus

{CPIPYy = (a4,4,d%4,4,a,...;i < j < k) (2.2)

j FEIEEEE)
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2.1. THEORY

for double ionization (DIP) as well as

,atatata,,..;a< b<cl (2.3)

c I

for double electron attachment (DEA), respectively. Figure [2.2] gives a qualitative under-
standing of these excitation classes using the example of double ionization: While the "sin-
gles" configuration (two hole-configuration) represents the actual double ionization, the "dou-
bles" configuration (particle/three hole-configuration) may be understood as an additional
excitation after the double ionization. This is the case for all ADC schemes, after the base
propagator (2h for DIP, 2p for DEA), higher-order configurations are created by additional
electron excitations. Therefore, in a fourth-order DIP scheme, the "triples" configurations

would be represented by a 2p/4h space.

E

0 2h configurations p3h configurations

vir a

occ i | . ?

ionization ¢ . |

occ j T | T ¢ |

occ k ><

Figure 2.2.: Molecular orbital diagrams to illustrate double ionization: The 2h propagator
removes two electrons from the occupied space, the p3h propagator includes an
additional electron excitation.

Although it seems to be obvious that DIP/DEA-ADC are closely related to IP/EA-ADC due
to the same physical processes happening (namely electron removal as well as electron at-
tachment for a given system), the algebraic structure of DIP-ADC as well as DEA-ADC is

very closely related to the electron number preserving PP-ADC scheme for excited states.
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2.1. THEORY

This can be explained by the same number of second-quantized operators used to create the
manifolds of excited states. For PP as well as DIP and DEA, the number of creation and
annihilation operators is even, i. €. two for the singles space, four for the doubles space and
so on. This is also the reason why spin-pure configurations for DIP and DEA, just like for
PP, have singlet, triplet, quintet etc. character. For IP and EA, the number of creators and
annihilators is odd: One for the singles part, three for the doubles part and so on. This, on
the other hand, leads to doublet, quartet etc. spin-pure configurations. Furthermore, DIP and
DEA schemes for ADC do include, just as PP-ADC, a first-order description, which is not
present in IP/EA-ADC*®,

This work features DIP-ADC and DEA-ADC schemes up to third order in perturbation the-
ory. Figure[2.3|gives, with the example of DIP-ADC, an overview of the five distinct matrices
that constitute each of the individual schemes. Thereby, the ADC(0) scheme is also included,
although the eigenenergies of this scheme are simply the differences of the Hartree-Fock or-
bital energies €, the reason being that this particular scheme is also called Delta-Hartree-Fock
(AHF). The first, second and third order schemes follow the strict order relations for the per-
turbative treatment of the ADC matrix blocks”®. As an ad-hoc extension of the second-order
scheme, ADC(2)-x introduces a first-order treatment to the doubles/doubles block.

A very elegant way to determine the order relations of the different ADC blocks is achieved
by re-writing the general ADC eigenvalue problem,

Mgs Mgp | |vs Us

= w , (2.4)
Mps Mpp) |vp Up

in a way to substitute the contribution of the doubles part of the ADC vector into the singles
parts,

-1

Lowest contributions to the diagonal blocks Mgy and M, are of zeroth order, while for
the coupling blocks M, and M, they are of first order. Taking ADC(2) as an example,
the Mg block has to be evaluated in second order to account for an overall second order
scheme.

For DIP-ADC, the general form of the secular matrix of equation[2.4] with the corresponding
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2.1. THEORY

2h p3h
2h
&| 0-2 1
Y 0 DIP - ADC(0)
2h -
5] 1 0
&| 0-1 DIP - ADC(1)
DIP - ADC(2)
2h p3h 2h p3h
S| 0-2 1 & 0-3 1-2
~ e
] 1 0-1 9| 1-2 0-1
DIP - ADC(2)-x DIP - ADC(3)

Figure 2.3.: DIP-ADC matrices from zeroth order (AHF) up to third order with the second-
order ad-hoc expansion scheme (2)-x.

labellings is given as

Mij,kl Mij,klma _ {<lPij| ﬁ - EO |Tk1>} {<lPij| PI - EO |Tk1ma>} (2 6)
Mijka,lm Mijka,lmnb {<\Pijka| ﬁ - Eo |\le>} {<lpijka| ﬁ - Eo |Tlmnb>}
and for DEA-ADC as
Mab,cd Mab,icde _ {<Tab| IA{ - EO |\Pcd>} {<\Pab| FI - EO |‘Picde>} (2 7)

Miabc,de Miabc,ja'ef {<lPiabc| IA{ - EO |\Pde>} {<lPiabc| PI - EO |\deef>}'

The DIP-ADC as well as DEA-ADC working equations will be presented in the following
chapters. Furthermore, the configuration state functions (CSF) for doubly-ionized and dou-

ble electronically-attached states, which are necessary for the computation, are introduced.
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2.2. GENERAL CONSIDERATIONS FOR THE MATRIX-VECTOR PRODUCTS

2.2. General considerations for the matrix-vector

products

To enable an iterative treatment for the eigenvalue problem of the ADC matrix, the individual
matrix contributions are rewritten as matrix-vector products with the corresponding ADC
vectors. For example, the matrix-vector product of the 2h-2h part of the DIP-ADC matrix
with the 2h part of the ADC vector reads

ry = D My Oy (2.8)
k.l
k<l
Sum restrictions are needed here to make sure that all contributions are only included uniquely,
that is, not faulty more terms than physically correct are included. However, the mathemati-
cal treatment imposes some issues regarding the index restrictions which occur for all occu-
pied indices (asineq. [2.8] i < j < k...) as well as for all virtual indices (a < b < c...). Lifting
of these sum restrictions is a requirement to use computationally efficient tensor algebra for

the calculations®:

1 1
DI DIRID g DI 2.9)
Y ij

ijab ijab
i<j i<j.a<b

As can be seen in equation[2.9] the overcounting of matrix elements needs to be compensated
by a suited prefactor, which is for the lifting of n, occupied as well as n,, virtual restrictions
equal to (n,! - n,!).

Furthermore, the antisymmetric character of the ADC vector (which is a fermionic wave-
function, see eq. needs to be considered, this is also inherited by the ADC matrix. The
2h vector, for example, suffices the antisymmetric relation v;; = —v;;. Applying this now to

the 2h as well as the p3h vector leads to the fully antisymmetrized forms

(Uijka — Ujigg + U

ij _Uji> > Vijka =

—~
hi

jkia — ﬁkjia + 5kija - ﬁikja) . (2~10)

Sl-
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2.3. DIP-ADC WORKING EQUATIONS

where a prefactor was introduced to ensure that the vector norm is conserved. This relates

now the unsymmetrized form of the vector & and its fully antisymmetrized counterpart v as®

Dol = 215,17 D val® = 6D 15,1 (2.11)
ij ij

ijka ijka

and balances the overcounting due to the sum restriction lifting. For a general ADC vector,

this full antisymmetrization takes the form

1 i
Vg = ), £ &, Dy (2.12)

Nob =N paypea

where I = {i,j,k,...}, |I| = N,and A = {a,b,c,...}, |A| = N, are the sets and numbers
of occupied and virtual indices in the ADC vector, respectively. P produces all permutations
for the underlying set of indices. € represents the N-dimensional Levi-Civita symbol.

The antisymmetrizaion of the ADC vectors has another very helpful aspect: It avoids the
introduction of redundant vector elements, as they would occur due to the lifted sum restric-
tions, for example the i = j case for the 2h vector. As can be readily seen in equation[2.10} for
this particular case v;; = 0, — 0;; = 0 and thus vanishes, which is true for all antisymmetrized

ADC vectors in every ADC scheme.

2.3. DIP-ADC working equations

2.3.1. Matrix equations

In the following, the equations for the DIP-ADC secular matrix up to extended second order
are given. Equations were taken from the original publication of Jochen Schirmer et al.”®

and reformulated in the common formalism used in this work.
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2.3. DIP-ADC WORKING EQUATIONS

« Diagonal matrices of orbital energies for the singles/singles (2h/2h) and doubles/doubles

(p3h/p3h) blocks:

K, .. = ¢€+e¢€;
o ’ (2.13)
Kijkaijka = €+ €+ € —€,
« Interaction matrices for the singles/singles block in first and second order:
o _ .
Cij,kl - = <l.]||kl>
c® Z s (ab||km) (ab||im) " (ab||km) (ab||im)
ikl 4 & "\ e, +¢,—¢—c¢, €, +e,—€ —¢€,
(abllkm) (abl|jm) _ (abllkm){abl|jm)
abm €, +e€,—€ —¢, €,+€,—€ —¢€,
(abl\/m) (abl|im) , (abl|im)ab]im) 2.14)
abm €, te, —€ —¢€, €, te,—€ —¢€,
_Lgr 5, (Labllim) Gablljm)  (ablim) {abl|jm)
4abm o €, +t€,—€ —¢, €a+€b—€,—€m
1 (abl|kl) {abllij)  (abllkl)(abllij)
464\ €, +€,—€ —¢ €a+€b—€k—€,

« Interaction matrices for the singles/doubles (2h/p3h) as well as the doubles/singles (p3h/2h)

coupling blocks in first order:

Clitima = = Ou (Jalllm) = &,,, (jallkl) = 5, jal|mk)
+ 6, ial|lm) + 6,, (ial|kl) + 6, (ia||mk)

o (2.15)
Clivaim = — 8 (malljk) = 5 (mallij) = 8, {mal| ki)

+ 6, (lal|jk) + 6, (lallij) + b, lal|ki)
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2.3. DIP-ADC WORKING EQUATIONS

e Interaction matrix for the doubles/doubles block in first order:

Cl = = 8,0, (jkllmn) — 8,8, (jkl|nl) — 6,8, (jk||Im)

ijka,/mnb

— 005 (Jillmn) = 6,46, (kil|nl) = 6,,6;, (ki||Im)
= 6,04 (ijl|lmn) — 0460 km (ijlInl) — 04pOkn (ij||[lm)
+ 6,0y (billal) + 6,0y, (bil|an) + 6;,6,, (bi||lam)
+ 6im5jn (bk||al) + 5i,6jm (bk||an) + 6i,(5jn (bk||am)

- 5im5kn (bj||al) - 5i15km (bj| |an> - 5i15kn <bj| |am)

2.3.2. DIP-ADC matrix vector products

(2.16)

This section introduces the matrix-vector products for DIP-ADC up to third order as im-

plemented in Q-Chem?Y. All third-order equations were generated using an automated code

generator developed by J. Leitner et al. which was previously applied to the formulation of

PP-ADC(4) equations®?,

MYVP for the singles (2h) part

e General form:

Fij = Z M;j 1 Uy + 2 M tima Vkima
kl

klm,a

__ 5500 SS(1)
= rij +rl.j

500

+r

SS(Q2) SS@3) SD(1)
+ rii + I + I

« Zeroth-order singles-singles (2h/2h) block:

SS(0 1 _
T O = Epij[_;fikvkj_;fjkvik]

« First order singles-singles block:

ssy _ 11 ..
rjj - EPZJ I:E;(l.]”kl> Ukl]

56

(2.17)

(2.18)

(2.19)



2.3. DIP-ADC WORKING EQUATIONS

« Second order singles-singles block:

rij(z) _ [ QZI,kU,k = Zt“”Z(klllab) Uyl

ab (2.20)

- < Y Gijllab) Yt |
ab kil

with the intermediate I;; defined as

I, = 173;[ 3 (jkllab)] 2.21)

4 k,ab

« Third order singles-singles block:

ssa _ 1,1 3)
e = 3P [EZMIJMUM] (2.22)

1

with the intermediate M l( Ll

« First order singles-doubles (2h/p3h) block:

as given in the appendix (eq. |A.1)).

PSP [\/— Z(kl”za) ujk,a] (2.23)

kl,a

« Second order singles-doubles block:

r;j.D(z) = [ 2 (ijl1kb) 2 e Okima

Im,a

(2.24)
+2\/—Z<1m||lb)2tkm Oikla = Z(m”bc)Ztkl jk,a]
Im.b abe
MYVP for the doubles (p3h) part
 General form:
Fiika = Z ijkaim Vim t Z Mo imnb Uimnb
lmn,b (2.25)
= DD 423014000 4 00
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2.4. DEA-ADC WORKING EQUATIONS

« First order doubles-singles (p3h/2h) block:
1_ ..
s = o[- z] (ijllla) v, | (2.26)

 Second order doubles-singles block:

3
rifa@ = épi;k [% Z tﬁ’jc Z (lal|bc) vy,
/3 e (2.27)
3
+ 52 Y (imllkb) v, - 2v3 31 (im]|jb) uk,]
b Im m,b !

« Zeroth-order doubles-doubles (p3h/p3h) block:

0 1.
”3;3.( ) = gpijk [ ; SabVijin — ZI‘, Siijka — Z, FitVitka = ZI: fklvijla] (2.28)

e First order doubles-doubles block:

1 [3w,. .
oo = Lo [5 ,Z Gk|lim) v, —3 12; (ibl|la) ujk,b] (2.29)

2.4. DEA-ADC working equations

2.4.1. Matrix equations

The matrix equations for DEA-ADC may be generated using the DIP-ADC ones by exchang-
ing the occupied and virtual configuration spaces and adjusting the prefactor’. Both sets of

equations are linked by the transformation relations compiled in table 2.1}

Table 2.1.: Connection of DIP and DEA equations for ADC”,

DEA-ADC < DIP-ADC

Kab,ab < -K
« -K

ij,ij
ijka,i{lﬁ;z
T %ijka Cij,ka

o ch

ab,cdei ij,klma

C
1)

Cabci,defj < _Cijka,lmnb

abci,abci
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2.4. DEA-ADC WORKING EQUATIONS

2.4.2. DEA-ADC matrix vector product

This section introduces the matrix-vector products for DEA-ADC up to third order as im-

plemented in Q-Chem?Y, All third-order equations were generated using an automated code

generator developed by J. Leitner et al. which was previously applied to the formulation of

PP-ADC(4) equations®

MYVP for the singles (2p) part

e General form:

Fop = Z ab,cd Ucd + Z ab,icde 1cde

i,cde

S5O 4 S5 SS2)

> SS@3) + rSD(l) + rSD(Z)

=r tr, *tr,

« Zeroth-order singles-singles (2p/2p) block:

rfl:g(()) = [Z ac cb+2fbc ac]

« First order singles-singles block:
SS(1) 1,_11
ro = EP“”[E Z (abl|cd) Ucd]
cd
» Second order singles-singles block:
1 .
rf[f@) = 3 ab[ 22 gz Z<1J||cd>ucd
ij cd
-3 Z (ij||ab) Zd tjj‘.’ucd]
ij c

with the intermediate I, defined as

= 1Pu[ X e dislive) |

ij,c
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2.4. DEA-ADC WORKING EQUATIONS

e Third order singles-singles block:

ss@ _ L, 1 3)
Fab - Epab[EZMab,chCd] (2.35)

cd

with the intermediate M‘Ez?c , as given in the appendix (equation |A.2).

« First order singles-doubles (2p/3ph) block:

5200 _ _pab[\/_ Y (ialled) u,bcd] (2.36)

i,ed

« Second order singles-doubles block:

1
rff(Z) _ 1 [ Z(;dllab)zt Vicde

i,ce

\/_ (2.37)
+2V3Y v 2 Gellber sy = 5= X kllia) e
icd ijk
MYVP for the doubles (3ph) part
 General form:
Figbe = Z Miabc,de Ude + Z Miabc,jdef Ujdef
de judef (2.38)
_ /DS  .DS@) , .DDO) DD
= Tiabe +r Fiabe + Fiabe + Fiabe
« First order doubles-singles (3ph/2p) block:
o = 2 [ -3 33 tidllab) v (2.39)
« Second order doubles-singles block:
L, [~V3 -
I Zr > Gikllid) vy,
‘ (2.40)

g % T unlder s, ~2V5 2 5 T el 00
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2.5. CONFIGURATION STATE FUNCTIONS FOR N + 2 DETERMINANTS

« Zeroth-order doubles-doubles (3ph/3ph) block:

DD 1,._
riabc( ) = gpabc [ Z fadvidbc + Z fbdviadc + Z fcdviabd - Z fijUjabc] (241)
d d d ;
e First order doubles-doubles block:

113 i
rgfc(U — gpabc [5 ; (bellde) v, y, — 3 jzd (id||ja) Ujbcd] (2.42)

2.5. Configuration state functions for N +2

determinants

The proper setup for the calculation of doubly-ionized as well as double electronically-
attached states includes the formulation of the corresponding configuration state functions
(CSF). These functions represent a proper linear combination of single Slater determinants,
which then form spin-pure eigenfunctions of $2 and S‘Z for singlet states, triplet states etc. (in
the case of IP and EA, doublets, quartets etc.). Coefficients in the linear expansion of these
CSF are the so-called Clebsch-Gordan coefficients®'1% which can be utilized to couple differ-
ent systems with angular momenta in quantum mechanics. A general approach to formulate
these CSF is presented, for example, in Helgaker’s Molecular Electronic-Structure Theory
book with the so-called genealogical coupling scheme“®. This scheme uses the fundamen-
tal doublet operators {&Z, &;} and {a,, —a,} (which arise from the commutator relations for
creators and annihilators) to iteratively construct a CSF by successively coupling these to-
gether. This allows for the construction of arbitrary n-electron configurations starting from
a closed-shell ground state wavefunction. However, this work will introduce a slightly dif-
ferent approach to form the CSF.

As has been depicted in figure [2.2] the p3h propagator may be understood as a double ion-
ization in combination with an electron excitation (the same holds for the 3ph propagator in

double attachment). Therefore, the underlying CSF for the 2h (2p) part as well as the ph part
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2.5. CONFIGURATION STATE FUNCTIONS FOR N + 2 DETERMINANTS

from PP-ADC may be used as a basis to construct p3h (3ph) states by forming the suited
linear combinations as tensor products’!, In the following, these are given and combined to
spin-pure CSF for singlet and triplet p3h (3ph) state functions.

For the setup of restricted calculations, only singlet and triplet states with mg = 0 are con-
sidered and are presented in the following. The necessary mg # O triplet functions that are
needed to construct these are also given. A short-hand notation for the action of the cre-
ation and annihilation operators onto the closed-shell ground state is introduced. Take as an

example the following expression:
a) 4,5 | o) = |a,b;) (2.43)

which would create an « (spin-up) electron in the virtual spin orbital @ and remove a f (spin-
down) electron in the occupied spin orbital i. The red highlighted functions represent those
needed for restricted calculations of singlet and triplet states.

It should be noted at this point that changing the total sign of a CSF does not alter the cal-
culation outcome since the overall factor of -1 introduced in the wavefunction does not have
an impact on the computed eigenvalues whatsoever. However, the relative signs between
the different spin configurations (spin blocks) is of crucial importance since they determine

whether a state is of singlet or triplet (quintet etc.) character.

Particle-hole functions

Needed in the construction of p3h (DIP) as well as 3ph (DEA) configuration state functions.

« Singlet configuration:

1

|Sia> = —= |aiaa>+ |ﬁ1ﬂa> (2'44)
\5( )

« Triplet configurations:

|71,}1> = _lﬂiaa>
1

T = —= (lya,) = 18 2.45
\/5( ) (2.45)

IT,") = laB,)
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2.5. CONFIGURATION STATE FUNCTIONS FOR N + 2 DETERMINANTS

2.5.1. N -2 configuration state functions for double ionization

Two-hole functions

« Singlet configurations, the first one represents double ionization from the same orbital:

1S:) = laBy)
1 (2.46)
|Sij> = %( |ﬂiaj> - |aiﬁj>>
« Triplet configurations:
7)) = 186)
1
|T,0> = —F |aiﬁj>+|ﬁiaj> 2.47
j \/5< ) (2.47)
|le_1> = |aiaj>

Particle-three hole functions

« Singlet configurations, the first one includes double ionization from the same orbital:

1Sia) = 18:) @ 15,,)
1

= — |alﬂ,ﬂjﬁa> - |ﬂiaiajaa
\/5< )

|S~([)> = |Sij>® |Ska>

ijka

iija>

= S(1Be @) + Bapis) + lebaa) + @b b)) ag)

1 _ _
SUDy = \—@( TH®IT) ~ 1T & ITL) +1T;) ® ITL,) )
1
= —— (218,08 ~2lapa,)
24/3

~ aBjaa) + 1apfB,) - |Baaa) + 160,86, )

63



2.5. CONFIGURATION STATE FUNCTIONS FOR N + 2 DETERMINANTS

« Triplet configurations, the first one includes double ionization from the same orbital:

|T,(,)ja> = |Sii> ® |Tﬁz>
1
= $< |(xiﬂiajaa) + |ﬂiaiﬂjﬁa> )

oy _ 0
T = 1S 1T,

ijka
1

= s(1Baaa) = 1Bab,) - lafaa) +laspp,) )

2
2.49
TYD) = T9) @ 15,,) (249
= S(laBaa) +1afp8) + haaa) + bbb,
1 _ _
Tl = Fmyemy - e, )
1
- \—5( BB @B + e fa,) )
« Quintet configuration:
1
100, = \—f( ITH®IT) +21T) @ IT) +1T;) @ ITL) )
6
2 /1 1
= \@ (518808, - 5 e pa,) (250

+ |aiﬂjakaa> - |aiﬁjﬁkﬂa> + |ﬂ[ajakaa> - |ﬁiajﬁkﬂa> )

2.5.2. N + 2 configuration state functions for double

attachment

Two-particle functions

« Singlet configurations, the first one represents double attachment in the same orbital:

[Sa) = @)

15.) = %( 1B}~ lafy) )

(2.51)
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« Triplet configurations:

IT,) = |a,a,)

ITO) = L<I%lh,>+lﬁaovb>> (2.52)
V2

|Ta_bl = |ﬁaﬁb>

Three particle-hole functions

« Singlet configurations, the first one includes double attachment in the same orbital:

|Siabb> = |Sm> ® |Sbb>

1
= $< |l 0, 8,) — | B, B, Byexy) )

ST Y = [S,) ® 1S,

iabc
= l( |aiaaﬂbac> - |aiaaabﬂc> + |ﬂiﬁaﬂbac> - |ﬂiﬂaabﬂc> ) (253)

2
1 _ _
su = —=(Imh eI - 1T @ 1Ty + 1T, @ 1T},) )
V3
1
= —= <2 |aiﬂaabac> -2 |ﬂiaaﬂbﬂc>
24/3

— laa,@, ) + I, y) = BB .B.) + 1B BB )

« Triplet configurations, the first one includes double attachment in the same orbital:

|Ti(n)1hb> = |T12> ® [Sp)

1
= %( |aiaaabﬂb> + |ﬂiﬁaﬁbab> )

IT)DY = T2 ® [S,.)

iabc
= 2(laafia) - lwa,a,8) — 188550 + 185,26,

2
(2.54)
Ty = 1S ®IT;,
1
= 3 (la,@b) + la,pia) + 168,08 + 1B BB, )
1 _ -
T = —=(ITh ®IT) - 1TH ®1T.L) )
V2
1

\6< - 1Bapb) ~ la b))
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2.6. IMPLEMENTATION

« Quintet configuration:

10,0 = —=(ITh @) +21T) @ 1) + 1T, @ ITL) )
V6
2 (1 1
= \/; (5 |aiﬂaabac> - 5 |ﬂiaaﬂbﬂc> (2.55)

+ a2, + |0 a,ya) = 1BB.b) = ABB) )

2.6. Implementation

The implementation of DIP/DEA-ADC has been executed in the adcman program package
of Q-Chem 5.2°%, originally developed by M. Wormit et al. for excited state calculations in
the ADC framework™. Already existing infrastructure for PP-ADC and IP-ADC has been
used. All working equations, i. e. matrix-vector products, computational intermediates and
diagonals have been implemented in the 1ibadc program package, which has been developed
together with adcman to perform highly-efficient tensor algebra calculations. Therefore, the
syntax of the open-source C++ tensor library 1ibtensor®=!is applied for these computations.
All ADC calculations (also PP and IP) follow the same progression of steps. In general, the

four most important steps during an ADC calculation are in the order of their execution:
1. Loading of all prerequisites for the calculation
2. Setting up the correct symmetry for the tensor objects
3. Setting up the guess vectors and diagonals
4. Running the Davidson solver

In the following, each of the four steps will be explained in brevity.

Loading of prerequisites

Before the ADC calculation starts, the corresponding MP ground state calculation is per-

formed and used as a reference, that is, for ADC(2) and ADC(2)-x the MP2 ground state
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2.6. IMPLEMENTATION

and for ADC(3) the MP3 ground state. For the calculation of the ADC matrix-vector prod-
ucts and diagonals, tensor objects from the Mgller-Plesset (and Hartree-Fock) calculations
are needed, such as for example the antisymmetrized electron-repulsion integrals and the
MP amplitudes. Furthermore, for computational efficiency, intermediates have been pre-

computed and need to be loaded for the calculation.

Symmetry setup

A correct setup of the spin and permutational symmetry for the tensor objects is crucial for
a proper calculation. As for the spin, the configuration spaces of the 2h (2p) and p3h (3ph)
tensors may be split in different spin blocks. There are four spin blocks for the 2h (2p) case
and 16 for the p3h (3ph) case. For restricted calculations, only spin-pure singlet (S = 0)
and triplet (8 = 1) states with a projected spin quantum number of m¢ = 0 are considered,
meaning that the number of spin-up (@) and spin-down (f) states needs to be kept equal.
All allowed spin blocks are summarized in table [2.2] The six allowed spin blocks are then
mapped onto each other pairwise (as shown in eq. [2.56)), depending on the calculation type:
For a singlet calculation, the mapping coefficient is -1, whereas for a triplet calculation it is
+1. These mappings and their respective coefficients are important for the correct process-
ing of singlet and triplet calculations. The mapping coefficients equal the prefactors of the
respective spin blocks in the singlet and triplet configuration state functions (guess vectors)

for DIP-ADC and DEA-ADC, respectively (see in the previous section).

DIP spin block mappings: DEA spin block mappings:
+1/-1 +1/-1
af &= fa af < fa

+1/-1 +1/-1

aafa < ppap aaaf < pppa (2.56)
+1/-1 +1/-1

afaa = pfapp aafa = fpap
+1/-1 +1/-1

Paca = afpp affaer = papfp

Besides the spin symmetry, the correct permutational symmetry for tensor objects must be
further established. As mentioned before, the ADC vectors are antisymmetrized with respect

to index permutations to ensure an efficient computation.

67



2.6. IMPLEMENTATION

Table 2.2.: All spin blocks for the 2h and p3h configuration spaces of DIP-ADC (left) as
well as all spin blocks for the 2p and 3ph configuration spaces of DEA-ADC
(right). Note that occupied indices are before virtual ones.

2h configurations 2p configurations
spin block | mg | allowed? spin block | mg | allowed?
aa -1 no aa 1 no
ap 0 yes ap 0 yes
fa 0 yes fa 0 yes
pp 1 no pp -1 no
p3h configurations 3ph configurations
spin block | mg | allowed? spin block | mg | allowed?
aaaa -1 no aaaa 1 no
aaaf -2 no aaaf 0 yes
aafa 0 yes aafa 0 yes
afaa 0 yes afaa 0 yes
Paaa 0 yes Paaa 2 no
aafp -1 no aafp -1 no
afaf -1 no afaf -1 no
affa 1 no affa -1 no
paap -1 no Paap 1 no
pafa 1 no fafa 1 no
PPaa 1 no PPaa 1 no
appp 0 yes appp -2 no
papp 0 yes papp 0 yes
ppap 0 yes ppap 0 yes
pppa 2 no pppa 0 yes
pBpp 1 no pBpp -1 no

Guess vectors and diagonals

As a preliminary step to the calculation of double ionization/double electron attachment
energies, an estimated ADC vector (guess vector) needs to be set up for the solver. This
vector is constructed using the CSF for singlet or triplet states introduced in the previous
chapter, depending on the calculation. As a first guess on the energy, the diagonals of the

corresponding ADC matrix are computed as (with the example of DIP):

Dij,ij = 5ik5ﬂ Mij,kl’

(2.57)

Dijka,ijka = 6i15jm6kn6ab Mijka,lmnb'
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Singles (2h, 2p) guess vectors lie energetically lower than doubles (p3h, 3ph). If not specified
explicitly, the lowest-lying guess vectors are always chosen for a calculation. Therefore, the
guess vector setup is usually dominated by singles vectors that are expected to approach the

converged states the most.

Davidson solver

The Davidson solverl® is an iterative solver designed to determine the lowest-lying eigen-
states and eigenvalues of a diagonally-dominated matrix. This is done by diagonalizing not
the whole matrix at once, but rather subspaces at a time to build up a solution for the full
expression. Matrix-vector products (see in the previous section) are computed in every step
of the procedure. If, in two consecutive iteration steps, a certain threshold (for vector ampli-
tudes as well as energies) is undercut, the ADC vector is seen as converged and returned with

the corresponding energy. Figure[2.4schematically demonstrates this process. Although the

new
state vector

Singles/Singes ll: Singles

Singles/Doubles SS SD S

matrix blocks vector part
Doubles/Singes
Doubles/Doubles DS DD D Doubles
vector part

matrix blocks

—

apply
matrix-vector
product

Figure 2.4.: Conceptional scheme for the eigenvalue solver. Applicable to all ADC schemes
(PP, IP, EA, DIP, DEA).

Davidson procedure is very efficient in computing the lowest-lying eigenstates, it may get
difficult when asking for higher-lying states. A possible solution is, for example, introduced
by altering the matrix to be evaluated: For example by restricting the orbital spaces as it is

the case in the core-valence separation approach'V (see in chapter 3)).
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2.7. Benchmarking / Calculations for doubly-ionized
states

In this section, a benchmark study of DIP-ADC is presented. Benchmark data has been
generated for DIP-ADC(2), DIP-ADC(2)-x as well as DIP-ADC(3) and has been compared
to EOMDIP-CCSD"%>? as well as FCI data. For DIP-ADC(0) as well as DIP-ADC(1), single
values are shown as well and presented in the context of higher-order DIP-ADC(n) methods.

Calculations for DIP-ADC and EOMDIP-CCSD were performed using Q-Chem 5.2°Y,

2.7.1. Doubly-ionized states on a Full Cl level

The first small benchmark set includes singlet and triplet calculations for H,O, LiH and HF.
Geometries used for the calculations can be found in the appendix (section[A.2)), the 3-21G
basis set** was used to calculate doubly-ionized states. This set was applied by Velkov et
al.1% to compare DIP-ADC(2)-x data to FCI values. It has been expanded to second- as well
as third-order DIP-ADC values. Benchmark data is collected in table [2.4] and the energy
landscape for the hierarchy of DIP-ADC methods as well as EOMDIP-CCSD and FCI is
presented in figure[2.5|for the lowest-lying singlet and triplet states of the included species.
As figure 2.5 depicts, the hierarchy of ADC(n) methods shows a clear pattern for the calcu-
lation of double-ionization energies: ADC(0), which only includes the diagonal of orbital
energies, underestimates the energy in a very stark manner, ADC(1) clearly overestimates it.
Although the second-order scheme ADC(2) with its zeroth-order doubles/doubles diagonal
is still too low with respect to the FCI values, the extended scheme ADC(2)-x is capable of
approaching FCI values well, although with an underestimation. ADC(3) reproduces FCI
data pretty good and tends to lie slightly above the corresponding energies. The iterative
ground-state of EOM-CCSD as well as the higher-order terms"* lets this method perform
best with respect to FCI data.

This observation may be amended by the amount of doubles (p3h) wavefunction contri-
butions for the different methods. While the zeroth- and first order scheme completely
lack a doubles description, the second order scheme ADC(2) includes only a zeoth-order

parametrization of doubles amplitudes. The energetically lower-lying zeroth-order contribu-
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tions influence the energy eigenvalues, resulting in comparatively high amounts of doubles
amplitudes, lying about 30% or even higher. For the extended second-order scheme inherit-
ing a first-order description of the doubles/doubles space, the amount of doubles amplitudes
diminishes significantly to < 15%, for ADC(3) and EOM-CCSD even reducing further to

about 10%. An explanation for this trend may be in similarity to CVS-ADC for core excita-

55 A
50 1 /\
45 1
40
S
2,
3 35
30 -
25 - X H0 A
. x H20 3Bl
20 - : HF 1A
: % HF 33-
LiH 1z*
15 A

ADC(0) ADC(1) ADC(2) ADC(2)-x ADC(3) EOM-CCSD FCI
Method

Figure 2.5.: Double-ionization energies for the lowest-lying singlet and triplet states of table
2.4} given in the hierarchy of DIP-ADC methods.

tions'%*: The double ionization introduces a strong lack of electron density to the equilibrated

ground state, which produces a physically unfavourable configuration of the remaining di-
cation. As a result, orbital relaxation processes arise to counteract this. As the first-order
doubles/doubles block enables a proper description of these effects, the ADC(2)-x scheme is
the first to reproduce reasonable double-ionization energies. Interestingly, for the low-lying
I3+ state of LiH which represents a pure singles excitation (doubles amp. >1%), ADC(1)

already delivers a valid description (see figure[2.5).
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For the eight (seven for DIP-ADC(2)) singlet states in table [2.4] DIP-ADC(2) has an av-
erage deviation of -5.09 eV from the corresponding FCI value, DIP-ADC(2)-x deviates in
average -1.25 eV, DIP-ADC(3) 0.34 eV and EOMDIP-CCSD -0.09 eV; as for the five triplet
states, the average deviation for DIP-ADC(2) is -7.12 eV to FCI, for DIP-ADC(2)-x -2.01 eV,
for DIP-ADC(3) 0.54 eV and for EOMDIP-CCSD -0.15 eV; proving that the pure second-
order scheme does not deliver quantitatively exact results. DIP-ADC(3) values are in very
good agreement with EOMDIP-CCSD and FCI values. Generally, they tend to exceed the
corresponding FCI values slightly, an exception to this constitutes the last singlet state for
water (B1), which shows a remarkably high amount of doubles amplitudes and lies under
the corresponding FCI value. DIP-ADC(2)-x values, on the other hand, are also located in a
reasonable scope around these values, but tend to underestimate the double-ionization ener-
gies.

Taking the findings above, the next section presents a larger benchmark set of small and
medium-sized molecules for an extensive study of second-and third-order DIP-ADC meth-
ods in comparison to EOMDIP-CCSD. A detailed statistical analysis is provided for both,

doubly-ionized singlet as well as triplet states.
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2.7.2. Benchmark study on doubly-ionized states for small- to

medium-sized molecules

0'80
e,
o4
o
e

po X 1 %R

ig
<
2
v

Figure 2.6.: Jacquemins benchmark set®®. From top to bottom, left to right: Acetaldehyde,
acetylene, ammonia, carbonmonoxide, cyclopropene, diazomethane, dinitro-
gen, ethylene, formaldehyde, formamide, hydrogen chloride, hydrogen sulfide,
ketene, methanamine, nitrosomethane, streprocyanine, thioformaldehyde, wa-
ter.
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The second benchmark set used for the calculation of doubly-ionized states is the set of
small to medium-sized compounds introduced by Jacquemin et al.**. It features 18 molec-
ular species that are shown in figure the corresponding geometries that were used in
the calculations (which are optimized on a CC3/aug-cc-pVTZ level) can be found in the
appendix (section[A.3)). Calculations were performed for DIP-ADC(2), DIP-ADC(2)-x and
DIP-ADC(3) as well as EOMDIP-CCSD>®*? using Q-Chem 5.2. All doubly-ionized singlet

and triplet states were calculated using the aug-cc-pVTZ basis set“5>2.

Doubly-ionized singlet states

All benchmark data for the calculation of doubly-ionized singlet states for the set of Jacquemin
et al.** is collected in the appendix including a statistical evaluation for each molecule
and method used. Table [2.5] gives a statistical summary for the full benchmark set. Figure
[2.7|represents a spread-plot of all doubly-ionized singlet states that were computed. In figure
[2.8] as before, the trend of double ionization energies within the hierarchy of DIP-ADC(n)
methods is presented, featuring six examples. Figures[2.9)and [2.T1] visualize the distribution
of double-ionization energies relative to EOMDIP-CCSD and DIP-ADC(3), respectively.
In connection to these plots, figures [2.10| and [2.12] represent the corresponding histograms
for the energy deviations. Table [2.6| collects the mean amounts of doubles amplitudes for

doubly-ionized states of the different methods.

Table 2.5.: Statistical analysis for the doubly-ionized singlet states of Jacquemins benchmark
set. EOMDIP-CCSD and DIP-ADC(3) are chosen as reference.

EOMDIP-CCSD as reference

vs. DIP- Max | Min MSE MAE
ADC || States | [eV] | [eV] eVl | [%] eVl | %]
3) 72 [ 075 [-0.99 [-023+0.35 ] -07+0.9 |034+024] 09+0.6
(2)-x 72 | 07 | 222 [-131£029 | -3.6+09 | 131 £029 | 3.6+0.9
) 72 | -2.52 | -7.84 | -4.02 +1.31 | -10.8 £2.9 | 402+ 1.31 | 10.8 £2.9

DIP-ADC(3) as reference

vs. DIP- Max | Min MSE MAE
ADC || States | [eV] | [eV] eVl |  [%] eVl |  [%]
(2)-x 72 | 014 [-257 [ -1.08 £0.55 | -29+14 | 1.08+0.54 | 29+13
2 72 | -1.93|-859 | -379+ 157 | -102+3.5[3.79+1.57 [ 102+35
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Figure 2.7.: Spreadplot (energy @ vs. amount of doubles amplitudes V@) of all doubly-
ionized singlet states from tables[A.TO| [A.TT|and [A.T2] Ticks at both axes give
the range of the corresponding values. Horizontal lines give the mean V'® values
for each set of data points.
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Figure 2.8.: Double ionization energies for the lowest lying singlet states of tables|A.10]
and[A.T2|for some selected molecules, given in the hierarchy of DIP-ADC meth-
ods.
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Figure 2.9.: Spreadplot (energy difference Aw vs. difference in the amount of doubles am-
plitudes AV ®) of all doubly-ionized singlet states from tables and
relative to EOMDIP-CCSD.
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Figure 2.10.: Histogram for the energies of doubly-ionized singlet states from tables
[A.TT|and[A.T2] relative to EOMDIP-CCSD.
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Figure 2.11.: Spreadplot (energy difference Aw vs. difference in the amount of doubles am-
plitudes AV @) of all doubly-ionized singlet states from tables and
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Figure 2.12.: Histogram for the energies of doubly-ionized singlet states from tables
[A.TT|and[A.T2] relative to DIP-ADC(3).
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Table 2.6.: Mean amount of doubles amplitudes V' for all doubly-ionized singlet states in
the benchmark set.

Method || EOMDIP-CCSD | DIP-ADC(3) | DIP-ADC(2)-x | DIP-ADC(2)
4% 0.11 0.15 0.18 0.33

The spreadplot [2.7] as well as the deviation plots [2.9] and [2.11] show the clear trend that has
already been mentioned in the previous section: Double-ionization energies increase for the
second- to third-order methods consecutively, while the doubles contribution to the wave-
function reduces with higher order (see table [2.6). DIP-ADC(3) double-ionization energies
lie remarkably close to EOMDIP-CCSD ones, deviating by only -0.23 + 0.35 eV or (-0.7%)
in average. In contrast to that, for DIP-ADC(2), the range of relative deviation towards the
more precise methods is tremendous, as the mean deviations turn out to be -4.02 + 1.31 eV
(-10.8%) relative to EOMDIP-CCSD and -3.79 + 1.57 eV (-10.2%) relative to DIP-ADC(3).
This may be, as discussed before, due to the lack of a proper description of orbital relaxation
effects after the species is left in an unrelaxed doubly-ionized state. The extended second
order scheme DIP-ADC(2)-x proves to be consistent with the more precise third order and
CC method by presenting a narrow distribution in figures 2.9 and [2.11] however, underes-
timating double-ionization energies in average by -1.31 + 0.29 eV (-3.6%) in the case of
EOMDIP-CCSD and -1.08 + 0.55 eV (-2.9%) in the case of DIP-ADC(3).

A direct comparison of DIP-ADC(3) and EOMDIP-CCSD values for individual species (ta-
ble shows that the latter are lower in the vast majority of cases. Only for acetalde-
hyde, ammonia, formaldehyde, formamide and water, the maximum deviations take posi-
tive values. In the particular case of water, however, DIP-ADC(3) values do always exceed
EOMDIP-CCSD ones, making this a unique observation in the case of doubly-ionized states
of the underlying benchmark set. This is directly seen in the MAE value which is increased
by a factor of roughly 1.5, while the standard deviation is simultaneously decreased by the
same factor. Comparison of MSE and MAE values for the second- and extended second-
order schemes show that they always, with very few exceptions, lie under the corresponding

third-order and CC values.
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Doubly-ionized triplet states

As for the singlet states, all benchmark data for the calculation of doubly-ionized triplet states
for Jacquemins benchmark set is collected in the appendix, section[A.5] including a statistical
evaluation for each molecule and method used. Table[2.7|gives a statistical summary for the
full benchmark set. Figure [2.13|represents a spread-plot of all doubly-ionized triplet states
that were computed. In figure[2.14] as before, the trend of double-ionization energies within
the hierarchy of DIP-ADC(n) methods is presented, featuring six examples. Figures[2.15]and
[2.17] visualize the distribution of double-ionization energies relative to EOMDIP-CCSD and
DIP-ADC(3), respectively. In connection to these plots, figures [2.16| and [2.18|represent the
corresponding histograms for the energy deviations. Table[2.8|collects the mean amounts of

doubles amplitudes for doubly-ionized states of the different methods.

Table 2.7.: Statistical analysis for the doubly-ionized triplet states of Jacquemins benchmark
set. EOMDIP-CCSD and DIP-ADC(3) are chosen as reference.

EOMDIP-CCSD as reference

vs. DIP- Max | Min MSE MAE
ADC || States | [eV] | [eV] eVl | [%] eVl | [%]
3) 72 [ 0.88 [-2.05[-033+045[-09+1.0[045+034[1.1+0.8
(2)-x 72 | -0.69 | -2.55 | -1.47+036 | -39 0.9 | 1.47+ 036 | 3.9+ 0.9
) 68 |-1.95|-7.23 | -3.70+1.19 | 98 +2.7 | 370+ 1.19 | 9.8 +2.7

DIP-ADC(3) as reference

vs. DIP- Max | Min MSE MAE
ADC || States | [eV] | [eV] eVl | [%] eVl | (%]

(2)-x 72 [ 026 [-3.08[-1.14+0.60 | 3.0+ 14 [1.15+£058 [ 3.0+ 1.3

) 68 |-0.96|-7.96 | -3.37+1.46 | -9.0+£3.3 |3.37+£146 | 9.0+3.3

Table 2.8.: Mean amount of doubles amplitudes V'® for all doubly-ionized triplet states in
the benchmark set.

Method || EOMDIP-CCSD | DIP-ADC(3) | DIP-ADC(2)-x | DIP-ADC(2)
Ve 0.12 0.20 0.21 0.31
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Figure 2.13.:

Figure 2.14.:
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Spreadplot (energy @ vs. amount of doubles amplitudes V'®) of all doubly-
ionized triplet states from tables [A.T8] [A.19)and[A.20] Ticks at both axes give
the range of the corresponding values. Horizontal lines give the mean V'?
values for each set of data points.
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Double ionization energies for the lowest lying triplet states of tables
A.19| and [A.20] for some selected molecules, given in the hierarchy of DIP-
ADC methods.
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Figure 2.15.: Spreadplot (energy difference Aw vs. difference in the amount of doubles am-
plitudes AV@) of all doubly-ionized triplet states from tables and
relative to EOMDIP-CCSD.
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Figure 2.16.: Histogram for the energies of doubly-iononized triplet states from tables
[A.19]and [A.20)] relative to EOMDIP-CCSD.

82



2.7. BENCHMARKING / CALCULATIONS FOR DOUBLY-IONIZED STATES

| ¥ DIP-ADC(2)x
04071 , pipapc2) | * *
1
1
| .
A
0204 | A
1 X
1 L* A
1 A A A
0.10 1 1 N
g 0.05 gy Y. : N A
> 0.00 - X R Y
l é
-0.10 | :
Yy N
-0.20 1 | Y :
1 N
1 N
1 N
! 5
i 4
-0.40 r T T
0 1 2 -4 6 8
Aw [eV]

Figure 2.17.: Spreadplot (energy difference Aw vs. difference in the amount of doubles am-
plitudes AV@) of all doubly-iononized triplet states from tables
and@, relative to DIP-ADC(3).
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Figure 2.18.: Histogram for the energies of doubly-iononized triplet states from tables
[A.19and [A.20] relative to DIP-ADC(3).
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For doubly-ionized triplet states the same principal observations as for the singlet states can
be made, that is, an ascending of double ionization energies for higher-order methods in
combination with a decline of doubles amplitudes in the excited state wave-function. How-
ever, the spread within the sets of DIP-ADC energy values tends to be slightly bigger as for
the singlet states, as can be seen in figures [2.15] and The average deviation for DIP-
ADC(3) double-ionization energies with respect to EOMDIP-CCSD amounts -0.33 + 0.45
eV (-0.9%), putting again the third-order ADC scheme remarkably close to the EOM-CCSD
scheme. For DIP-ADC(2)-x, the relative deviations turn out to be -1.47 + 0.36 eV (-3.9%)
towards EOMDIP-CCSD and -1.14 + 0.60 eV (3.0%) towards DIP-ADC(3), respectively.
For the second order scheme, again, deviations reach up to an average of -3.70 + 1.19 eV (-
9.8%) and -3.37 + 1.46 eV (-9.0%) towards EOMDIP-CCSD and DIP-ADC(3), respectively.
As an interesting observation, the average deviations towards the EOM-CCSD scheme slightly
increase for doubly-ionized triplet states in ADC(3) and ADC(2)-x, from -0.7% to -0.9% and
-3.6% to -3.9%, respectively. For ADC(2), the exact opposite is observed: a decrease for the
average deviation of triplet states from -10.8% to -9.8%, yet still the pure second-order ADC
scheme is not capable to correctly describe doubly-ionized triplet states due to the lack of a

sufficient parametrization of the doubles/doubles part of the secular matrix.
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2.8. Benchmarking / Calculations for double
electronically-attached states

In this section, the benchmark of double electronically-attached states is presented. As for
doubly-ionized states, Jacquemins benchmark set of small compounds has been chosen. Cal-
culations have been performed for eight of the 18 molecules in the set, ammonia, dinitrogen,
ethylene, formaldehyde, hydrogen chloride, hydrogen sulfide, methanimine and water. The
used geometries (same as for DIP) can be found in the appendix, section [A.3] Calcula-
tions were performed for DEA-ADC(1), DEA-ADC(2), DEA-ADC(2)-x and DEA-ADC(3)
as well as EOMDEA-CCSD"%? using Q-Chem 5.2. All double attachment calculations were

performed using the aug-cc-pVTZ basis set?5>2,

Doubly-attached singlet states

Benchmark data for the calculation of doubly-attached singlet states for Jacquemins bench-
mark set is collected in the appendix, section[A.6] including a statistical evaluation for each
molecule and method used. Table[2.9|gives a statistical summary for all molecules used in the
benchmark set. Figure[2.19represents a spread-plot of all doubly-attached singlet states that
were computed. In figure[2.20] as before, the trend of double attachment energies within the
hierarchy of DEA-ADC(n) methods is presented, featuring four examples. Figures[2.21]and
[2.22] visualize the distribution of double attachment energies relative to EOMDEA-CCSD.
Table collects the mean amounts of doubles amplitudes for doubly-attached states of
the different methods.

Table[2.9]as well as figure [2.20]show precisely how doubly-attached states for the different
ADC(n) methods behave compared to EOM-CCSD: The energies for the second- and third-
order ADC schemes fall below corresponding data, for DEA-ADC(2) the mean deviation
with respect to EOMDEA-CCSD is found to be -0.17 + 0.11 eV (-3.1%), for DEA-ADC(2)-
x this is -0.19 + 0.11 eV (-3.4%) and for DEA-ADC(3) -0.10 + 0.09 (-1.9%). In similarity to
doubly-ionized states, the full third-order treatment approaches the reference value in the best
way, although the overall deviation for all these three ADC schemes is found to be very small.

However, it is worth noting that the extended second-order scheme DEA-ADC(2)-x performs
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Table 2.9.: Statistical analysis for the doubly attached singlet states of all eight computed
species in the benchmark set. EOMDEA-CCSD and DEA-ADC(3) are chosen as

reference.
EOMDEA-CCSD as reference
vs. DEA- Max | Min MSE MAE
ADC || States | [eV] | [eV] eVl | [%] eVl | (%]
3) 27 1007 [-037[-0.10£0.09 [ -1.9+1.2[0.11£0.08|20+1.1
(2)-x 27 | -0.08 | -0.61 | -0.19+0.11 | -3.4+1.6 | 0.19+0.11 | 34+ 16
2) 27 | -0.07 | -0.55 | -0.17 £0.11 | -3.1 £ 1.5 | 0.17 £0.11 | 3.1 £ 1.5
(1) 32 1076 | 011 | 029£0.18 | 52+27 | 029+0.18 | 5227
DEA-ADC(3) as reference
vs. DEA- Max | Min MSE MAE
ADC || States | [eV] | [eV] eVl | [%] eVl | [%]
(2)-x 27 ] 0.01 | -0.24 [ -0.08 £0.06 | -1.5+0.9 [ 0.08 £0.06 | 1.6 + 0.9
2) 27 | 0.01 | -0.25 | -0.06 £0.06 | -1.2+0.9 | 0.07 £0.06 | 1.2+ 0.8
(1) 27 1076 | 0.16 | 033+0.14 | 63+2.1 |0.33+0.14 | 63+2.1

Table 2.10.: Mean amount of doubles amplitudes V'@ for all doubly attached singlet states
in the benchmark set.

Method || EOMDEA-CCSD | DEA-ADC(3) | DEA-ADC(2)-x | DEA-ADC(2)
R? [% / 100] 0.014 0.014 0.018 0.014

slightly worse than the pure second-order scheme, as may be observed in figures and
[2.22] For these calculations, the extension of the doubles/doubles (3ph/3ph) block to first
order seems, unlike as for DIP, to introduce no improvement. As a difference to the double-
ionization calculations, the benchmark of doubly-attached states also includes DEA-ADC(1)
values. This is justified by the fact that doubly-attached states constitute almost pure singlet
(2p) states in general (see table [2.10). DEA-ADC(1) tends to exceed EOMDEA-CCSD data
by an average of 0.29 + 0.18 eV (5.2%).

An interesting observation can be made in the matching of ADC and EOM-CC states: For
EOMDEA-CCSD states that contain a high amount of doubles amplitude in the wavefunc-
tion, a unique and distinct matching with the corresponding second- or third-order ADC state
was not possible. As table[A.44]shows with the example of formaldehyde, states that could
be possibly matched due to the similar amplitude composition of the wavefunction tend to

either exceed or underestimate the corresponding values. For DEA-ADC(1), however, the
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relative ordering of states and energy gaps in between consecutive ones was preserved in all

times with respect to EOMDEA-CCSD, enabling a proper state matching in all cases.
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Figure 2.19.: Spreadplot (energy @ vs. amount of doubles amplitudes V') of all double
electronically attached singlet states from tables[A.26|and [A.27] Ticks at both
axes give the range of the corresponding values. Horizontal lines give the mean
V'@ values for each set of data points.

X Ammonia
X Ethylene

Formaldehyde
4.6 1 )\ X Water

%

4.4 W"

k3

4.0- \\/
\x\,/"/x

Wexc [eV]
»
N

381 "\

DEA-ADC(1) DEA-ADC(2) DEA-ADC(2)-x DEA-ADC(3) EOMDEA-CCSD
Method

Figure 2.20.: Double attachment energies for the lowest lying singlet states of tablesand
[A.27]for some selected molecules, given in the hierarchy of DIP-ADC methods.
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Figure 2.21.: Spreadplot (energy difference Aw vs. difference in the amount of doubles am-
plitudes AV @) of all double electronically attached singlet states from tables
[A.26|and [A.27, relative to EOMDEA-CCSD.
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Figure 2.22.: Zoom-in of figure

88



2.8. BENCHMARKING / CALCULATIONS FOR DOUBLE
ELECTRONICALLY-ATTACHED STATES

For the here presented set of small compounds, the process of double electron attachment
may be characterized as a "singles process", that is, the wavefunction is dominated by singles
(2p) amplitudes and possesses only a very small (~ 1%) amount of doubles (3ph) amplitudes.
Therefore, the first-order treatment of the double attachment process in ADC(1), which com-
pletely lacks the description of doubles amplitudes, is already capable to deliver qualitatively
good results. Due to an overestimation of doubles excitations in DEA-ADC(2)-x, the pure
second-order scheme tends to be, if only slightly, closer to DEA-ADC(3) and EOMDEA-
CCSD, which on their side yield values that are located remarkably close to one another. In
a physical sense this may be understood intuitively, as the attachment of two electrons onto a
small system introduces an additional negative charge density in the virtual orbital space. An
additional electron excitation into this space thus represents an unfavourable process. Nev-
ertheless, the small doubles contribution may still be characterized as an important attribute
of the wave-function to describe orbital relaxation, as is shown by the mean deviations of
DEA-ADC(1) values (no doubles contributions) to DEA-ADC(3) and EOMDEA-CCSD val-

ues (doubles contributions ~ 1.4%), which lies at 6.3% and 5.2%, respectively.

Doubly-attached triplet states

In similarity to the singlet states, all benchmark data for the calculation of doubly attached
triplet states is collected in the appendix, section [A.7} including a statistical evaluation for
each molecule and method used. Table [2.11] gives a statistical summary for all molecules
used in the benchmark set. Figure [2.23|represents a spread-plot of all doubly attached triplet
states that were computed. In figure [2.24] as before, the trend of double attachment ener-
gies within the hierarchy of DEA-ADC(n) methods is presented, featuring four examples.
Figures [2.25] and [2.26] visualize the distribution of double attachment energies relative to
EOMDEA-CCSD. Table [2.12] collects the mean amounts of doubles amplitudes for doubly
attached states of the different methods.

Observations that can be made for the benchmark of doubly-attached triplet states are iden-
tical as for singlet states, which were discussed in detail previously. Figure[2.26| presents the
small-scale layering of DEA-ADC(2) and DEA-ADC(3) values in contrast to DEA-ADC(2)-

x in a more distinct way, precisely showing how the sets of energies for the different meth-
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Table 2.11.: Statistical analysis for the doubly attached triplet states of all eight computed
species in the benchmark set. EOMDEA-CCSD and DEA-ADC(3) are chosen
as reference.

EOMDEA-CCSD as reference

vs. DEA- Max | Min MSE MAE
ADC || States | [eV] | [eV] eVl | [%] eVl | [%]
3) 26 [-0.01[-039[-0.12+£0.10 [ 20+13[0.12+0.10 | 20+13
(2)-x 26 | -0.08 | -047 | -0.18 £0.10 | -3.1+ 1.1 | 0.18+0.10 | 3.1 £ 1.1
2) 26 | -0.06 | -042 | -0.17 £0.10 | -2.8 £ 1.1 | 0.17 £0.10 | -2.8 + 1.1
(1) 32 1085|010 | 028+0.18 | 47+2.3 | 028 £0.18 | 47 +23
DEA-ADC(3) as reference
vs. DEA- Max | Min MSE MAE
ADC || States | [eV] | [eV] eVl | [%] eV] | [%]
(2)-x 26 | -0.01]-0.18 [-0.06 £0.03 [-1.2+05[0.06+0.03| 1.2+0.5
2 26 | 0.01 |-0.17 | -0.05£0.04 | -0.8+0.6 | 0.05+0.04 | 0.8+£0.5
) 26 | 074 | 0.12 | 033+0.15 | 58+1.7 | 033+0.15| 58+ 1.7

Table 2.12.: Mean amount of doubles amplitudes V'@ for all doubly attached triplet states in
the benchmark set.

Method | EOMDEA-CCSD | DEA-ADC(3) | DEA-ADC(2)-x | DEA-ADC(2)
R? [% / 100] 0.013 0.010 0.014 0.010

ods are separated. With EOMDEA-CCSD as a reference, the second- and third-order ADC
schemes underestimate double attachment energies slightly, with DEA-ADC(2)-x inheriting
the lowest average deviation of -0.18 + 0.10 eV (-3.1%) followed closely by DEA-ADC(2)
with -0.17 £ 0.10 eV (-2.8%). DEA-ADC(3) remains the closest method, showing an av-
erage deviation of only -0.12 + 0.10 eV (-2.0%) from the corresponding EOMDEA-CCSD
value. As for DEA-ADC(1), the energy values are again found to exceed the corresponding

CC ones by averagely 0.28 + 0.18 eV (4.7%).
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Figure 2.23.: Spreadplot (energy w vs. amount of doubles amplitudes V@) of all double
electronically attached triplet states from tables [A.35]and [A.36] Ticks at both
axes give the range of the corresponding values. Horizontal lines give the mean
V'@ values for each set of data points.
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Figure 2.24.: Double attachment energies for the lowest lying triplet states of tables and
@for some selected molecules, given in the hierarchy of DIP-ADC methods.
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Figure 2.25.: Spreadplot (energy difference Aw vs. difference in the amount of doubles am-
plitudes AV?®) of all double electronically attached triplet states from tables
[A.35|and [A.36] relative to EOMDEA-CCSD.
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Figure 2.26.: Zoom-in of figure
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2.9. Summary

This chapter presented the implementation and benchmark study of doubly-ionized as well as
double electronically-attached states within the framework of the Algebraic Diagrammatic
Construction scheme up to third order. Data was compared to EOM-CCSD values, for DIP
also to FCI values. Calculations were executed for both, singlet and triplet states.

At first, the observations that were made for the doubly-ionized states will be recapitulated.
For the small set of FCI data by Velkov et al.1'®! which featured H,O, LiH and HF, DIP-
ADC(3) values as well as EOMDIP-CCSD values were able to approach the corresponding
FCI data remarkably well, with the CC scheme being superior with an average deviation of
only -0.09 eV for eight singlet states (in comparison to 0.34 eV for DIP-ADC(3)) and -0.15
eV for five triplet states (in comparison to 0.54 eV for DIP-ADC(3)).

For the bigger second benchmark set (Jacquemins set of 18 small to medium-sized com-
pounds®®), an extended study on 72 states for DIP-ADC(3) and DIP-ADC(2)-x as well as
68 states for DIP-ADC(2) triplets in comparison to EOMDIP-CCSD was carried out and
presented. It was shown that a sufficient description of the doubles/doubles (p3h/p3h) part
of the secular matrix is needed to adequately describe double-ionization processes, thereby
illustrating DIP-ADC(2)-x as the first method in the ADC hierarchy to deliver qualitatively
correct results with deviations of -1.31 + 0.29 eV (-3.6%) for singlet states and -1.47 + 0.36
eV (-3.9%) for triplet states. However, this still presents a significant underestimation. The
third-order method DIP-ADC(3) excels the other methods by far, presenting a remarkably
congruence with EOMDIP-CCSD data, differing only by -0.23 + 0.35 eV (-0.7%) for singlet
states and -0.33 + 0.45 eV (-0.9%) for triplet states to EOMDIP-CCSD results. For the pure
second-order scheme, the description of doubly-ionized states is due to the zeroth-order sin-
gles/singles block insufficient with deviations reaching up to -4.02 + 1.31 eV (-10.8%) for
singlet states and -3.70 + 1.19 eV (-9.8%) for triplet states. This may be seen by the particu-
lar high amount of doubles (p3h) amplitudes in DIP-ADC(2) states, implying an insufficient
physical description of the doubles (p3h) space. DIP-ADC(1), lacking a doubles (p3h) de-
scription, is not suited at all to describe double ionization processes. Along with an increase
of double-ionization energies for higher-order DIP-ADC methods, it was further observed

that the amount of doubles amplitudes (p3h amplitudes) to constitute the doubly-ionized
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wavefunction decreases, supporting the findings mentioned above.

The benchmark study of double electronically-attached states has been carried out on eight
molecules of Jacquemins benchmark set, ammonia, dinitrogen, ethylene, formaldehyde, hy-
drogen chloride, hydrogen sulfide, methanimine and water. For DEA-ADC(2), DEA-ADC(2)
x and DEA-ADC(3), 27 (singlets) and 26 (triplet) states were computed, for DEA-ADC(1),
32 states were computed. It was observed that for all second- and third-order methods, double
attachment energies lie very close together, with again DEA-ADC(3) being the best method
in comparison to EOMDEA-CCSD with a deviation of only -0.10 + 0.09 eV (-1.9%) for
singlet states and -0.12 + 0.10 eV (-2.0%) for triplet states. Interestingly, DEA-ADC(2)-x
seems to perform slightly worse than DEA-ADC(2) which may be due to an overestima-
tion of the doubles/doubles part of the secular matrix. Compared to EOMDEA-CCSD data,
DEA-ADC(2) deviates -0.17 + 0.11 eV (-3.1%) for singlet states and -0.17 £ 0.10 eV (-2.8%)
for triplet states. For DEA-ADC(2)-x, this is found to be -0.19 + 0.11 eV (-3.4%) for singlet
states and -0.18 + 0.10 eV (-3.1%) for triplet states, respectively. Since double-attachment
processes constitute almost pure singlet (2p) processes, DEA-ADC(1) was also included in
this benchmark study, showing deviations of 0.29 + 0.18 eV (5.2%) for singlet states and
0.28 + 0.18 eV (4.7%) for triplet states. In contrast to the second- and third-order methods,
DEA-ADC(1) data is always exceeding corresponding EOMDEA-CCSD data.

It is remarkable that for the frame of small compounds as present in this benchmark set,
the first-order DEA-ADC(1) scheme has proven to be a more precise tool to describe dou-
ble electron attachment processes as the second-order DIP-ADC(2) is for the description of
double ionizations. In the case of the third-order ADC(3) scheme which provides for both,
DIP and DEA states the best results in comparison to EOM-CCSD data, the deviations are
with only -0.7% (singlet states) and -0.9% (triplet states) remarkably smaller for DIP as for
DEA, where the corresponding values are -1.9% (singlet states) and -2.0% (triplet states).
In absolute, however, the values for double attachment energies are significantly smaller
than those for double ionization energies, amounting only about %th of their magnitude.
As a general remark, the third-order ADC scheme can be employed as a valid alternative
and/or supplement to EOM-CCSD for the calculation of doubly-ionized as well as double

electronically-attached states.
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Unitary Coupled cluster

| In modern experimental setups, X-ray absorption spectra have become a reliable and pre-
cise tool for the characterization of atomic and molecular species and their properties®?. This
leads to the necessity of an accurate theoretical description of simulations”?. Energetically,
the electron excitations that arise from X-radiation exceed the typically studied HOMO-
LUMO excitations by far, involving scales of 10> — 10° eV instead of the usually studied
ranges of ~ 10! eV. These energies are element-specific and, since the excitations happen
form the lowest-lying orbitals (K-edge), increase with the atomic number. A reliable theoret-
ical model to be applied to high-energy core excitations needs to include an adequate descrip-
tion of electron relaxation processes. This has been discussed in detail by J. Wenzel et al. for

10810711061105£104 us-

the application of the PP-ADC framework to calculate core-excited states
ing the so-called Core-valence separation ansatz ', An Unitary Coupled Cluster scheme for
the computation of electronically excited states up to third order®! has been previously imple-
mented and benchmarked successfully by Hodecker et al.**>!. In the following chapter, the
application of the so-called Core-valence separation to Unitary Coupled Cluster, including

the implementation in the Q-Chem"" program package and benchmarking, will be presented.

« Parts of this chapter (Core-valence separation for Unitary Coupled cluster) were already published
in:
Sebastian M. Thielen, Manuel Hodecker, Julia Piazolo, Dirk R. Rehn, and Andreas Dreuw. Unitary
coupled-cluster approach for the calculation of core-excited states and X-ray absorption spectra. The Jour-
nal of Chemical Physics, 154(15):154108, 04 2021 (°%)
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3.1. Theory

The computation of high-lying excitation energies, as they occur for X-ray absorption spec-
tra, is problematic for the common eigenvalue solvers, such as the Davidson algorithm'® as
used in ordinary ADC and UCC schemes. These algorithms return the eigenvalues of a given
secular matrix ordered by their magnitude, 1. e., to get to a high energy regime, one would
have to solve for all lower-lying states, too. To circumvent this issue, Cederbaum, Domcke
and Schirmer introduced the decoupling of the energetically well-separated core and valence
excitations as early as in 1980"". This so-called Core-valence separation (CVS) approach ap-
plied to the secular matrix of excited states for ADC or UCC results in an effective reduction

of its size as depicted in figure 3.1} In a numerical sense, this separation is established by

a a ab ab ab
M i M 1 M ij M Ij M 1
M ; ab
M, My
M . CVS approximation ~ Mx
cd
od I M
M o KI
cd
M Kl
cd
MKL

Figure 3.1.: CVS approximation applied to a full ADC matrix.

setting the two-electron Coulomb integrals that include a core index I, J, K to zero,

(Iplgr)y = {pllgr) = (pqlIr) = {pqlrl) = 0
(IJ|pq) = (pql1J) = 0O (3.1
(IJ|Kp) = (IJ|pK) = (Ip|JK) = (pI|JK) = 0.

For the calculation of electronically excited states using the CVS approximation in UCC
(CVS-UCC), the two-electron integral identities of equation [3.T| were inserted into the UCC
working equations to produce the CVS-UCC secular matrix. The full set of working equa-

tions for the second-and third-order Unitary Coupled Cluster schemes can be found in the
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appendix, section [C.1]

Applying the integrals in[3.1]is equivalent to employing the frozen-core (fc) approximation to
the MPn ground state energy which constitutes the starting point for an ADCn calculation”.
In the underlying implementation, however, this approximation is not made and the MP
ground state energy is evaluated fully for second- and third- order CVS-ADC calculations.
For the UCC approach, on the other hand, the frozen-core approximation is also applied to
the singles and doubles ground-state amplitudes, resulting in a fc-CVS-UCC scheme which
stands in similarity to the fc-CVS-EOM-CCSD approach'%Z,

3.2. Implementation and Benchmarking

CVS-UCC2, CVS-UCC2-x and CVS-UCC3 have been implemented in the adcman program
package of Q-Chem 5.25", exploiting the existing code infrastructure of UCC for electronically-
excited states as well as for the CVS-ADC schemes up to third order. Tensor operations
were implemented in the 1ibadc package, which uses the open-source C++ tensor library
libtensor=! for computation.

Benchmark calculations have been performed on a set of small to medium-sized molecules
that has been previously used for CVS-ADC by Wenzel et al.!U$107106 For the second-
and extended second-order scheme, calculations were performed with acenaphthenequinone
(ANQ), bithiophene (BT), porphine, 3,4,9,10-perylentetracarboxylicacidianhydride (PTCDA),
thymine and anthracene (depicted in figure[3.2). Furthermore, five small open-shell species
were included: the CH;, OH and allyl radicals, the O, diradical and the anthracene cation
for both, the optimized neutral as well as the optimized cationic ground-state structures.

For the third-order scheme, calculations were performed for CO, NH, and the CHj; radical.
All molecular geometries used for calculations can be found in the appendix, sections
and A detailed summary on geometry optimizations of all employed molecules can
be found in the original publication®®. Calculation of core-excited states for CVS-UCC2
and CVS-UCC2-x were executed using the 6-311++G** basis set>*°Z; for porphine the 6-
31++G**4242 and PTCDA the 6-31G**4%2 basis sets were used. For the third-order CVS-

UCC scheme, calculations were performed with the series of correlation-consistent polarized
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valence (cc-pVXZ) basis sets?® as well as their augmented (aug)>> and doubly-augmented
(d-aug)>>'10 versions. X as the cardinal number ranges from double-{ to quintuple-¢ for the
cc- and aug-cc series and up to quadruple-¢ for the d-aug-cc series. In all cases, the Cartesian

6d/10f versions of the respective basis sets have been used.

N
o
0 o
CH,

Figure 3.2.: Benchmark molecules for CVS-UCC. Top row from left to right: ANQ, bithio-
phene, porphine; bottom row left and right: PTCDA, thymine.

3.3. Results and discussion

In the following section, CVS-UCC benchmark results in comparison to CVS-ADC are pre-
sented. Excitation energies are given for the second- as well as the extended second-order
scheme CVS-UCC2 and CVS-UCC2-x. For the third-order scheme CVS-UCC3, excitation

energies and oscillator strengths in the CBS limit are given.
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CVS-UCC2

Table[3.I|presents the statistical analysis of the CVS-UCC2 benchmark with respect to CVS-
ADC(2) data. The full datasets for each molecule can be found in the appendix, section
Relative deviations for CVS-UCC2 in comparison to CVS-ADC(2) are presented in
figure [3.3] on the left side. As table [3.1] shows, CVS-UCC?2 energies tend to slightly exceed

Table 3.1.: CVS-UCC2 in comparison to CVS-ADC(2): Number of states, minimal and
maximal deviation [eV], mean signed and mean absolute error [eV] as well as
the standard deviation [eV] as well as the mean relative deviation [%]. All data
sets are included in the appendix, section

CVvS-uccC2
Molecule \ States Min Max MSE MAE Std. dev. Rel. dev.
ANQ (C 1s) 9 004 0.11 0.07 0.07 0.02 0.03
ANQ (O 1s) 8 0.06 0.09 0.08 0.08 0.01 0.01
BT (C 1s) 12 001 0.1 0.08 0.08 0.03 0.03
BT (S 1s) 6 001 0.1 006 0.06 0.04 0.002
PTCDA (C 1s) 9 004 0.18 0.1 0.1 0.05 0.04
Thymine (C 1s) 5 -0.01 0.11 0.04 0.05 0.05 0.02
Thymine (N 1s) 6 -0.02 0.08 0.02 0.03 0.03 0.01
Thymine (O 1s) 2 0.01 0.03 0.02 0.02 - 0.004
Porphine (N 1s) 5 0 0.01 0.006 0.006 0.005 0.001

CVS-ADC(2) ones (except for thymine and porphine). The relative deviation between both
methods, however, turns out to be very small with a maximum of 0,04% for PTCDA. For this
molecule, the largest deviation of 0.18 eV is observed. For porphine, the relative deviation
of 0.001% for five computed states turns out to be the smallest, aslo showing a remarkable
small variation of 0.005 eV. Furthermore, it is interesting to see that the relative deviations
between the CVS-UCC2 and CVS-ADC(2) core excitation energies become smaller as the
absolute value increases. Thymine represents a good example for this behaviour: For C
1s core excitations (around 290 eV), the relative deviation amounts 0.02%, for N 1s core
excitations (around 404 eV) 0.01% and for O 1s core excitations (around 533 eV) 0.004%.
The comparison to experimental data shows that both methods lie close to the reference

values, again with CVS-UCC?2 slightly exceeding CVS-ADC(2) values.

99



3.3. RESULTS AND DISCUSSION
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Figure 3.3.: Relative energy deviations of the second- and extended second-order CVS-UCC
scheme compared to the corresponding CVS-ADC scheme for the molecules
presented above.

CVS-UCC2-x

In table [3.2] the statistical analysis of the CVS-UCC2-x benchmarks with respect to CVS-
ADC(2)-x data for the closed- and open-shell species are presented. The full datasets for each
molecule can be found in the appendix, section [B.3| Relative deviations for CVS-UCC2-x
in comparison to CVS-ADC(2)-x are presented in figure [3.3]on the right side.

For the closed-shell molecules, similarly to the second-order scheme, CVS-UCC2-x ener-
gies exceed CVS-ADC(2)-x energies with only few exceptions found for thymine and por-
phine. Relative deviations are very small with a maximum of 0.03% for ANQ and PTCDA.
Again, PTCDA shows the maximum deviation of 0.15 eV. Porphine presents with 0.001% the
smallest relative deviation together with a variation of 0.01 eV for ten states. The extended
second-order scheme shows, as the second-order scheme before, smaller relative deviations
for core excitation energies for larger absolute values.

As for the open-shell molecules, the same trends may be observed, with a maximum de-
viation for anthracene at 0.13 eV. Particularly for the O, diradical, the relative deviation is
remarkably small with 0.002 eV. For the experimental values, CVS-UCC2-x tends to deviate
slightly more than CVS-ADC(2)-x if the experimental value exceeds both. In the opposite

case, the CVS-UCC2-x energies are closer to the experimental ones.
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Table 3.2.: CVS-UCC2-x in comparison to CVS-ADC(2)-x: Number of states, minimal and
maximal deviation [eV], mean signed and mean absolute error [eV] as well as
the standard deviation [eV] as well as the mean relative deviation [%]. All data
sets are included in the appendix, section

CVS-UCC2-x
Molecule | States Min Max MSE MAE Std. dev. Rel. dev.
ANQ (C 1s) 18 0.05 0.1 0.08 0.08 0.02 0.03
ANQ (O 1s) 8 0.06 0.09 0.07 0.07 0.01 0.01
BT (C 1s) 14 0.01 0.1 0.06 0.06 0.03 0.02
BT (S 1s) 6 0.02 0.08 0.06 0.06 0.03 0.002
PTCDA (C 1s) 8 003 0.15 0.1 0.1 0.05 0.03
Thymine (C 1s) 15 0 0.1 0.03 0.03 0.03 0.01
Thymine (N 1s) 7 -0.02 0.08 0.02 0.03 0.03 0.01
Thymine (O 1s) 15 -0.02 0.05 0.01 0.01 0.02 0.002
Porphine (N 1s) 10 -0.01 0.02 0.004 0.005 0.01 0.001
Anthracene (C 1s) 10 0.01 0.13 0.07 0.07 0.05 0.02
CVS-UCC2-x
Molecule ‘ States Min Max MSE MAE Std. dev. Rel. dev.
CHj; radical (C 1s) 5 0.01 0.07 0.03 0.03 0.02 0.01
OH radical (O 15s) 5 0 0.09 004 0.04 0.03 0.01
Allyl radical (C 1s) 8 0.02 0.16 0.08 0.08 0.05 0.03
O, diradical (O 1s) 25 -0.02 0.01 -0.004 0.01 0.01 0.002
Anthracene cation ONS (C 1s) 35 0.01 008 004 0.04 0.02 0.02
Anthracene cation OCS (C 15s) 30 0.01 0.15 0.08 0.08 0.04 0.03

The applicability of CVS-UCC2-x for the computation of X-ray absorption spectra is fur-
thermore presented in figures [3.4) and [3.5] These spectra feature the soft X-ray region be-
tween 281 and 289 eV for the anthracene cation. Figure [3.4] represents a calculation on
an optimized neutral structure, while figure [3.5]is calcluclted using the optimized cationic
structure. In each figure, the corresponding CVS-ADC spectrum is given for comparison at

the top. All data for the CVS-UCC spectra is summarized in tables [B.45] and [B.46] in the
appendix, section
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Figure 3.4.: Comparison of CVS-ADC(2)-x (top) and CVS-UCC2-x (bottom): Spectrum of
the anthracene cation (optimized neutral structure) in the soft X-ray region be-
tween 281 and 289 eV. Fitted with a Lorentzian of 0.6 eV at fwhm.
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Figure 3.5.: Comparison of CVS-ADC(2)-x (top) and CVS-UCC2-x (bottom): Spectrum of
the anthracene cation (optimized cationic structure) in the soft X-ray region be-
tween 281 and 289 eV. Fitted with a Lorentzian of 0.6 eV at fwhm.
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CVS-UCC3

For the third-order UCC scheme, calculations have been performed for the small compounds
CO, NH; and CH; using (augmented-) Dunning basis sets. A complete basis set limit has

been extrapolated by using a second-order exponential fitting function,
wy = wepg+ Ae”* D 4 Be X1, (3.2)

with X being the cardinal number of the respecting basis set, X=2 for D, X=3 for T and so

on. Table 3.3 gives a comparison to the respective CVS-ADC(3) energies.

Table 3.3.: CVS-UCC3 in comparison to CVS-ADC(3): K-edge excitation energies w [eV]
of the CBS limit for the different basis sets. The difference with respect to the
corresponding CVS-ADC(3) values is given as A [eV]. All data sets are included
in the appendix, section @

State cc series aug-cc series  d-aug-cc series
0] A ® A ® A
cocC 1 288.14 0.45 288.16 0.46 288.15 0.46
2 294.15 0.48 294.13 0.48
3 29522 051 295.19 0.52
COO 1 537.08 -1.11 537.11 -1.12 537.13 -1.11
2 54291 -1.26 54292 -1.25
3 54427 -1.35 54422 -1.35
NH; N 1 403.63 0.09 40357 0.1 403.58 0.1
2 40528 0.13 405.15 0.12 405.14 0.08
3 406.06 0.09 40598 0.08
CH,; C 1 282.0 0.17 282.01 0.17 282.01 0.16

In table[3.4] the comparison of CVS-UCC3 as well as CVS-ADC(3) core-excitation energies
with experimental data is presented. As before, CVS-UCC3 values tend to exceed the corre-
sponding CVS-ADC(3) ones, ranging from only about 0.02% for NH, to about 0.16% for CO
C 1s. Remarkably, however, is the circumstance that for CO O 1s, core-excitation energies

in the UCC framework lie significantly lower (about 0.23%) as the corresponding ADC ones.
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Table 3.4.: CVS-UCC3 in comparison to CVS-ADC(3): K-edge excitation energies in the
CBS limit for the different basis sets, the difference to experimental data®!103
A, pes Aycce [€V] 1s presented. All data sets are included in the appendix, section

State cc series aug-cc series d-aug-cc series  Expt.

Appc Aucc Aapc Aucc Aapc  Aucc [eV]

CcocC 1 029 074 03 076 0.29 0.75 287.4
2 1.17 1.65 1.15 1.63 292.5

3 1.31 182 1.27 1.79 2934

COO 1 409 298 4.13 301 4.14 3.03 534.1
2 537 411 537 4.12 538.8

3 582 447 577 4.42 539.8
NH; N 1 288 297 281 291 2.82 2.92  400.66
2 282 295 27 282 27 2.81  402.33
3 3.11 32  3.04 3.12  402.86
CH, C 1 048 065 049 066 0.5 0.66  281.35

Oscillator strengths

All computed oscillator strengths for the second- and third-order UCC schemes are compiled
in the appendix, sections and [B.4 As can be observed, oscillator strengths for both,
CVS-UCC and CVS-ADC, are remarkably similar in most cases, if not, identical. This is the
case for all applied schemes, CVS-UCC2, CVS-UCC2-x as well as CVS-UCC(3/2). As was
shown in figures[3.4]and[3.5] the capability of reproducing proper oscillator strengths enables
the CVS-UCC methods (example spectra for CVS-UCC2 and CVS-UCC2-x) to generate

spectra that are in very good agreement with CVS-ADC ones.

3.4. Summary

This section summarizes a benchmark study on the application of the Core-valence sepa-
ration approach to Unitary Coupled Cluster for the CVS-UCC2, CVS-UCC2-x and CVS-
UCC3 schemes. Core-excitation energies are located in the high-energy or X-ray region of
optical spectra, meaning that a description of these excitations enables the computation of X-
ray spectra for molecular species. For this purpose, the work on corresponding CVS-ADC

1 10811070106

methods executed by Wenzel et a was used as a reference. CVS-UCC data was
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computed using the same molecular species as for the CVS-ADC approach.

For CVS-UCC2 and CVS-UCC2-x, core excitation energies lie remarkably close to the cor-
responding CVS-ADC ones, ranging from 0.001% to 0.04% for the second-order scheme and
0.001% to 0.03% for the extended second-order scheme, respectively. As may be observed in
both cases, CVS-UCC values tend to exceed the corresponding CVS-ADC ones, albeit only
slightly.

The study on third-order core excitation energies included CO, NH; and CH;. A complete
basis set limit has been extrapolated using computations on the cc- aug-cc- as well as d-aug-
cc-pVXZ basis set series. As before, the corresponding CVS-UCC and CVS-ADC values
are located closely together. In all cases except for CO O 1s, CVS-UCC3 values exceed
the corresponding CVS-ADC(3) ones, up to about 0.16% for CO C 1s. For CO O 1s, the
opposite is the case, with CVS-UCC3 values lying about 0.23% under the corresponding
CVS-ADC(3) ones. Compared to experimental data, CVS-ADC(3) tends to lie closer in all
cases except for CO O 1s, where CVS-UCC3 excels. Oscillator strengths for all levels of
computation (CVS-UCC2, CVS-UCC2-x and CVS-UCC(3/2)) are in good congruence with
the corresponding CVS-ADC ones with only few exceptions.

This benchmark study on core excited states in the frameworks of ADC and UCC showed
that both, CVS-ADC as well as CVS-UCC, are similarly well suited in the description of
these kind of excitations. Interestingly, the iterative description of the ground state for UCC
(that is similar to CVS-CC methods and in contrast to the non-iterative MP ground state for
ADC) does not seem to change the performance of the calculations, as the improvements

may be regarded as negligible around the ground-state geometry.
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4. Automated generation of
Unitary Coupled Cluster working

equations

In this chapter, an implementation to automate the code generation for Unitary Coupled Clus-
ter working equations shall be presented. Additionally, the full UCC4 equations including
triples amplitudes will be introduced for the ground state as well as the ISR, including both,
excitation energies for electronically excited states (PP-UCC) and properties. The automated
code generation for highly accurate electronic structure methods has been previously applied
very successfully to ADC® by introducing a full fourth-order scheme for the computation
of electronically-excited states in this framework. This may be seen as an inspiration to do

the same in the UCC framework.

4.1. Preliminary

It has been already mentioned shortly in the historical introduction, the permanently increas-
ing computational power is a true sake for theoretical chemists, does it not only increase the
system size to be studied but also the precision, that is, the level of theory to be applied in
a calculation. The reason for that is very simple: the underlying working equations become
bigger and bigger for more accurate methods and therefore, the number of floating point op-
erations that need to be executed increases. For a long time, however, this did not impose any
restriction on the deduction of these working equations. But what if, at some point, the sheer
amount and size of terms has grown to magnitudes that make it neither desirable nor possible

to deduce these equations in a reasonable time "by hand"? An approach for an automated
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generation of working equations needs to be considered. In fact, the theoretical feasibility of
such an approach is given without a doubt. All electronic structure methods have in common
that they are developed by applying a fixed set of rules iteratively - an algorithm so to say - to
a pre-defined set of algebraic quantities. However, the implementation of such an algorithm
may impose significant conditions on the code, such as reliability and, of course, correctness
in a mathematical sense.

The biggest advantage of a successful (correct) implementation is, however, the guarantee of
proper equations. Casually speaking, a correctly implemented algorithm will never generate
a wrong sign, prefactor, or forget a term. This may easily happen when deducing equations
by hand and is certainly known infamously to most theoretical chemists. Searching for that
one small error is not only tedious but may sometimes even be really frustrating, especially
when energy differences on a scale of 0.1 eV or smaller matter. As an addition, an existing
code base for a method may easily be applied to different schemes derived from this method,
a feature that is not included in a manual derivation.

In the following, an approach to automatically generate Unitary Coupled Cluster working
equations is presented. It includes a general introduction of the implemented code as well as
the results, that is, the equations for a full UCC4 scheme. Included are the UCC4 ground-state
energy and density (UCC amplitude equations for singles, doubles and triples), the UCC4
secular matrix for electronically excited states, the ground-to-excited state transition mo-
ments as well as the state-to-state transition matrix. In addition, an extension to the already
existing UCC3 scheme is presented, UCC3-x, which is in analogy to UCC2-x an ad-hoc ex-
tension. Furthermore, an UCC4+5([s,t] scheme for an improved ground state that includes

fifth-order terms will be presented.

4.2. Implementation

4.2.1. Theory

The fourth-order Unitary Coupled Cluster scheme for the polarization propagator (PP-UCC4)

includes all terms up to fourth order in the energy and amplitudes equations, furthermore it
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introduces the full computation of triples amplitudes,

_ - abc AT AT ATA A A ijk AT /\TATA A A
= Z o 4,4,4,4,4;a O 4,4;4;4,0,4.. 4.1)
tjkabc tjkabc

This means that, for UCC4, the set of amplitude working equations

(@!| H |®y) = 0
(cpf.b|H|q>o) =0 4.2)

(@l H10y) = 0

must be converged iteratively and coupled including all terms up to fourth order in perturba-
tion theory. As for the PP-UCC4 secular matrix, the similarity to PP-ADC(4)% introduces
the ordering relations for the matrix blocks as depicted in figure 4.1l Also shown is the

PP-UCC3-x matrix, which includes a second order treatment to the doubles/doubles block.

ph 2p2h 3p3h
S 1-2
8 1
N
e
Sl 1-2 0-2
N e
]l 1-2 1 0
™

Figure 4.1.: Schematic structure and order relations for the PP-UCC3-x matrix (left) as well
as the PP-UCC4 matrix (right).

As a preliminary step to the actual implementation, the full UCC Hamiltonian (eq. [I.136)
may be rearranged. For a fourth-order treatment, terms of the Hamiltonian up to H; are
needed, however, not the full set of terms up to H; contributes in a strict fourth-order for-

malism. Using the linearity of the commutator,

[a,f+ 7] = [a, ]+ [a, 7], 4.3)
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the UCC4 Hamiltonian may be rewritten to contain exactly all necessary terms for a fourth
order scheme. For FIO and H |» 1o restrictions occur, since the terms do not exceed third

order. With 6,3 = 6, + 6, + 63, it can be rewritten as

— A

A A A | S 1.~ .

For H,, the nested commutator may only contain the second order properties ¢, and 6, once

to not exceed the perturbation order. With 6,, = 6, + 65, H, can be rewritten as

A AN P VAN ENEE TN
i[[V 613], 651 + = [[V 6,],6,] + — [[V 6,1, 651 4.5)
i[[VR’ 513] 52] + - [[VR’GZ] 52] + - [[VR’GZ] 513]

The only contribution from the triply nested commutator not exceeding fourth order is with

the first order propertyo,, thus leaving the terms

A, = i[[[VN, 6,162 651 + 1V 8] 651 0s 2] + LIV 8310 651 s 63]
- ﬁ[[[V 62]R’ 02] 62] 24[[[VR, 82]R’ 6’2]’ &2]-

As an addition, for the UCC4+5[s,t] scheme, the singly nested commutator in fifth order H f )

with singles and doubles is included in the ground-state energy and amplitude description,

Y = 1—12[[I7N,6-1],&1] + %[[VN,&I],@] + i[[VN,&ﬂ,al] + L[[VN,@], 8]
+1[[I7,al],al]+1[n7, Q6]+t [[V 61,6, + = [[V 6,1,64] @.7)

+ [[VR, 01] 01]+ [[VR’ 0'1] 53] + - [[VR, 0'3] (71] + - [[VR’ 0'3] 3]

Including these terms does not increase the scaling (cost) of the amplitude and energy equa-
tions, thus enabling to add additional precision to the ground-state description.

The most "expensive" step in a computational sense is the evaluation of Wick’s theorem,
which scales exponentially with the number of second-quantized operators in a string. Par-
ticularly for the triples amplitudes, it is therefore very desirable to exclude all contributions

that should not be considered in a certain scheme. As an example, the Hamiltonian part H,
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with triples amplitudes would represent a seventh order contribution not present in the de-
sired equation.

For the computation of the fourth-order ground-state density (®,| D|®,) as well as the fourth-
order ground-to excited state moments (®, |ﬁ|CI)0) and the matrix of state-to-state moments
(®,|D|®,) for the fourth-order UCC scheme, the Baker-Campbell-Hausdorff expansion for
D needs to be expanded to the quadruply-nested commutator, however, only including the
doubles amplitudes,

D¥ « [[[[D, 6,1,6,1,6,],6,]. (4.8)

Just as for the similarity-transformed Hamiltonian H, the linearity of the commutator may
be applied to reformulate the full expression of D (eq. [1.140) with the objective of only

generating terms of the desired perturbation order in the computation.

4.2.2. Structure of the equation generator

Implementation of the UCC code generator has been done using SymPy®®, the example given
on the SymPy GitHub page for the generation of CCSD ground-state equations’ was used as
an orientation. The secondquant library of SymPy gives the ability to efficiently evaluate
expressions in second quantization, in particular for the application of Wick’s theorem to the
nested commutators in the Baker-Campbell-Hausdorff expansion. In figure 4.2] the general
structure of the code is presented.

In the following, a short explanation of the different parts of the code and its structure along

with some examples are given.

The base folder

This folder contains the basic routines and classes that are needed for a computation. These

are the files:

e evaluate.py: This file contains all routines to compute the raw UCC equations by

applying Wick’s theorem.

e hamiltonian.py: In this file, the Hamiltonian to be computed and all classes to ini-
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[main.py }

\ 4 \ 4
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Figure 4.2.: Schematic structure of the implemented UCC code generator. The dependencies
of the different instances are indicated by arrows.

tialize it are included.

e prop.py: As for the Hamiltonian, this file contains the expressions to calculate den-

sities and transition moments.

To illustrate how the Hamiltonian is initialized, the code example in figure [4.3] shows how
the UCC3 Hamiltonian as well as the full third-order properties objects are set up. The class
hamiltonian_ucc3 contains as members the Boolean only_real, set in the main routine,
to determine whether complex amplitudes are allowed in the calculation. Otherwise, only
real amplitudes are included (as given in eq. [I.T19). The domain string is needed to evaluate
expressions according to their non-diagonal and rest part correctly, as explained in the theory
chapter on UCC (see figure [I.TT)). No terms that exceed the integer order are included in
the result.

For the initialization of the Hamiltonian (or property) object, a list of individual objects to
be evaluated is set up, the comm_list. The constituents of this list represent one of the

following three objects:
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e no_comm: Class fo expressions without a commutator, that is, the pure fragments of

the Hamiltonian F and V.

e comm: Class for the single commutator of two expressions, always ¥ with an amplitude

fragment.

e nested_comm: Class for the nested commutator of ¥ and a specific (nested) list of

amplitude fragments.

All of these classes are initialized with a rational, the prefactor of the respective expression,
as well as the tensor objects to be evaluated: This is one for no commutator and two for the
standard commutator. For the nested commutator, a list of all tensor objects together with a
list of the respective operation to be applied is given to either determine the rest (R) part of

a commutator result or not. Take as an example the line
self.comm_list.append(nested_comm([’vo’, ’s12’, ’s12’], [’rest’], 0.25))
which would correspond to

1. A

Z[[V’ (o, + 0)]g. (0, +0,)]. 4.9)

The string >ord’ will leave the result as it is while the >rest’ operation will only return
the rest part. Note that only these two operations occur in the nested UCC Hamiltonians
up to H,%%3; furthermore, up to this level, the last nesting does always contain the ’ord’
operation. This means that the array of operations has always two entries less than the array

of tensors.
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4.2. IMPLEMENTATION

class hamiltonian_ucc3():

mnimnn

Full UCC3 Hamiltonian

-only_real: Boolean, decide if cluster amplitudes are only real
-domain: Define domain of calculation (i. e. uccsd, uccsdt)
-order: Perturbation order not to be exceeded (optional)

numnn

def __init__(self, only_real):

self.only_real = only_real
self.domain = ’uccsd’
self.order = 3
self.comm_list = []

#UCC Hbar_0O Terms F + V

self .comm_list.append(no_comm(’fv’, 1.))

#UCC Hbar_1 first term [F, Sigmal]

self .comm_list.append(comm(’£f’>, ’s12’, 1.))
#UCC Hbar_1 second term 0.5x*[V, Sigmal]
self.comm_list.append(comm(’vo’, ’s12’, 0.5))
#UCC Hbar_1 third term 0.5%[V_R, Sigmal]

self.comm_list.append(comm(’vr’, ’s12’, 0.5))
#UCC Hbar_2 first term 1./12.*[[V_N, Sigma], Sigmal]
self.comm_list.append(nested_comm([’vn’, ’sl12’, ’s12°],

[Pord’], 1./12.))
#UCC Hbar_2 second term 1./4.%[[V, Sigmal]_R, Sigmal]
self.comm_list.append(nested_comm([’vo’, ’s12’, ’s12°],
[rest?’], 0.25))
#UCC Hbar_2 third term 1./4.*[[V_R, Sigmal_R, Sigmal
self.comm_list.append(nested_comm([’vr’, ’s12’, ’s12°],
[’rest?], 0.25))

class prop_ucc3():

numnn

UCC3 ISR for the calculation of properties

nnmnn

def __init__(self, only_real):

self .only_real = only_real
self .domain = ’uccsd’
self.order = 3
self.comm_list = []

#ISR zeroth-order D

self.comm_list.append(no_comm(’d’, 1.))

#ISR first-order [D, Sigmal]

self.comm_list.append(comm(’d’, ’s12’, 1.))

#ISR second-order 0.5%[[D, Sigma], Sigmal]

self.comm_list.append(nested_comm([’d’, ’s12’, ’s12°’],
[ord’], 0.5))

#ISR third-order 1/6*[[[D, Sigma], Sigmal, Sigma]

self.comm_list.append(nested_comm([’d’, ’s2’, ’s2’, ’s2’],
[ord?’, ’ord’], 1./6.))

Figure 4.3.: Set-up of the full UCC3 Hamiltonian H, as well as D for the calculation of
properties.
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4.2. IMPLEMENTATION

def sigma3(is_ucc, only_real):

mnimnn

Triples amplitude operator

- is_ucc: UCC t3 amplitude operator if True, normal CC one if
False

- only_real: relevant for UCC, if True only real cluster
amplitudes

"ninn

i, j, k = symbols(’i,j,k’, below_fermi=True, cls=Dummy)

a, b, ¢ = symbols(’a,b,c’, above_fermi=True, cls=Dummy)

sigma_abcijk = AntiSymmetricTensor(’sigma3’, (a, b, c),
(i, j, k))

sigma_ijkabc = AntiSymmetricTensor(’sigma3c’, (a, b, c),
(i, j, k))

abckji = NO(Fd(a)*Fd(b)*Fd(c)*F(k)*F(j)*F(i))

ijkcba = NO(Fd(i)*Fd(j)*Fd(k)*F(c)*F(b)*F(a))
if is_ucc:
if omnly_real:
Sigma3 = Rational(l, 36)*sigma_abcijk*abckji
- Rational (1, 36)*sigma_abcijk+*ijkcba
else:
Sigma3 = Rational (1, 36)*sigma_abcijk*abckji
- Rational(l, 36)+*sigma_ijkabc*ijkcba
else:
Sigma3 = Rational(l, 36)*sigma_abcijk+*abckji

return Sigma3

Figure 4.4.: UCC triples amplitudes set-up. Note the differentiation to ordinary CC triples
as well as the option of only real cluster amplitudes.

The second_quantized_objects folder

In this folder, all objects that contain strings of second-quantized operators are included:
e excitation_operators: Includes all normal-ordered strings to be applied to the

ground-state |®,) to form excited determinants |®,).

e amplitude_operators: Includes all amplitude operators 6 for singles, doubles and

triples.

e hamiltonian_prop_operators: Includes all operators that occur in the Hamiltonian

and for the properties, £, V and D.

The formalism contains the boolean is_ucc which, if set false, simply reproduces the ordi-

nary CC energy and amplitude expressions (see figure d.4). As already mentioned earlier,
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4.3. RUNNING THE CODE GENERATOR

it is also possible to enable only real amplitudes by setting the boolean only_real to true,
transforming all amplitudes according to[1.119] The fluctuation potential ¥ needs to be in-
troduced not only in its full form, but also as a pure non-diagonal or rest fragment which is

needed for the composition of the UCC Hamiltonian.

The utils folder

Finally, the utils folder is containing all additional routines and functions that may be used
to further manipulate the solution, be it by simplification, symmetrization or other opera-
tions. The set-up for proper dummy (summation) indices is, for example, located in this
folder. Also, the print-out routines, for example to a ISTgX format, are found in this folder. It

can be further extended to introduce additional features to the code generator.

4.3. Running the code generator

The implementation of the UCC code generator enables for a set-up of individual expres-
sions (e. g. the Hamiltonian) to be computed. An example for a computation is shown
in figure @.5] This particular example includes the computation of the UCC3 ground-state
energy (specified with ’0’) as well as the UCC3 amplitude equations (singles and doubles
specified with ’s’ and ’d’).

All tuples that are specified in expr_list are computed successively according to the spec-
ified expression and calculation type. The available calculation types that may be employed
are listed in table {.I|together with the perturbation order that corresponds to the set of gen-
erated equations for a certain UCC scheme. These calculation types correspond, as listed, to
the different expectation values for H and D with respect to the ground- and/or excited-state

determinants.
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4.3. RUNNING THE CODE GENERATOR

Table 4.1.: Available input keys for the UCC code generator as well as the corresponding
expressions and perturbation orders of these expressions in different UCC
schemes.

“ Fifth-order terms from the singles-triples commutator are included.
b Additional terms in UCC4+5[s,t] only evaluated for the ground state energy
and amplitude.

) evaluated expression method
calculation type - _

O=HorD UCC3 | UCC3-x | UCC4 | UCC4+5]s,t]

0 (®D,| O | D) 3 3 4 4 (+5)°

S (@7 O |®,) 3 3 4 4 (+5)°

d (CD;’J?’l O |®,) 3 3 4 4 (+5)°
(CI)lflj.”,fl O |®,) - - 4 4 (+5)°

ss (@10 %) 3 3 4

sd (@] 0 |@%) 2 2 3

st (@] o |<I>f;‘l’ - - 2

ds (CDZ.”I 0] |D7) 2 2 3

dd (@] 0 |y 2 2 -

dt (] O |Dyde - : 1

ts (@lf’;’,fl 0] |<I>7) - - 2

td (d)ff’]ﬂ 0 |CI>;’; - - 1

tt (@] O | ;T - - 0
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4.3. RUNNING THE CODE GENERATOR

from base.hamiltonian import =*

from base.evaluate import

from utils.proper_dummies import *

from utils.permutations_finder import *
from utils.term_list import *

#define here the expression to be evaluated and the
#calculation type as a tuple

expr_list = [(hamiltonian_ucc3(False), ’0°),
(hamiltonian_ucc3(False), ’s’),
(hamiltonian_ucc3(False), ’d?)]

def main():
for expr in expr_list:

#Main calculation

#eq: Sympy equation (result of Wick’s theorem)

#1it, rti: left and rght targets

#dummies: dictionnary of dummies for the calculation
eq, 1lti, rti, dummies = evaluate_expr (expr[0], expr[1])

#Defining target indices to be checked for permutation
perms_o = 1ti[0]
perms_v 1ti[1]

#Searching permutations
perms = find_perms(eq, perms_o, perms_v, dummies)

#Saving the result
term_list = build_term_list(eq, perms)
write_latex (expr[0], expr[1], term_list)

if name == " _

main ()

_main_

Figure 4.5.: Set-up for the generation of equations in the main.py file. In this example,
the equations for the UCC3 ground-state energy as well as singles and doubles
amplitudes are computed.
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4.4. GENERATED UCC SCHEMES

4.4. Generated UCC schemes

A short overview of all generated equations is given in the following. All generated equations

can be found in the appendix, section [C]

UCC3-x scheme for the calculation of electronically-excited states

As a straightforward extension to the already existing UCC schemes, the PP-UCC3-x scheme
with a second-order doubles/doubles block for the secular matrix is presented. In section|C.1]

included are:

e The UCC3 ground-state scheme with the third-order energy expression as well as third-

order equations for singles and doubles amplitudes, section [C.1.1]
e The PP-UCC3-x secular matrix (figure 4.1 on the left), section[C.1.2

e The third-order UCC ground-state density as well as third-order ground- to excited

state moments for singles and doubles, section [C.1.3]

e State-to-state moments for PP-UCC3-x states, following the order relations in figure

4.1 section[C.1.4]

UCC4 scheme for electronically-excited states with an improved ucc4+5[s,t]

ground state

Furthermore, the PP-UCC4 scheme including full triples is presented. The ground-state de-
scription is improved by the application of the doubly-nested commutators including 6, and
65 1n H »» which is referred to as UCC4+4-5[s,t]. The resulting fifth-order terms do not increase
the scaling of a full UCC4 scheme, thus making it computationally feasible, and include ex-
plicit singlet/triplet contractions which are not present in an ordinary UCC4 scheme. The

full sets of working equations presented in section [C.2] are:

e The UCC4+5[s,t] ground state scheme with the corresponding energy expression and

singles, doubles and triples amplitudes, section |C.2.1

e The PP-UCC4 secular matrix (figure 4.T] on the right), section [C.2.2]
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4.4. GENERATED UCC SCHEMES

e The fourth-order UCC ground-state density as well as fourth-order ground-to excited

state moments for singles, doubles and triples, section [C.2.3]

e State-to-state moments for PP-UCC4 states, following the order relations in figure[4.1]
section

4.4.1. Complexity and scaling

In a short final section, the increasing complexity of UCC working equations is discussed
as a showcase example for a general circumstance in quantum chemistry. To give a sense of
this, figure 4.6 shows the number of terms that are included in the iterative formulae for the

ground-state energy and amplitudes in different UCC schemes.
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Figure 4.6.: Number of terms present in the UCC energy and amplitude equations for differ-
ent schemes. An exponential fitting has been applied to the strict UCCrn schemes.
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4.4. GENERATED UCC SCHEMES

As may be directly understood, the complexity and thus computational cost of the methods
scale exponentially with the applied order of perturbation theory, including a remarkable
step from UCC3 to UCC4 for doubles amplitudes (from 53 to 212 terms). For UCC4 and
UCC44-5[s,t] the triples equations consist of even 657 and 741 terms, respectively.
The computational cost for the raw, that is, unoptimized PP-UCC4 matrix equations amounts
to O(N'9), however, before any optimization. This is the same as for PP-ADC(4)Y, which
possesses an identical raw scaling without the introduction of intermediates for computa-
tional purposes. In an optimized scheme, the scaling may be reduced by two orders of mag-
nitude to O(N®) for PP-ADC(4). Therefore, it is to be expected that an optimized PP-UCC4
scheme will sustain the same scaling behaviour. For the amplitudes, on the other hand, the
most expensive terms occurring in the iterative formula for the fourth-order triples show a
raw scaling which is as high as @(N'!), an example for such a term is

@10 2Py X (aellid) ol orlof)" (4.10)

Imdef

An appropriate splitting of these kind of expressions may lead to a reduction of at least two
orders of magnitudes (to @O(N?)) for the scaling of these terms, however, a suited scheme
for the computation of the here presented equations in an optimized matrix-vector product
formulation is yet to be established. Note that this only includes the computation of the
cluster amplitudes which, already in the case for small molecules as presented in the bench-
marks above, only remain to be a fraction in the full computational cost. In the improved
ground-state scheme UCC4+5[s,t] this scaling is not exceeded, thus offering the opportunity
to include these additional explicit singlet-triplet commutator terms (which are of fifth order)
in the computation.
The applicability of a full fourth-order scheme including explicit triples amplitudes in the
UCC framework imposes a computationally costly task, however, the application may de-
liver highly-accurate and reliable values. Furthermore, an expansion of the above presented
schemes to the computation of ionized or electronically attached states or other models in the

k49‘19

UCC framewor is a simple and straightforward task that may be realized expeditiously.
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5. Summary

The development and application of highly-accurate electronic structure methods has be-
come a fundamental task of modern theoretical and computational chemistry. Availability
of increasing computational power has enabled theoreticians to push the limits to ever higher
precisions, being able to establish a solid model framework to complement the work of ex-
perimentalists in all disciplines of chemistry and molecular sciences.

In this work, the implementation and benchmarking of modern state-of-the-art methods for
the computation of excited states in the frameworks of the Algebraic Diagrammatic Con-
struction scheme as well as Unitary Coupled Cluster were presented. To this end, the work
was divided into three parts: In the first part, The Algebraic Diagrammatic Construction
scheme for the two-hole and two-particle propagators (chapter [2), an implementation
of DIP-ADC as well as DEA-ADC for the calculation of doubly-ionized as well as double
electronically-attached states has been introduced along with benchmark data. The second
part, Core-valence separation for Unitary Coupled Cluster (chapter [3)), includes an in-
vestigation of core excited states in the UCC framework. Finally, the third part, Automated
generation of Unitary Coupled Cluster working equations (chapter [{), introduces the

implementation of a code generator for the computation of UCC working equations.

Chapter 2| presents an implementation along with a benchmark study for the calculation
of doubly-ionized as well as double electronically-attached states in the framework of the
Algebraic Diagrammatic Construction scheme up to third order. This implementation was
realized in the adcman and 1ibadc folders of the Q-Chem program package, exploiting the
high-performance tensor library 1ibtensor for calculations. Benchmark calculations for
double ionizations were executed using two benchmark sets, a small one previously applied

by Velkov et al. (containing H,O, LiH and HF) for the computation of doubly-ionized states
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on a FCI level as well as a set introduced by Jacquemin et al. consisting of 18 small to
medium-sized compounds for both, DIP and DEA.

A direct comparison to FCI values shows that both, DIP-ADC(3) as well as EOMDIP-CCSD,
are able to generate precise results, however, the latter being superior with deviations of only
-0.09 eV for eight singlet states (in comparison to 0.34 eV for DIP-ADC(3)) and -0.15 eV for
five triplet states (in comparison to 0.54 eV for DIP-ADC(3)). For the extended study of 18
species in the second benchmark set, 72 states for DIP-ADC(2)-x and DIP-ADC(3) as well
as 68 states for DIP-ADC(2) triplets were compared to the corresponding EOMDIP-CCSD
values. The main finding is that a proper description of doubly-ionized states explicitly de-
mands for an adequate parametrization of the doubles/doubles (p3h/p3h) block of the secu-
lar matrix, possibly relating to relaxation processes that occur upon double ionization to the
equilibrated ground state. Due to this circumstance, DIP-ADC(2)-x with its first-order dou-
bles/doubles block is as first method within the hierarchy of DIP-ADC methods able to yield
double-ionization energies which are at least roughly comparable to EOMDIP-CCSD values
with deviations of -1.31 + 0.29 eV (-3.6%) for the singlet states and -1.47 + 0.36 eV (-3.9%)
for the triplet states; however, still inheriting a huge underestimation. For DIP-ADC(3), on
the other hand, an excellent agreement to EOMDIP-CCSD was observed, with deviations of
only -0.23 + 0.35 eV (-0.7%) for singlet states and -0.33 + 0.45 eV (-0.9%) for triplet states,
respectively. As explained above, the pure second-order scheme fails in a proper description
of doubly-ionized states due to an only zeroth-order diagonal present in the doubles/doubles
block of the secular matrix, showing deviations as high as -4.02 + 1.31 eV (-10.8%) for sin-
glet states and -3.70 + 1.19 eV (-9.8%) for triplet states when compared to EOMDIP-CCSD
data. The particular high amounts of doubles (p3h) amplitudes in DIP-ADC(2) states here
imply an insufficient physical description of the doubles (p3h) space. Not suited at all is
the pure first-order scheme DIP-ADC(1), which does not include a description of the dou-
bles (p3h) space. Furthermore, an increase of double-ionization energies for higher-order
DIP-ADC methods, together with a decrease in the amount of doubles amplitudes (p3h am-
plitudes) in the doubly-ionized wavefunction is observed, supporting the findings mentioned
above.

For the benchmark of doubly-attached states, eight out of 18 molecules of Jacquemins set

(ammonia, dinitrogen, ethylene, formaldehyde, hydrogen chloride, hydrogen sulfide, metha-
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nimine and water) were used. The calculations include 27 (singlet) and 26 (triplet) states for
DEA-ADC(2), DEA-ADC(2)-x and DEA-ADC(3), respectively as well as 32 states for DEA-
ADC(1). As the key finding, all second- and third-order methods lie very closely together in
the description of double attachment energies, again, the third-order method DEA-ADC(3)
excels here with a deviation of only 0.10 £+ 0.09 eV (-1.9%) for singlet states and -0.12 + 0.10
eV (-2.0%) for triplet states. As for the other methods compared to EOMDEA-CCSD, DEA-
ADC(2) shows a deviation of -0.17 + 0.11 eV (-3.1%) for the singlet states and -0.17 + 0.10
eV (-2.8%) for the triplet states, this is found to be -0.19 + 0.11 eV (-3.4%) for the singlet
states and -0.18 + 0.10 eV (-3.1%) for the triplet states in the case of DEA-ADC(2)-x. This
means that, unlike to DIP-ADC, the pure second-order scheme for DEA-ADC constitutes a
better method than the extended second-order scheme which at this part introduces a slightly
worse description with its first-order doubles/doubles block. As a difference to DIP-ADC,
a benchmark of the first-order method DEA-ADC(1) was also included, stemming from the
fact that double attachment processes may be characterized as almost purely of singles (2p)
character with very little amounts of doubles amplitudes in the excited state wavefunction.
Deviations of DIP-ADC(1) were found to be 0.29 + 0.18 eV (5.2%) for singlet states and
0.28 + 0.18 eV (4.7%) for triplet states. Therefore, in contrast to the second- and third-order
methods, DEA-ADC(1) is always exceeding double attachment energies.

Recognizing the findings above, it is particularly interesting to see that DEA-ADC(1) con-
stitutes a better method to describe the process of double attachment than DIP-ADC(2) does
in the case of double ionization. For both processes, the third-order ADC scheme delivers
the best results compared to EOM-CCSD, however, results are closer in the case of DIP (de-
viating by only -0.7% for singlet states and -0.9% for triplet states) as in the case of DEA
(deviating by -1.9% for singlet states and -2.0% for triplet states). The third-order methods
DIP-ADC(3) and DEA-ADC(3) thus constitute valid alternatives as well as supplements to
the corresponding EOM-CCSD schemes.

Chapter [3| (previously published®®) presents the application of the Core-valence separation
(CVS) approach to Unitary Coupled Cluster. The CVS formalism enables the computation of
core-excitation energies which exceed with 10% - 103 eV the usual studied HOMO-LUMO

excitations of ~10! eV by far. These excitations are located in the high-energy or X-ray
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region of optic spectra, thus giving access to the computation of X-ray spectra for molec-
ular species. Benchmark studies were executed on the same set of closed-and open-shell
species that was previously used by Wenzel et al. to study the CVS approach for the Alge-
braic Diagrammatic Construction scheme. As for CVS-ADC, calculations were performed
for CVS-UCC2, CVS-UCC2-x as well as CVS-UCC3 using Q-Chem 5.2.

It was shown that CVS-UCC and CVS-ADC core-excitation energies are located remark-
ably close to one another, with the deviations for the different systems investigated ranging
from 0.001% to 0.04% for CVS-UCC?2 (relative to CVS-ADC(2)) and 0.001% to 0.03% for
CVS-UCC2-x (relative to CVS-ADC(2)-x). For the third-order scheme, the investigation of
core-excitation energies on the three small molecular species CO, NH; and CHj; including
a complete basis set extrapolation on the cc- aug-cc- and d-aug-cc-pVXZ basis set series
showed that also for this scheme, CVS-UCC and CVS-ADC are in a very good accordance.
CVS-UCC3 values exceeded the corresponding CVS-ADC(3) values (up to about 0.16% for
CO C 1s) except for CO O 1s, where they are located about 0.23% under the CVS-ADC
values. Also for the calculations on CO O 1s, CVS-UCC3 values lie closer to experimental
data, in all other cases CVS-ADC(3) values are found to be closer. With only few exceptions,
computed oscillator strengths on the different levels (CVS-UCC2, CVS-UCC2-x and CVS-
UCC(3/2)) are in good agreement, if not identical, to the corresponding CVS-ADC ones. An
extended example, featuring the spectrum of cationic anthracene in the region between 281
and 289 eV, shows the capability of CVS-UCC2-x to produce X-ray spectra in comparison
to CVS-ADC(2)-x.

As a summary, CVS-UCC as well as CVS-ADC methods up to third order are similarly well
suited for the computation of core-excitation energies. However, the iterative ground-state
description for UCC, in contrast to the non-iterative MP ground state for ADC, seems to not
change the performance of the calculations, as it may be regarded as negligible around the

ground-state geometries.

Chapter [ introduces the implementation of an automated code generator for Unitary Cou-
pled Cluster working equations. A detailed description of the code and implemented features
is provided, along with code snippets that serve as comprehensive examples. The applica-

bility of the code generator has been shown by the generation of the full sets of UCC3-x
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as well as UCC4 working equations for the calculation of electronically-excited states (PP-
UCC). The sets of generated equations further include the description of properties such as
ground-state densities, ground-to excited state as well as state-to-state densities. UCC3-x in
this context represents an ad-hoc extension of UCC3, expanding the doubles/doubles block
of the UCC secular matrix in second order. The UCC4 scheme includes full triples, further-
more, an improved ground-state scheme, named UCC4+5[s,t] is introduced. This scheme
includes fifth-order terms that explicitly contract singles and triples amplitudes without in-
creasing the principal scaling (cost) of the scheme. As for PP-UCC4, the raw equations
show a scaling of O(N'°) just as for PP~-ADC(4), implying that an optimized implementa-
tion would also be able to reach the O(N?®) of PP-ADC(4). For the amplitudes, on the other
hand, the scaling reaches a O(N!'"), which may be reduced to at least O(N°). However, a

suitable implementation for the computation of PP-UCC(4) needs yet to be realized.
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5.1. OUTLOOK

5.1. Outlook

As the concluding part of this work, a short outlook on possible applications to be further
made for the here introduced developments shall be made.

For doubly-ionized as well as double electronically-attached states in the DIP-ADC and
DEA-ADC frameworks, an extended benchmark of bigger molecules could be a desirable
task. Furthermore, the calculation of excited-state properties for DIP-ADC and DEA-ADC
as for PP-ADC® or IP/EA-ADC2Y2I18 ¢ould be included. To enable this, the existing code
structure in adcman as well as 1ibadc can be straightforwardly used. In similarity to PP-
ADC®, the application of a fourth-order DIP/DEA-ADC scheme could be considered. The
same holds true for the CVS-UCC scheme: A higher-order application, namely CVS-UCC4,
could be established, along with the calculation of properties on a high level of theory.

This would be, as the UCC4 scheme for the calculation of excited states, an extension to
the hierarchy of UCC methods by fourth order. However, as this work "only" presents the
fourth-order UCC ground-state and secular matrix equations, an efficient implementation of
the working equations in the form of matrix-vector products would be the next step towards
this. Also, the application of the UCC code generator to different excitation schemes, such

19149

as the (double-) ionization as well as the (double-) attachment to formulate fourth-order

UCC schemes for these processes may be an interesting endeavour.
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A. Algebraic-Diagrammatic
construction scheme for
doubly-ionized /double

electronically attached states

A.1l. Intermediates for computation

Generated automatically using a code generator for ADC introduced by J. Leitner et al.®V,
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A.l1. INTERMEDIATES FOR COMPUTATION

and
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with p being the MP ground-state densities,

2sq) __ ac sbe
tiajz - Ztiktjk (A.3)
k,c
and
-1
4 = 2l pyzy -0z, + 20| [P e 1] s

with f being the Delta-Fock matrix and

Ziy = 21 CiillKD)
kl
“ ac ;
Ziw = thjk (kbllic) (A.5)

z2 = 14 (ab|cd)
cd

the n® intermediates'.
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A.2. GEOMETRIES FOR THE FULL CI SET

A.2. Geometries for the Full Cl set

The first number in brackets gives the absolute charge, the second the multiplicity of the

species.

Water (0 1)
O 0.00000 0.00000 0.00000
H 0.95700 0.00000 0.00000
H -0.23961 0.92652 0.00000

Lithium hydride (0 1)
Li 0.0000000 0.0000000 0.0000000
H 1.5950000 0.0000000 0.0000000

Hydrogen fluoride (0 1)
0.0000000 0.0000000 0.0000000
H 0.9170000 0.0000000 0.0000000

T
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A.3. Geometries for Jacquemins benchmark set

The first number in brackets gives the absolute charge, the second the multiplicity of the

Acetylene (0 1)

species.
Acetaldehyde (0 1)
C -0.00234503 0.00000000 0.87125063
C -1.75847785 0.00000000 -1.34973671
O 2.27947397  0.00000000 0.71968028
H -0.92904537 0.00000000  2.73929404
H -2.97955463 1.66046488 -1.25209463
H -2.97955463 -1.66046488 -1.25209463
H -0.70043433 0.00000000 -3.11066412
Ammonia (0 1)
N 0.12804615 -0.00000000 0.00000000
H -0.59303935 0.88580079 -1.53425197
H -0.59303935 -1.77160157 -0.00000000
H -0.59303935 0.88580079  1.53425197
Cyclopropene (0 1)
C 0.00000000 0.00000000 -1.66820880
C 0.00000000 1.22523906 0.90681419
C 0.00000000 -1.22523906 0.90681419
H 1.72255446  0.00000000 -2.77881149
H -1.72255446 0.00000000 -2.77881149
H 0.00000000 2.97844519 1.92076771
H 0.00000000 -2.97844519 1.92076771
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C 0.00000000 0.00000000 1.14048351
C 0.00000000 0.00000000 -1.14048351
H 0.00000000 0.00000000 3.14009043
H 0.00000000 0.00000000 -3.14009043
Carbonmonoxide (0 1)
C 0.00000000 0.00000000 -1.24942055
O 0.00000000 0.00000000 0.89266692
Diazomethane (0 1)
C 0.00000000 0.00000000 -2.30830005
N 0.00000000 0.00000000 0.14457890
N 0.00000000 0.00000000 2.29923216
H 0.00000000 1.79875201 -3.24272317
H 0.00000000 -1.79875201 -3.24272317



A.3. GEOMETRIES FOR JACQUEMINS BENCHMARK SET

Ethylene (0 1)

C 0.00000000 1.26026583  0.00000000
Dinitrogene (0 1) C 0.00000000 -1.26026583 0.00000000
N 0.00000000 0.00000000 1.04008632 H 0.00000000 2.32345976 1.74287672
N 0.00000000 0.00000000 -1.04008632 H 0.00000000 -2.32345976 1.74287672
H 0.00000000 2.32345976 -1.74287672
H 0.00000000 -2.32345976 -1.74287672
Formamide (0 1)
Formaldehyde (0 1) C 0.00183118 0.00000000 0.79313299
C 0.00000000 0.00000000 -1.13947666 O 2.26817156 0.00000000 0.43918824
O 0.00000000 0.00000000 1.14402883 N -1.76886033 0.00000000 -1.06219243
H 0.00000000 1.76627623 -2.23398653 H -0.84133459 0.00000000 2.68872485
H 0.00000000 -1.76627623 -2.23398653 H -1.21254414 0.00000000 -2.87596907
H -3.61627502 0.00000000 -0.65031317
. Hydrogen sulfide (0 1)
Hydrogen chioride (0 1) S~ 0.00000000 0.00000000 -0.50365086
Cl 0.00000000 0.00000000 -0.02489783
H 0.00000000 0.00000000 2.38483140 H0.00000000 1.81828105 125212288
H 0.00000000 -1.81828105 1.25212288
Ketene (0 1) Methanimine (0 1)
C 0.00000000 0.00000000 -2.44810151 C 0.10696646 0.00000000 1.11091130
C 0.00000000 0.00000000 0.03498545 N 0.10764012 0.00000000 -1.29677742
O 0.00000000 0.00000000 2.23663914 H -1.59140953 0.00000000 2.27296652
H 0.00000000 1.77432079 -3.43705988 H 1.90475160 0.00000000 2.09393982
H 0.00000000 -1.77432079 -3.43705988 H -1.69956184 0.00000000 -1.96217482
Streptocyanine (1 1)
Nitrosomethane (0 1) C 0.00000000 0.00000000 0.80488833
C -1.78426612 0.00000000 -1.07224050 N 0.00000000 2.19423463 -0.33580561
N -0.00541753 0.00000000 1.08060391 N 0.00000000 -2.19423463 -0.33580561
O 2.18814985 0.00000000 0.43452135 H 0.00000000 0.00000000 2.84436959
H -0.77343975 0.00000000 -2.86415606 H 0.00000000 2.36978315 -2.23371976
H -2.97471478 1.66801808 -0.86424584 H 0.00000000 -2.36978315 -2.23371976
H -2.97471478 -1.66801808 -0.86424584 H 0.00000000 3.79412648 0.69399206
H 0.00000000 -3.79412648 0.69399206
Thioformaldehyde (0 1) Water (0 1)
€ 000000000 0.00000000  -2.08677304 O 0.00000000 0.00000000 -0.13209669
S 0.00000000 0.00000000 0.97251194
H 0.00000000 1.43152878 0.97970006
H 0.00000000 1.73657773 -3.17013507 H 0.00000000 -1.43152878 0.97970006
H 0.00000000 -1.73657773 -3.17013507 ' ' ’
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A.4. BENCHMARK OF DOUBLY-IONIZED SINGLET STATES

A.4. Benchmark of doubly-ionized singlet states

This section collects all data that was computed for the benchmark study of doubly-ionized
singlet states. Besides the full data set, an individual statistical analysis for each molecular

species in comparison to EOMDIP-CCSD as well as DIP-ADC(3) is provided.
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Table A.13.: Doubly-ionized singlet state statistics for the four lowest-lying states: DIP-
ADC(3) compared to EOMDIP-CCSD.

DIP-ADC(3) vs. EOMDIP-CCSD Singlets

Molecule Max [eV] | Min [eV] | MSE [eV] MSE [%] | MAE [eV] | MAE [%]
Acetaldehyde 0.036 -0.391 -0.125 -0.4 0.143 04
Acetylene -0.393 -0.574 -0.479 -1.3 0.479 1.3
Ammonia 0.279 0.193 0.218 0.5 0.218 0.5
Carbonmonoxide -0.189 -0.610 -0.391 -0.9 0.391 0.9
Cyclopropene -0.167 -0.284 -0.245 -0.8 0.245 0.8
Diazomethane -0.581 -0.907 -0.748 -2.3 0.748 23
Dinitrogene -0.577 -0.991 -0.798 -1.7 0.798 1.7
Ethylene -0.203 -0.348 -0.289 -0.9 0.289 0.9
Formaldehyde 0.123 -0.213 -0.020 -0.1 0.087 0.2
Formamide 0.031 -0.082 -0.034 -0.1 0.049 0.2
Hydrogen chloride | -0.093 -0.167 -0.134 -0.3 0.134 0.3
Hydrogen sulfide -0.170 -0.232 -0.205 -0.6 0.205 0.6
Ketene -0.216 -0.521 -0.406 -1.2 0.406 1.2
Methanimine -0.172 -0.276 -0.210 -0.6 0.210 0.6
Nitrosomethane -0.215 -0.845 -0.466 -1.4 0.466 14
Streptocyanine-c1 -0.110 -0.343 -0.199 -0.4 0.199 0.4
Thioformaldehyde | -0.272 -0.475 -0.378 -1.2 0.378 1.2
Water 0.748 0.628 0.697 1.6 0.697 1.6

Total 0.75 -0.99 -0.23+035 | -0.7+09 | 0.34 +0.24 | 0.9 + 0.6

Table A.14.: Doubly-ionized singlet state statistics for the four lowest-lying states: DIP-
ADC(2)-x compared to EOMDIP-CCSD.

DIP-ADC(2)-x vs. EOMDIP-CCSD Singlets

Molecule Max [eV] | Min [eV] | MSE [eV] MSE [%] MAE [eV] | MAE [%]
Acetaldehyde -1.374 -1.609 -1.508 -4.6 1.508 4.6
Acetylene -0.853 -1.378 -1.086 -2.9 1.086 29
Ammonia -1.346 -1.415 -1.380 -33 1.380 33
Carbonmonoxide -0.939 -1.627 -1.265 -2.8 1.265 2.8
Cyclopropene -1.119 -1.341 -1.266 -4.2 1.266 4.2
Diazomethane -0.841 -1.467 -1.149 -3.5 1.149 3.5
Dinitrogene -0.700 -1.065 -0.905 -2.0 0.905 2.0
Ethylene -1.061 -1.324 -1.175 -3.5 1.175 35
Formaldehyde -1.414 -2.216 -1.682 -4.4 1.682 4.4
Formamide -1.411 -1.782 -1.556 -4.8 1.556 4.8
Hydrogen chloride | -0.932 -1.067 -0.999 -2.5 0.999 2.5
Hydrogen sulfide -0.974 -1.053 -1.019 -2.9 1.019 29
Ketene -1.012 -1.351 -1.175 -3.5 1.175 3.5
Methanimine -1.358 -1.599 -1.434 -4.1 1.434 4.1
Nitrosomethane -1.428 -1.962 -1.676 -5.1 1.676 5.1
Streptocyanine-c1 -1.249 -1.674 -1.379 -2.9 1.379 29
Thioformaldehyde | -1.065 -1.349 -1.195 -3.8 1.195 3.8
Water -1.640 -1.820 -1.729 -3.9 1.729 39

Total -0.7 -2.22 -1.31+0.29 | -3.6+09 | 1.31+0.29 | 3.6+0.9
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Table A.15.: Doubly-ionized singlet state statistics for the four lowest-lying states: DIP-
ADC(2) compared to EOMDIP-CCSD.

DIP-ADC(2) vs. EOMDIP-CCSD Singlets

Molecule Max [eV] | Min [eV] MSE [eV] MSE [%] MAE [eV] MAE [%]
Acetaldehyde -2.890 -4.600 -3.608 -11.0 3.608 11.0
Acetylene -3.678 -3.895 -3.799 -10.3 3.799 10.3
Ammonia -5.286 -6.011 -5.539 -13.1 5.539 13.1
Carbonmonoxide -3.026 -6.212 -4.092 -9.0 4.092 9.0
Cyclopropene -2.979 -3.865 -3.466 -11.4 3.466 11.4
Diazomethane -2.516 -3.562 -2.982 -9.1 2.982 9.1
Dinitrogene -3.634 -4.123 -3.967 -8.6 3.967 8.6
Ethylene -2.593 -3.794 -3.156 9.4 3.156 9.4
Formaldehyde -5.158 -6.576 -5.810 -15.2 5.810 15.2
Formamide -3.471 -5.910 -4.106 -12.7 4.106 12.7
Hydrogen chloride | -3.535 -3.927 -3.714 -9.1 3.714 9.1
Hydrogen sulfide -2.760 -3.287 -2.996 -8.5 2.996 8.5
Ketene -2.761 -3.302 -2.921 -8.7 2.921 8.7
Methanimine -4.327 -4.968 -4.555 -13.0 4.555 13.0
Nitrosomethane -2.822 -4.465 -3.612 -11.0 3.612 11.0
Streptocyanine-c1 -2.618 -4.580 -3.203 -6.7 3.203 6.7
Thioformaldehyde | -2.868 -3.587 -3.274 -10.5 3.274 10.5
Water -7.251 -7.839 -7.647 -17.1 7.647 17.1

Total -2.52 -7.84 -4.02+131 | -10.8+2.9 | 4.02+131 | 10.8+29
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Table A.16.: Doubly-ionized singlet state statistics for the four lowest-lying states: DIP-

ADC(2)-x compared to DIP-ADC(3).
DIP-ADC(2)-x vs. DIP-ADC(3) Singlets

Molecule Max [eV] | Min [eV] MSE [eV] MSE [%] MAE [eV] MAE [%]
Acetaldehyde -1.175 -1.521 -1.384 43 1.384 4.3
Acetylene -0.460 -0.804 -0.607 -1.6 0.607 1.6
Ammonia -1.565 -1.625 -1.598 -3.8 1.598 3.8
Carbonmonoxide -0.329 -1.438 -0.874 -1.9 0.874 1.9
Cyclopropene -0.837 -1.174 -1.021 -3.4 1.021 34
Diazomethane -0.260 -0.560 -0.401 -1.2 0.401 1.2
Dinitrogene 0.141 -0.344 -0.107 -0.2 0.207 0.4
Ethylene -0.733 -1.047 -0.886 2.7 0.886 2.7
Formaldehyde -1.236 -2.216 -1.662 4.3 1.662 4.3
Formamide -1.330 -1.776 -1.522 -4.7 1.522 4.7
Hydrogen chloride | -0.766 -0.952 -0.865 2.1 0.865 2.1
Hydrogen sulfide -0.784 -0.847 -0.814 -2.3 0.814 2.3
Ketene -0.598 -1.135 -0.769 -2.3 0.769 2.3
Methanimine -1.135 -1.422 -1.225 -3.5 1.225 3.5
Nitrosomethane -1.118 -1.292 -1.210 -3.7 1.210 3.7
Streptocyanine-cl -0.974 -1.563 -1.180 -2.5 1.180 2.5
Thioformaldehyde | -0.640 -1.077 -0.817 2.7 0.817 2.7
Water -2.268 -2.567 -2.426 -5.4 2.426 54

Total 0.14 -2.57 -1.08+0.55 | -29+14 | 1.08+054 | 29+13

Table A.17.: Doubly-ionized singlet state statistics for the four lowest-lying states: DIP-

ADC(2) compared to DIP-ADC(3).
DIP-ADC(2) vs. DIP-ADC(3) Singlets

Molecule Max [eV] | Min [eV] | MSE [eV] MSE [%] MAE [eV] MAE [%]
Acetaldehyde -2.863 -4.484 -3.483 -10.7 3.483 10.7
Acetylene -3.104 -3.502 -3.320 9.1 3.320 9.1

Ammonia -5.479 -6.290 -5.757 -13.5 5.757 13.5
Carbonmonoxide -2.475 -6.023 -3.701 -8.2 3.701 8.2
Cyclopropene -2.696 -3.699 -3.221 -10.6 3.221 10.6
Diazomethane -1.935 -2.654 -2.235 -7.0 2.235 7.0
Dinitrogene -2.643 -3.546 -3.170 -6.9 3.170 6.9
Ethylene -2.265 -3.517 -2.867 -8.6 2.867 8.6
Formaldehyde -4.945 -6.576 -5.791 -15.1 5.791 15.1
Formamide -3.390 -5.904 -4.072 -12.6 4.072 12.6
Hydrogen chloride | -3.373 -3.761 -3.580 -8.8 3.580 8.8
Hydrogen sulfide -2.590 -3.075 -2.791 -8.0 2.791 8.0
Ketene -2.293 -3.086 -2.516 -71.6 2.516 7.6
Methanimine -4.051 -4.790 -4.346 -12.5 4.346 12.5
Nitrosomethane -2.541 -3.941 -3.146 -9.7 3.146 9.7
Streptocyanine-c1 -2.275 -4.470 -3.004 -6.3 3.004 6.3
Thioformaldehyde | -2.393 -3.315 -2.896 -9.4 2.896 9.4
Water -7.879 -8.586 -8.344 -18.4 8.344 18.4

Total -1.93 -8.59 -3.79 +1.57 | -10.2+3.5 | 3.79+1.57 | 10.2 +3.5
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A.5. Benchmark of doubly-ionized triplet states

This section collects all data that was computed for the benchmark study of doubly-ionized
singlet states. Besides the full data set, an individual statistical analysis for each molecular

species in comparison to EOMDIP-CCSD as well as DIP-ADC(3) is provided.
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Table A.21.: Doubly-ionized triplet state statistics for the four lowest-lying states: DIP-

ADC(3) compared to EOMDIP-CCSD.
DIP-ADC(3) vs. EOMDIP-CCSD Triplets

Molecule Max [eV] | Min [eV] MSE [eV] MSE [%] MAE [eV] MAE [%]
Acetaldehyde 0.010 -0.367 -0.129 -0.4 0.134 0.4
Acetylene -0.516 -0.727 -0.582 -1.5 0.582 1.5
Ammonia 0.198 0.001 0.132 0.3 0.132 0.3
Carbonmonoxide 0.477 -0.610 -0.149 -0.4 0.387 0.9
Cyclopropene -0.256 -0.363 -0.302 -1.0 0.302 1.0
Diazomethane -0.645 -1.182 -0.846 -2.5 0.846 2.5
Dinitrogene -0.766 -1.165 -0.921 -2.0 0.921 2.0
Ethylene -0.295 -0.657 -0.413 -1.2 0.413 1.2
Formaldehyde 0.188 -0.189 -0.069 -0.2 0.163 0.4
Formamide 0.022 -0.239 -0.114 -0.3 0.125 0.4
Hydrogen chloride | -0.150 -2.047 -0.809 -1.6 0.809 1.6
Hydrogen sulfide -0.224 -0.627 -0.338 -0.9 0.338 0.9
Ketene -0.303 -0.610 -0.487 -1.4 0.487 14
Methanimine -0.286 -0.423 -0.340 -0.9 0.340 0.9
Nitrosomethane -0.276 -1.161 -0.616 -1.7 0.616 1.7
Streptocyanine-cl -0.165 -0.403 -0.298 -0.6 0.298 0.6
Thioformaldehyde | -0.311 -0.579 -0.443 -1.4 0.443 14
Water 0.879 0.611 0.713 1.5 0.713 1.5

Total 0.88 -2.05 -0.33+045 | -09+1.0 | 045+034 | 1.1+0.8

Table A.22.: Doubly-ionized triplet state statistics for the four lowest-lying states: DIP-
ADC(2)-x compared to EOMDIP-CCSD.

DIP-ADC(2)-x vs. EOMDIP-CCSD Triplets

Molecule Max [eV] | Min [eV] | MSE [eV] MSE [%] MAE [eV] | MAE [%]
Acetaldehyde -1.427 -1.804 -1.576 -4.7 1.576 4.7
Acetylene -0.815 -1.458 -1.161 -3.0 1.161 3.0
Ammonia -1.392 -1.887 -1.652 -3.5 1.652 35
Carbonmonoxide -0.876 -2.262 -1.486 -3.2 1.486 32
Cyclopropene -1.162 -1.417 -1.330 4.3 1.330 43
Diazomethane -1.165 -1.902 -1.533 -4.5 1.533 4.5
Dinitrogene -0.872 -1.611 -1.143 -2.5 1.143 2.5
Ethylene -1.249 -1.684 -1.426 -4.1 1.426 4.1
Formaldehyde -1.228 -1.908 -1.542 -4.0 1.542 4.0
Formamide -1.388 -2.073 -1.655 -5.0 1.655 5.0
Hydrogen chloride | -1.097 -2.550 -1.702 -3.7 1.702 3.7
Hydrogen sulfide -1.074 -1.850 -1.291 -3.4 1.291 34
Ketene -1.171 -1.427 -1.330 -3.9 1.330 39
Methanimine -1.297 -1.637 -1.484 -4.2 1.484 4.2
Nitrosomethane -1.460 -2.306 -1.792 -5.2 1.792 52
Streptocyanine-cl -1.281 -1.549 -1.367 -2.9 1.367 29
Thioformaldehyde | -0.686 -1.454 -1.192 -3.7 1.192 3.7
Water -1.682 -2.200 -1.869 -3.9 1.869 39

Total -0.69 -2.55 -1.47+036 | -3.9+09 | 1.47+036 | 3.9+0.9
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Table A.23.: Doubly-ionized triplet state statistics for the four lowest-lying states: DIP-
ADC(2) compared to EOMDIP-CCSD.
“ Three states; * two states.

DIP-ADC(2) vs. EOMDIP-CCSD Triplets

Molecule Max [eV] | Min [eV] MSE [eV] MSE [%] MAE [eV] MAE [%]
Acetaldehyde -2.874 -4.160 -3.603 -10.8 3.603 10.8
Acetylene -1.954 -3.787 -3.221 -8.5 3.221 8.5
Ammonia“ -4.959 -5.549 -5.186 -11.7 5.186 11.7
Carbonmonoxide -2.781 -7.030 -4.681 -10.0 4.681 10.0
Cyclopropene -2.560 -3.717 -3.289 -10.5 3.289 10.5
Diazomethane -2.608 -3.716 -3.102 9.2 3.102 9.2
Dinitrogene -2.125 -4.172 -3.497 -7.6 3.497 7.6
Ethylene -2.916 -3.716 -3.304 -9.4 3.304 9.4
Formaldehyde -3.052 -6.424 -4.526 -11.8 4.526 11.8
Formamide -3.007 -5.282 -3.984 -12.0 3.984 12.0
Hydrogen chloride? | -3.303 -3.442 -3.373 -8.9 3.373 8.9
Hydrogen sulfide -2.722 -3.657 -3.022 -8.0 3.022 8.0
Ketene -2.639 -3.466 -2.980 -8.6 2.980 8.6
Methanimine -3.557 -4.341 -3.874 -10.9 3.874 10.9
Nitrosomethane -2911 -4.325 -3.380 -9.8 3.380 9.8
Streptocyanine-c1 -2.478 -2.920 -2.720 -5.7 2.720 5.7
Thioformaldehyde -2.041 -3.355 -2.876 -8.9 2.876 8.9
Water? -6.682 -7.233 -6.912 -15.7 6.912 15.7

Total -1.95 -7.23 370 £1.19 | 98 +2.7 | 3.70+1.19 | 9.8 +2.7
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Table A.24.: Doubly-ionized triplet state statistics for the four lowest-lying states: DIP-
ADC(2)-x compared to DIP-ADC(3).

DIP-ADC(2)-x vs. DIP-ADC(3) Triplets

Molecule Max [eV] | Min [eV] MSE [eV] MSE [%] MAE [eV] MAE [%]
Acetaldehyde -1.364 -1.515 -1.446 -4.4 1.446 4.4
Acetylene -0.088 -0.914 -0.579 -1.6 0.579 1.6
Ammonia -1.545 -2.085 -1.784 -3.8 1.784 3.8
Carbonmonoxide -0.265 -2.739 -1.337 -2.8 1.337 2.8
Cyclopropene -0.799 -1.161 -1.028 -3.3 1.028 33
Diazomethane -0.397 -0.816 -0.687 -2.1 0.687 2.1
Dinitrogene 0.261 -0.803 -0.222 -0.5 0.389 0.9
Ethylene -0.866 -1.123 -1.013 -2.9 1.013 29
Formaldehyde -1.101 -2.096 -1.472 -3.8 1.472 38
Formamide -1.149 -1.849 -1.541 -4.7 1.541 4.7
Hydrogen chloride | -0.503 -1.129 -0.893 2.1 0.893 2.1
Hydrogen sulfide -0.823 -1.223 -0.953 -2.6 0.953 2.6
Ketene -0.642 -1.124 -0.844 -2.5 0.844 2.5
Methanimine -1.011 -1.323 -1.144 -3.2 1.144 32
Nitrosomethane -1.145 -1.237 -1.176 -3.5 1.176 35
Streptocyanine-cl -0.983 -1.156 -1.069 -2.2 1.069 2.2
Thioformaldehyde | -0.374 -1.086 -0.748 2.4 0.748 24
Water -2.317 -3.079 -2.582 -53 2.582 53

Total 0.26 -3.08 -1.14+0.60 | -3.0+14 | 1.15+058 | 3.0+ 13

Table A.25.: Doubly-ionized triplet state statistics for the four lowest-lying states: DIP-
ADC(2) compared to DIP-ADC(3).
 Three states; ® two states.

DIP-ADC(2) vs. DIP-ADC(3) Triplets

Molecule Max [eV] | Min [eV] MSE [eV] MSE [%] MAE [eV] MAE [%]
Acetaldehyde -2.884 -3.990 -3.474 -10.5 3.474 10.5
Acetylene -1.228 -3.245 -2.639 -7.1 2.639 7.1
Ammonia“ -5.112 -5.747 -5.363 -12.1 5.363 12.1

Carbonmonoxide -2.437 -7.507 -4.532 -9.7 4.532 9.7
Cyclopropene -2.198 -3.461 -2.986 -9.7 2.986 9.7
Diazomethane -1.963 -2.534 -2.257 -6.8 2.257 6.8

Dinitrogene -0.960 -3.363 -2.576 -5.7 2.576 5.7
Ethylene -2.534 -3.399 -2.891 -8.4 2.891 8.4
Formaldehyde -2.925 -6.611 -4.456 -11.7 4.456 11.7
Formamide -2.768 -5.059 -3.870 -11.7 3.870 11.7
Hydrogen chloride® | -3.139 -3.291 -3.215 -8.5 3.215 8.5
Hydrogen sulfide -2.471 -3.030 -2.684 -7.2 2.684 7.2
Ketene -2.135 -3.163 -2.493 -71.3 2.493 7.3
Methanimine -3.272 -4.027 -3.534 -10.0 3.534 10.0
Nitrosomethane -2.574 -3.165 -2.763 -8.2 2.763 8.2
Streptocyanine-c1 -2.179 -2.754 -2.421 -5.1 2421 5.1
Thioformaldehyde -1.729 -2.988 -2.433 -7.6 2433 7.6
Water? -7.320 -7.956 -7.570 -16.9 7.570 16.9
Total -0.96 -7.96 -3.37+146 | -9.0+33 | 3.37+146 | 9.0 +3.3
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A.6. Benchmark of doubly-attached singlet states

This section collects all data that was computed for the benchmark study of doubly-attached
singlet states. Besides the full data set, an individual statistical analysis for each molecular

species in comparison to EOMDEA-CCSD as well as DEA-ADC(3) is provided.

146



A.6. BENCHMARK OF DOUBLY-ATTACHED SINGLET STATES

1200 Ly00 | 0900 | €00 92€'9 9s6's | viLs | ors | €iLo 141
€100 1200 | 000 | €200 STL'S 909'S | vov'S | LISS | €66°C VI
S10'0 1200 | 6200 | %200 S€T'S €IS | €10 | 1€0S | 9€S°S g1 apyIns
¥10°0 6100 | 200 | 6100 SL6'€ L88°€ | oL | €I18€ | 6STH V1 | uoSorpAy
9€0'0 : : : pS8L : - - 0658 WX
¥10°0 8100 | €200 | 0200 we'L ISIL | 180L | 680L | 999°L I
$10°0 6100 | €€00 | 9200 990°L 6969 | LE89 | S€89 | T0VL W1 | puod
100 6100 | 200 | 0200 bSSp csv'y | LIEY | €eev | vi8Y JX1 | uoSorphy
6000 1100 | #100 | 2100 6T’ L0TS | Tri's | 8sI'S | seb'S 141
LY0'0 - - - €81°G - - - r6'S il
6£0°0 - - - ZARS - - - LS tv1 | opAyope
9000 6000 | €100 | 1100 LES'E €08€ | 169€ | 10L€ | 896%€ IV I -wiog
800°0 1100 | #100 | 0100 8LTY ocTy | 18Iy | €0Tv | vevy 8v 1
6000 ¥10°0 | 8100 | €100 €97y 0Ty | WY | 991% | Lbby || nedl
5000 L000 | 8000 | 90000 we's s68'€ | 098€ | v8c | 1s0v | Sid1
L00'0 0100 | €100 | 0100 889°¢ 819'¢ | S95C | ¥8S'€ | 9v8€ Sy 1 | owkyg
9100 ¥€0'0 | ¥€00 | 1€0°0 0688 wess | L8ss | oLss | 6l X1
1100 S200 | LW00 | 6200 981’8 098 | 99€'8 | T10v'S | 68L'8 gigi
¥50°0 - - - LTS - - - LIT6 "1
900'0 8100 | +200 | 1200 PIyL 86TL | 60€L | 0I€L | ISSL i1 | wlonmig
0100 €100 | 9100 | €100 €9 WT9 | $81'9 | €079 | TLS9 VI
0100 €100 | 9100 | TI00 866G 668'S | €¥8S | t98's | 9€T9 VI
9000 8000 | 0100 | L00°0 6567 888y | €S8F | 1.8V | 860°S VI
800°0 0100 | €100 | 6000 S80°% 966'C | €S6'C | 9L6'C | 89TY V1 | ewowuwy
asoo-wod | (£)dav | x-(@dav | (@oav | asod-wod | (€)oav | x-@odav | @oav | (oav ||
NRIOXE | S[NIS[OA

[001/%] uonngrnuod sa[qno(q

[ A9] A319ud Juswaydee-9 (o

o T8 10 UTwanbor( J0 19s Y} 10 $I)IS 19[SUIS PAYIRNIB-A[[RIIUONIIS A[QNOP 10J BIBP YTRWYOUSY 97"V J[qeL,

147



A.6. BENCHMARK OF DOUBLY-ATTACHED SINGLET STATES

110°0 S100 | 8100 | €100 PrLL weL | seeL | gL | veos g1
L00"0 6000 | 1100 | 6000 0€1'9 8109 | T86S | 866'C | 0I£9 IV 1
6000 €100 | SI00 | 2TI00 9SL’S L09S | 8sS'S | $8¢'S | 666 141
L00'0 6000 | 1100 | 8000 Eh'y 8ISy | S8Tv | LOSY | 819 IV 1 1M
L20°0 - - - 9€TS - - - wo's V1
L000 0100 | TI00 | 0100 Eveh 89Ty | 61TF | S€TY | 10SH V1
L000 6000 | TI00 | 0100 6£TY 00Ty | S8cI'v | vhIv | SLEWD Vi surur
L00"0 0100 | 2100 | 0100 89°¢ P09 | ThS'E | 8SSE | LESE V1 | -uegpi
asdO-Wod | (£)dav | x-(@dav | (@oav | asod-wod | (€)oav | x-@odav | @odav | (moav ||
RIOXE | S[NOS[OIA

[001/%] uonnqLuod Sa[qnog

[ A9] AS10ud Juowayoeye-9 J[qnoq

0 %9 ™’ EMEDSUONH JO 198 34} I0J Sajels uoﬁwﬁﬁm UOQO.NHHml\A:NOMEOHuooﬁo I[qnop IOJ eviep Jlewyouad :°/ 'V 2l9el

148



A.6. BENCHMARK OF DOUBLY-ATTACHED SINGLET STATES

Table A.28.: Double electronically-attached singlet state statistics for the four lowest-lying
states: DEA-ADC(3) compared to EOMDEA-CCSD.
“ Three states; ® two states.

DEA-ADC(3) vs. EOMDEA-CCSD Singlets

Molecule Max [eV] | Min [eV] MSE [eV] MSE [%] MAE [eV] | MAE [%]
Ammonia -0.071 -0.099 -0.089 -1.7 0.089 1.7
Dinitrogen” 0.074 -0.116 -0.037 -0.5 0.086 1.1
Ethylene -0.047 -0.070 -0.056 -14 0.056 1.4
Formaldehyde? -0.034 -0.087 -0.061 -1.3 0.061 1.3
Hydrogen Chloride® | -0.097 -0.161 -0.126 2.1 0.126 2.1
Hydrogen Sulfide -0.088 -0.371 -0.173 -3.1 0.173 3.1
Methanimine® -0.039 -0.078 -0.064 -1.6 0.064 1.6
Water -0.111 -0.351 -0.184 -2.9 0.184 2.9

Total 0.07 -0.37 -0.10+0.09 | -1.9+1.2 | 0.11+0.08 | 2.0+ 1.1

Table A.29.: Double electronically-attached singlet state statistics for the four lowest-lying

states: DEA-ADC(2)-x compared to EOMDEA-CCSD.

4 Three states; b two states.

DEA-ADC(2)-x vs. EOMDEA-CCSD Singlets

Molecule Max [eV] | Min [eV] | MSE [eV] MSE [%] MAE [eV] | MAE [%]
Ammonia -0.106 -0.155 -0.137 -2.6 0.137 2.6
Dinitrogen® -0.105 -0.304 -0.176 -2.1 0.176 2.1
Ethylene -0.083 -0.123 -0.106 -2.6 0.106 2.6
Formaldehyde® -0.147 -0.152 -0.149 -3.3 0.149 33
Hydrogen Chloride* | -0.229 -0.261 -0.242 -4.0 0.242 4.0
Hydrogen Sulfide -0.183 -0.613 -0.312 -5.6 0.312 5.6
Methanimine® -0.111 -0.140 -0.125 -3.1 0.125 3.1
Water -0.148 -0.408 -0.228 -3.7 0.228 3.7

Total -0.08 -0.61 -019+0.11 | -34+1.6 | 0.19+0.11 | 34+1.6

Table A.30.: Double electronically-attached singlet state statistics for the four lowest-lying
states: DEA-ADC(2) compared to EOMDEA-CCSD.
“ Three states; ® two states.

DEA-ADC(2) vs. EOMDEA-CCSD Singlets

Molecule Max [eV] | Min [eV] MSE [eV] MSE [%] MAE [eV] | MAE [%]
Ammonia -0.087 -0.138 -0.117 22 0.117 2.2
Dinitrogen” -0.084 -0.320 -0.170 -2.0 0.170 2.0
Ethylene -0.068 -0.103 -0.086 2.1 0.086 2.1
Formaldehyde? -0.136 -0.137 -0.136 -3.1 0.136 3.1
Hydrogen Chloride? | -0.221 -0.254 -0.235 -3.9 0.235 39
Hydrogen Sulfide -0.162 -0.551 -0.281 -5.1 0.281 5.1
Methanimine® -0.095 -0.124 -0.109 2.7 0.109 2.7
Water -0.131 -0.373 -0.203 -3.2 0.203 3.2

Total -0.07 -0.55 -0.17+0.11 | -31+15 | 0.17+0.11 | 3.1+15
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Table A.31.: Double electronically-attached singlet state statistics for the four lowest-lying
states: DEA-ADC(1) compared to EOMDEA-CCSD.

DEA-ADC(1) vs. EOMDEA-CCSD Singlets

Molecule Max [eV] | Min [eV] | MSE [eV] | MSE [%] | MAE [eV] | MAE [%]
Ammonia 0.239 0.139 0.198 3.7 0.198 3.7
Dinitrogen 0.700 0.168 0.400 4.7 0.400 4.7
Ethylene 0.185 0.108 0.152 3.8 0.152 3.8
Formaldehyde 0.761 0.131 0.424 8.4 0.424 8.4
Hydrogen Chloride | 0.736 0.320 0.429 6.4 0.429 6.4
Hydrogen Sulfide 0.387 0.268 0.310 59 0.310 5.9
Methanimine 0.406 0.139 0.215 4.7 0.215 4.7
Water 0.291 0.176 0.223 3.7 0.223 3.7

Total 0.76 0.11 029 +0.18 | 52+2.7 | 029 +0.18 | 5.2 +2.7
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Table A.32.: Double electronically-attached singlet state statistics for the four lowest-lying
states: DEA-ADC(2)-x compared to DEA-ADC(3).
“ Three states; ® two states.

DEA-ADC(2)-x vs. DEA-ADC(3) Singlets

Molecule Max [eV] | Min [eV] | MSE [eV] MSE [%] MAE [eV] | MAE [%]
Ammonia -0.035 -0.056 -0.048 -0.9 0.048 0.9
Dinitrogen? 0.012 -0.236 -0.139 -1.6 0.147 1.7
Ethylene -0.036 -0.060 -0.049 -1.2 0.049 1.2
Formaldehyde® -0.064 -0.113 -0.088 -2.1 0.088 2.1
Hydrogen Chloride® | -0.100 -0.133 -0.116 -2.0 0.116 2.0
Hydrogen Sulfide -0.095 -0.242 -0.140 2.7 0.140 2.7
Methanimine® -0.048 -0.072 -0.061 -1.5 0.061 1.5
Water -0.033 -0.057 -0.044 -0.8 0.044 0.8

Total 0.01 -0.24 -0.08 +0.06 | -1.5+0.9 | 0.08+0.06 | 1.6 +0.9

Table A.33.: Double electronically-attached singlet state statistics for the four lowest-lying
states: DEA-ADC(2) compared to DEA-ADC(3).
4 Three states; b two states.

DEA-ADC(2) vs. DEA-ADC(3) Singlets

Molecule Max [eV] | Min [eV] MSE [eV] MSE [%] MAE [eV] MAE [%]
Ammonia -0.017 -0.039 -0.028 -0.5 0.028 0.5
Dinitrogen® 0.012 -0.252 -0.133 -1.5 0.141 1.6
Ethylene -0.021 -0.036 -0.030 -0.7 0.030 0.7
Formaldehyde® -0.048 -0.102 -0.075 -1.8 0.075 1.8
Hydrogen Chloride® -0.093 -0.134 -0.109 -1.8 0.109 1.8
Hydrogen Sulfide -0.074 -0.180 -0.109 2.1 0.109 2.1
Methanimine® -0.033 -0.056 -0.045 -1.1 0.045 1.1
Water -0.011 -0.022 -0.019 -0.3 0.019 0.3

Total 0.01 -0.25 -0.06 +0.06 | -1.2+0.9 | 0.07+0.06 | 1.2 +0.8

Table A.34.: Double electronically-attached singlet state statistics for the four lowest-lying
states: DEA-ADC(1) compared to DEA-ADC(3).
 Three states; ® two states.

DEA-ADC(1) vs. DEA-ADC(3) Singlets

Molecule Max [eV] | Min [eV] | MSE [eV] MSE [%] MAE [eV] MAE [%]
Ammonia 0.337 0.210 0.287 5.5 0.287 5.5
Dinitrogen® 0.497 0.229 0.337 4.1 0.337 4.1
Ethylene 0.245 0.155 0.208 5.2 0.208 5.2
Formaldehyde® 0.291 0.165 0.228 5.0 0.228 5.0
Hydrogen Chloride® 0.484 0.431 0.452 7.6 0.452 7.6
Hydrogen Sulfide 0.758 0.373 0.482 9.3 0.482 9.3
Methanimine® 0.234 0.178 0.215 5.4 0.215 54
Water 0.642 0.292 0.407 6.9 0.407 6.9

Total 0.76 0.16 033+0.14 | 6.3+21 | 0.33+0.14 | 6.3+2.1
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A.7. Benchmark of doubly-attached triplet states

This section collects all data that was computed for the benchmark study of doubly-attached
triplet states. Besides the full data set, an individual statistical analysis for each molecular

species in comparison to EOMDEA-CCSD as well as DEA-ADC(3) is provided.
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A.7. BENCHMARK OF DOUBLY-ATTACHED TRIPLET STATES

Table A.37.: Double electronically-attached triplet state statistics for the four lowest-lying

states: DEA-ADC(3) compared to EOMDEA-CCSD.

¢ Three states; ? two states.

DEA-ADC(3) vs. EOMDEA-CCSD Triplets

Molecule Max [eV] | Min [eV] MSE [eV] MSE [%] MAE [eV] MAE [%]
Ammonia -0.053 -0.247 -0.153 2.5 0.153 2.5
Dinitrogen® -0.022 -0.194 -0.091 -1.1 0.091 1.1
Ethylene -0.047 -0.063 -0.058 -14 0.058 1.4
Formaldehyde? -0.014 -0.088 -0.051 -1.1 0.051 1.1
Hydrogen Chloride? -0.111 -0.144 -0.128 2.0 0.128 2.0
Hydrogen Sulfide -0.016 -0.140 -0.084 -1.6 0.084 1.6
Methanimine?® -0.042 -0.070 -0.059 -1.5 0.059 1.5
Water -0.105 -0.392 -0.292 4.1 0.292 4.1

Total -0.01 -0.39 012+0.10 | -20+13 | 0.12+0.10 | 2.0+1.3

Table A.38.: Double electronically-attached triplet state statistics for the four lowest-lying

states: DEA-ADC(2)-x compared to EOMDEA-CCSD.

¢ Three states; ? two states.

DEA-ADC(2)-x vs. EOMDEA-CCSD Triplets

Molecule Max [eV] | Min [eV] MSE [eV] MSE [%] MAE [eV] | MAE [%]
Ammonia -0.075 -0.304 -0.191 -3.1 0.191 3.1
Dinitrogen’ -0.140 -0.241 -0.207 -2.5 0.207 25
Ethylene -0.095 -0.114 -0.107 -2.6 0.107 2.6
Formaldehyde® -0.115 -0.137 -0.126 -2.8 0.126 2.8
Hydrogen Chloride® | -0.182 -0.220 -0.201 -3.2 0.201 32
Hydrogen Sulfide -0.089 -0.218 -0.158 -3.0 0.158 3.0
Methanimine® -0.091 -0.126 -0.114 -2.8 0.114 2.8
Water -0.133 -0.465 -0.336 -4.7 0.336 4.7

Total -0.08 -0.47 -018+0.10 | -3.1+11 | 0.18+0.10 | 3.1+ 1.1

Table A.39.: Double electronically-attached triplet state statistics for the four lowest-lying
states: DEA-ADC(2) compared to EOMDEA-CCSD.
4 Three states; b two states.

DEA-ADC(2) vs. EOMDEA-CCSD Triplets

Molecule Max [eV] | Min [eV] | MSE [eV] MSE [%] MAE [eV] | MAE [%]
Ammonia -0.061 -0.275 -0.168 2.7 0.168 2.7
Dinitrogen? -0.137 -0.325 -0.229 -2.8 0.229 2.8
Ethylene -0.073 -0.092 -0.086 -2.1 0.086 2.1
Formaldehyde? -0.103 -0.117 -0.110 -2.5 0.110 2.5
Hydrogen Chloride® | -0.161 -0.204 -0.183 -2.9 0.183 29
Hydrogen Sulfide -0.071 -0.199 -0.138 -2.6 0.138 2.6
Methanimine’ -0.074 -0.110 -0.097 -2.4 0.097 2.4
Water -0.114 -0.423 -0.305 -4.3 0.305 4.3

Total -0.06 -0.42 -0.17 +0.10 | -28+1.1 | 0.17 +0.10 | -2.8 +1.1
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Table A.40.: Double electronically-attached triplet state statistics for the four lowest-lying
states: DEA-ADC(1) compared to EOMDEA-CCSD.

DEA-ADC(1) vs. EOMDEA-CCSD Triplets

Molecule Max [eV] | Min [eV] | MSE [eV] | MSE [%] | MAE [eV] | MAE [%]
Ammonia 0.234 0.100 0.171 3.0 0.171 3.0
Dinitrogen 0.566 0.203 0.356 4.2 0.356 4.2
Ethylene 0.171 0.140 0.153 3.8 0.153 3.8
Formaldehyde 0.542 0.108 0.321 6.6 0.321 6.6
Hydrogen Chloride | 0.849 0.256 0.527 7.1 0.527 7.1
Hydrogen Sulfide 0.282 0.220 0.259 4.8 0.259 4.8
Methanimine 0.380 0.130 0.202 4.5 0.202 4.5
Water 0.345 0.139 0.249 3.6 0.249 3.6

Total 0.85 0.10 028+0.18 | 47+23 | 028 +0.18 | 4.7 +2.3
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Table A.41.: Double electronically-attached triplet state statistics for the four lowest-lying
states: DEA-ADC(2)-x compared to DEA-ADC(3).
“ Three states; ® two states.

DEA-ADC(2)-x vs. DEA-ADC(3) Triplets

Molecule Max [eV] | Min [eV] | MSE [eV] MSE [%] MAE [eV] | MAE [%]
Ammonia -0.022 -0.056 -0.038 -0.7 0.038 0.7
Dinitrogen® -0.046 -0.183 -0.116 -1.3 0.116 1.3
Ethylene -0.047 -0.101 -0.049 -1.2 0.049 1.2
Formaldehyde® -0.049 -0.101 -0.075 -1.8 0.075 1.8
Hydrogen Chloride? | -0.071 -0.076 -0.073 -1.2 0.073 1.2
Hydrogen Sulfide -0.072 -0.077 -0.074 -1.4 0.074 1.4
Methanimine® -0.048 -0.062 -0.055 -1.4 0.055 1.4
Water -0.014 -0.074 -0.044 -0.7 0.044 0.7

Total -0.01 -0.18 -0.06 +0.03 | -1.2+0.5 | 0.06 +0.03 | 1.2+ 0.5

Table A.42.: Double electronically-attached triplet state statistics for the four lowest-lying
states: DEA-ADC(2) compared to DEA-ADC(3).
@ Three states; ? two states.

DEA-ADC(2) vs. DEA-ADC(3) Triplets

Molecule Max [eV] | Min [eV] MSE [eV] MSE [%] MAE [eV] | MAE [%]
Ammonia -0.007 -0.028 -0.016 -0.3 0.016 0.3
Dinitrogen? -0.115 -0.166 -0.137 -1.6 0.137 1.6
Ethylene -0.026 -0.031 -0.029 -0.7 0.029 0.7
Formaldehyde? -0.029 -0.089 -0.059 -1.4 0.059 1.4
Hydrogen Chloride? | -0.050 -0.060 -0.055 -0.9 0.055 0.9
Hydrogen Sulfide -0.048 -0.059 -0.054 -1.0 0.054 1.0
Methanimine® -0.031 -0.044 -0.038 -1.0 0.038 1.0
Water 0.012 -0.031 -0.014 -0.2 0.019 0.3

Total 0.01 -0.17 -0.05+0.04 | -0.8+0.6 | 0.05+0.04 | 0.8+0.5

Table A.43.: Double electronically-attached triplet state statistics for the four lowest-lying
states: DEA-ADC(1) compared to DEA-ADC(3).
4 Three states; b two states.

DEA-ADC(1) vs. DEA-ADC(3) Triplets

Molecule Max [eV] | Min [eV] | MSE [eV] MSE [%] | MAE [eV] | MAE [%]
Ammonia 0.481 0.153 0.324 5.6 0.324 5.6
Dinitrogen® 0.397 0.350 0.377 4.5 0.377 4.5
Ethylene 0.232 0.201 0.211 53 0.211 53
Formaldehyde® 0.293 0.123 0.208 4.5 0.208 4.5
Hydrogen Chloride? 0.408 0.367 0.388 6.3 0.388 6.3
Hydrogen Sulfide 0.422 0.282 0.343 6.5 0.343 6.5
Methanimine® 0.221 0.173 0.202 5.1 0.202 5.1
Water 0.737 0.244 0.540 8.0 0.540 8.0

Total 0.74 0.12 033+015 | 5.8+1.7 | 0.33+0.15 | 5.8+1.7
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B. Core-valence separation for

Unitary Coupled Cluster

B.1. Geometries for CVS-UCC2 and CVS-UCC2-x

calculations

The first number in brackets gives the absolute charge, the second the multiplicity of the

species.
ANQ (O 1)

C -5.259698 -1.211946 -0.000001
C -5.138437 0.194071 0.000001

C -3.910009 0.835109 -0.000002
H -6.035824 0.794218 -0.000001
C -2.711492 0.085372  0.000002
H -3.868573 1.914930 -0.000002
C -2.853654 -1.316583 0.000007
C -4.105930 -1.961123 0.000005
H -6.229220 -1.686643 -0.000001
C -1.386836 0.579225 -0.000002
C -0.312134 -0.295376 0.000001

H -1.210653 1.645384 -0.000002
C -0.475591 -1.697114 -0.000001
H 0.687480 0.112390 -0.000001
C -1.756307 -2.199407 0.000004
H 0.378874 -2.356786 -0.000001
C -3.855048 -3.419391 0.000003

C -2.294822 -3.577621 0.000003

O -4.644987 -4.335939 -0.000006
O -1.704980 -4.634093 -0.000006
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bithiophene (0 1)

TTZTITZTITOIZOOOQOnOnOQIT 00N

0.095254
-1.181628
-2.216041
-1.310276
-0.127625
1.119221
0.127625
-1.119221
-0.095254
1.310276
2.216041
1.181628
1.981762
0.474334
-1.981762
-0.474334

-3.167054
-2.7777672
-0.864492
-1.379780
-0.711100
-1.824717
0.711100
1.824717
3.167054
1.379780
0.864492
2777672
3.476230
-4.164330
-3.476230
4.164330

0.227935
-0.110515
-0.483764
-0.207263
0.061883
0.442074
0.061883
0.442074
0.227935
-0.207263
-0.483764
-0.110515
-0.289356
0.359006
-0.289356
0.359006



B.1. GEOMETRIES FOR CVS-UCC2 AND CVS-UCC2-X CALCULATIONS

PTCDA (0 1)

cloNoloNoNoNoRoNoNoNoR"NoR-"NHoNoNoNoN-"R-NoNoNoNoNoN-"NoN-"NoNoN-"NOoNONONONONPN==

3.375519

2.824586

1.398071

1.465500

3.529370

2.862972

0.718988

0.959709

3.529370

2.824586

3.375519

1.465500

0.959709

0.718988
-0.718988
-0.718988
-1.398071
-1.465500
-0.959709
-3.375519
-2.824586
-3.529370
-2.862972
-1.465500
-0.959709
-2.824586
-3.375519
-3.529370
4.972056
4.972056
5.663957

5.663957

5.597564
-4.972056
-5.663957
-5.597564
-4.972056
-5.663957

-3.388099
-2.460024
0.000000
-2.460357
-1.235962
0.000000
-1.244445
-3.411115
1.235962
2.460024
3.388099
2.460357
3411115
1.244445
-1.244445
1.244445
0.000000
-2.460357
-3.411115
-3.388099
-2.460024
-1.235962
0.000000
2.460357
3411115
2.460024
3.388099
1.235962
-1.210210
1.210210
2.226198
-2.226198
0.000000
1.210210
2.226198
0.000000
-1.210210
-2.226198

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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Porphine (0 1)

ZTOZITITITIITITITIDTITTDTITIITZTIZIOOOOOOOCZOO0OQZOOOOOQZOOZOOOO

-4.231112
-4.231112
-2.836994
-2.836994
-2.001840
-2.432129
-1.122875
0.000000
1.122875
-0.686747
0.686747
2432129
2.836994
2.001840
4.231112
4.231112
1.122875
0.000000
-1.122875
-0.686747
0.686747
-2.432129
2432129
2.836994
-5.076656
-5.076656
-3.210392
0.000000
-1.347795
1.347795
3.210392
5.076656
5.076656
0.000000
-1.347795
1.347795
-3.210392
3.210392

-0.679984
0.679984
1.081008

-1.081008
0.000000

-2.416786

-2.887735

-2.108424

-2.887735

-4.247762

-4.247762

-2.416786

-1.081008
0.000000
0.679984

-0.679984
2.887735
2.108424
2.887735
4.247762
4.247762
2416786
2.416786
1.081008
-1.351334
1.351334
-3.170599
-1.092811
-5.099560
-5.099560
-3.170599
1.351334
-1.351334
1.092811
5.099560
5.099560
3.170599
3.170599

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000



B.1. GEOMETRIES FOR CVS-UCC2 AND CVS-UCC2-X CALCULATIONS

Thymine (0 1)

Anthracene (0 1)

TIZT DD ZToNoNzZzOaZOAN

0.702140

0.465503
-0.800394
-1.945158
-1.678910
-0.439264
-3.062431
2.065614
-0.366528
1.264606
-0.948867
-2.488231
2.824705

2.249422

2.157803

0.245308
-1.081136
-1.604574
-0.838705
0.512670
1.149159
-1.308144
0.840407
2.365475
-1.805083
-2.597935
1.115588
0.064196
1.496087
1.446667

CH, (02)

-0.043970
0.004181
0.085601
0.126119
0.075775
-0.007372
0.198221
-0.132604
-0.043847
-0.018912
0.120100
0.102765
-0.150563
0.714089
-1.029584

T T T 0

2.714471
3.725593
2.209034
2.209012

-3.773340
-3.906814
-4.567371
-2.845596

-0.489629
-0.159156
-1.002897
-0.307428

C 3.643404 0.708052 0.000000
C  3.643404 -0.708052 0.000000
C 2462211 -1.402668 0.000000
C 1218089 -0.719187 0.000000
C 2462211 1.402668 0.000000
C 1218089 0.719187 0.000000
C  0.000000 -1.401880 0.000000
C -1.218089 -0.719187 0.000000
C 0.000000 1.401880 0.000000
C -1.218089 0.719187 0.000000
C -2462211 -1.402668 0.000000
C -3.643404 -0.708052 0.000000
C -3.643404 0.708052  0.000000
C 2462211 1.402668 0.000000
H 4581477 1241783 0.000000
H 4.581477 -1.241783 0.000000
H 2461759 -2.483603 0.000000
H 2461759 2.483603  0.000000
H 0.000000 -2.484440 0.000000
H 0.000000 2.484440 0.000000
H -2461759 -2.483603 0.000000
H -4.581477 -1.241783 0.000000
H -4.581477 1241783 0.000000
H 2461759 2.483603  0.000000
OH (0 2)
O -0.192179 0.000000 0.000000
H 0.774274 0.000000 0.000000



B.1. GEOMETRIES FOR CVS-UCC2 AND CVS-UCC2-X CALCULATIONS

Allyl (0 2)
H 1.841479 -0.115634 1.450810
C 1286614 -0.014964 0.535476
H 1.839759 0.153023 -0.373697
C -0.081508 -0.096270 0.514435
H -0.591994 -0.265842 1.451535
C -0.844336 0.023372 -0.618335
H -0.380549 0.193199 -1.575849
H -1.916493 -0.048134 -0.583926

Anthracene, opt. neutr. str. (1 2)

asfiasiasiianiiesiianiiosiasBearica- N NONONONONONONONONONONONONP!

3.643404
3.643404
2462211
1.218089
2.462211
1.218089
0.000000
-1.218089
0.000000
-1.218089
-2.462211
-3.643404
-3.643404
-2.462211
4.581477
4.581477
2.461759
2.461759
0.000000
0.000000
-2.461759
-4.581477
-4.581477
-2.461759

0.708052
-0.708052
-1.402668
-0.719187
1.402668
0.719187
-1.401880
-0.719187
1.401880
0.719187
-1.402668
-0.708052
0.708052
1.402668
1.241783
-1.241783
-2.483603
2.483603
-2.484440
2.484440
-2.483603
-1.241783
1.241783
2.483603

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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0,(03)

O
O

-5.995344
-6.402687

Anthracene,

4.376461
5.429850

opt. cation.

0.048131
-0.418601

str. (12)

esijesfasfaniianiiesiasiasfasBaolioNoNoNONONoNONONONONONO NG N

3.588973
3.588973
2427247
1.198089
2.427247
1.198089
0.000000
-1.198089
0.000000
-1.198089
-2.427247
-3.588973
-3.588973
-2.427247
4.520027
4.520027
2.427900
2.427900
0.000000
0.000000
-2.427900
-4.520027
-4.520027
-2.427900

0.694860
-0.694860
-1.439763
-0.710673
1.439763
0.710673
-1.441646
-0.710673
1.441646
0.710673
-1.439763
-0.694860
0.694860
1.439763
1.258525
-1.258525
-2.517859
2.517859
-2.521458
2.521458
-2.517859
-1.258525
1.258525
2.517859

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000



B.2. GEOMETRIES FOR CVS-UCC3 CALCULATIONS

B.2. Geometries for CVS-UCC3 calculations

The first number in brackets gives the absolute charge, the second the multiplicity of the

species.
CO@01)

C 0.000000 0.000000 -0.642568
O 0.000000 0.000000 0.479857
NH, (0 1)

N -0.161851 0.000001  0.000000
H 0.213047 -0.467784 0.810229
H 0.213047 -0.467784 -0.810229
H 0.213044 0.935574  0.000000
CH; (02)

C 0.000000  0.000000 -0.000058
H 1.074635 0.000000 0.000145
H -0.537317 0.930661 0.000145
H -0.537317 -0.930661 0.000145
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B.3. CVS-UCC2 AND CVS-UCC2-X RESULTS

B.3. CVS-UCC2 and CVS-UCC2-x results

[ In this section of the appendix, CVS-UCC2 and CVS-UCC2-x excitation energies and os-
cillator strengths as well as the corresponding CVS-ADC(2) and CVS-ADC(2)-x data'l%7108
are compiled. Experimental data is given as a reference to the computed data.

If multiple excitations have been assigned to one experimental value, they have been averaged
and weighted by their corresponding oscillator strengths. These values are then presented in

an extra table.

« Data of this chapter (CVS-UCC2 and CVS-UCC2-x results) was already published in the Supporting
Information of:
Sebastian M. Thielen, Manuel Hodecker, Julia Piazolo, Dirk R. Rehn, and Andreas Dreuw. Unitary
coupled-cluster approach for the calculation of core-excited states and x-ray absorption spectra. The Journal
of Chemical Physics, 154(15):154108, 04 2021 (°%)
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ANQ C 1s

Table B.7.: CVS-UCC2 and CVS-ADC(2) excitation energies w[eV] and oscillator strengths
f of ANQ (C 1s) together with experimental data>2,

CVS-ADC(2) CVS-UCC2

State w f w f w(Exp.)
1 287.76  0.051 | 287.86 0.049 284.1
2 288.1 0.155 | 288.21 0.108 284.45
3 288.33 0.029 | 288.38 0.031 784 8
4 288.36  0.06 | 288.47 0.057 '
5 288.63 0.011 | 288.7 0.012 735
6 288.71 0.03 | 288.77 0.03
7 289.1 0.029 | 289.17 0.029
8 289.3 0.015 | 289.34 0.014 285.6
9 289.45 0.112 | 289.51 0.11

Table B.8.: Comparison of CVS-UCC2 and CVS-ADC(2) excitation energies to experimen-
tal data. The difference with respect to the experimental value is denoted by

6[%].

CVS-ADC(2) CVS-uccC2

w(Exp.) ) o 0] 0
284.1 287.76  1.29 | 287.86 1.32
284.45 288.1 1.28 | 288.21 1.32
284.8 288.35 1.25 | 288.44 1.28
285 288.69 1.29 | 288.75 1.32
285.6 289.37 1.32 ] 28943 1.34
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Table B.9.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV], oscillator
strengths f and amounts of doubles amplitudes R2[%] of ANQ (C 1s) together
with experimental data®2.

CVS-ADC(2)-x CVS-UCC2-x
State w f R2 w f R2 w(Exp.)
11A2 | 284.4 0 26 | 284.48 0 26 284 1
11B2 | 2844 0.038 26 | 28448 0.037 26 '
2 1A2 | 284.78 0 25 | 284.86 0 25
21B2 | 284.78 0.041 25 | 284.86 0.044 25
31A2 | 284.81 0 25 | 284.91 0 25 284.45
31B2 | 284.81 0.086 25 |28491 0.082 25
4 1A2 | 284.96 0 26 | 285.05 0 27
41B2 | 28496 0.036 26 | 28505 0.035 27 284.8
51B2 | 285.27 0.024 24 | 28533 0.025 24 285
51A2 | 285.42 0 28 | 285.52 0 28
6 1A2 | 285.47 0 28 | 285.57 0 28
71A2 | 285.6 0 27 | 285.67 0 27
61B2 | 2856 0.014 27 | 285.67 0.014 27
71B2 | 285.74 0.028 25 285.8 0.029 25
81A2 | 285.9 0 23 | 285.95 0 24 7356
91A2 | 285.92 0 26 | 285.97 0 26 ’
8§1B2 | 28592 0.034 26 | 28597 0.032 26
91B2 | 28592 0.089 24 | 28598 0.09 24

Table B.10.: Comparison of CVS-UCC2-x and CVS-ADC(2)-x excitation energies to exper-
imental data. The difference with respect to the experimental value is denoted

by 6[%].

CVS-ADC(2)-x CVS-UCC2-x

w(Exp.) ) ) w 0
284.1 2844  0.11 | 284.48 0.13
284.45 284.8 0.12 | 284.89 0.16
284.8 28496 0.06 | 285.05 0.09
285 285.27 0.09 | 28533 0.12
285.6 285.86 0.09 | 28592 0.11
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ANQ O 1s

Table B.11.: CVS-UCC2 and CVS-ADC(2) excitation energies w[eV] and oscillator
strengths f of ANQ (O 1s) together with experimental data®.

CVS-ADC(2) CVS-UCC2
State w f w f w(Exp.)
T1 | 531.58 531.64
T2 | 531.58 531.64
S1 | 532.17 0.0002 | 532.24 0.0002
S2 | 532.17 0.064 | 532.24 0.0628 | 529.2-531.4
T3 | 534.21 534.3
T4 | 534.21 534.3
S3 | 534.21 0.0001 | 534.3 0.0001
S4 | 53421 0.0006 | 534.3 0.0006

Table B.12.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV], oscillator
strengths f and amounts of doubles amplitudes R2[%] of ANQ (O 1s) together
with experimental data®.

CVS-ADC(2) CVS-ucCC2
State w f R2 w f R2 w(Exp.)
T1 | 528.99 21 | 529.05 21
T2 | 528.99 21 | 529.05 21
S1 |529.45 0.0002 23 |529.51 0.0002 23
S2 | 52945 0.0689 23 |529.51 0.0686 23 | 529.2-531.4
S3 | 533.08 0 27 | 533.17 0 27
S4 | 533.08 0.0003 27 |533.17 0.0003 27
T3 | 533.09 27 | 533.17 27
T4 | 533.09 27 | 533.17 27
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B.3. CVS-UCC2 AND CVS-UCC2-X RESULTS

BT C 1s

Table B.13.: CVS-UCC2 and CVS-ADC(2) excitation energies w[eV] and oscillator

strengths f of BT (C 1s) together with experimental data

103

CVS-ADC(2) CVS-UCC2

f @ f w(Exp.)

State w
1 288.58
2 288.58
3 288.83
4 288.83
5 288.93
6 288.93
7 289.02
8 289.05
9 290.21
10 | 290.21
11 290.28
12 | 290.28

0.005 | 288.68 0.005
0.053 | 288.68 0.052
0.007 | 288.93 0.007
0.095 | 288.93 0.093
0.003 | 289.03 0.003
0.043 | 289.03 0.042
0.004 | 289.11 0.004
0.067 | 289.15 0.066
0.004 | 290.28 0.004
0.046 | 290.28 0.045
0.006 | 290.29 0.006
0.001 | 290.29 0.001

285.7

286.7

Table B.14.: Comparison of CVS-UCC2 and CVS-ADC(2) excitation energies to experi-
mental data. The difference with respect to the experimental value is denoted

by 5[%].

CVS-ADC(2) CVS-UCC2

w(Exp.)

w o w o

285.7
286.7

288.85 1.1 | 28895 1.14
290.22 1.23 | 290.28 1.25
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Table B.15.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV], oscillator
strengths f and amounts of doubles amplitudes R2[%] of BT (C 1s) together

with experimental data

103

CVS-ADC(2)-x CVS-UCC2-x
State w f R2 w f R2 w(Exp.)
11B | 285.19 0.004 26 | 285.27 0.004 26
1 1A | 285.19 0.041 26 | 28527 0.041 26
21B | 28542 0.008 26 | 28551 0.008 26
21A | 28542 0.115 26 | 28551 0.114 26 7857
31A | 285.44 0 26 | 285.54 0.0002 26 )
31B | 285.44 0 26 | 285.54 0 26
41B | 285.67 0.003 25 | 28575 0.003 25
41A | 2857 0.056 25 | 28578 0.056 26
51B | 287.08 0.001 25 | 287.12 0.003 26
51A | 287.08 0.038 25 | 287.12 0.014 26
6 1B | 287.14 0.008 26 | 287.17 0.005 25 786.7
6 1A | 287.14 0.003 26 | 287.17 0.027 25 '
71A | 287.19 0 26 287.2 0 26
71B | 287.19 0.01 26 287.2  0.01 26

Table B.16.: Comparison of CVS-UCC2-x and CVS-ADC(2)-x excitation energies to exper-
imental data. The difference with respect to the experimental value is denoted
by 6[%].

CVS-ADC(Q2)-x CVS-UCC2-x

w(Exp.) 0) ) w 0
285.7 28545 -0.09 | 285.53 -0.06
286.7 287.11 0.14 | 287.16 0.16
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BT S 1s

Table B.17.: CVS-UCC2 and CVS-ADC(2) excitation energies w[eV] and oscillator
strengths f of BT (S 1s) together with experimental data>>.

CVS-ADC(2) CvS-ucc2
State 0] f 0] f w(Exp.)
1 2469.8 0.0039 | 2469.9 0.0035
2 2469.8 0.0017 | 2469.9 0.002 2474
3 2470.08 0.0085 | 2470.14 0.008
4 2470.08 0.001 | 2470.14 0.0011
5 2471.28 0 2471.29 0
6 2471.28 0.0003 | 2471.29 0.0004

Table B.18.: Comparison of CVS-UCC2 and CVS-ADC(2) excitation energies to experi-
mental data. The difference with respect to the experimental value is denoted
by 6[%].

CVS-ADC(2) CVS-uCC2
w(Exp.) W ) 1) )
2474 2469.98 -0.16 \ 2470.05 -0.16

Table B.19.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV], oscillator
strengths f and amounts of doubles amplitudes R2[%] of BT (S 1s) together
with experimental data>?.

CVS-ADC(2)-x CVS-UCC2-x

State w f R2 w f R2 w(Exp.)
11B | 2468.83 0.0057 15 | 2468.91 0.007 15

1 1A | 2468.83 0.0023 15 | 2468.91 0.0015 15 2474
21B | 2468.97 0.0057 15 | 2469.05 0.0042 15

2 1A | 2468.97 0.0031 15 |2469.05 0.0037 15

31A | 2470.69 0.0001 15 | 2470.71 0 15

31B | 2470.69 0.0006 15 | 2470.71 0.0004 15
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Table B.20.: Comparison of CVS-UCC2-x and CVS-ADC(2)-x excitation energies to exper-
imental data. The difference with respect to the experimental value is denoted

by 6[%].
CVS-ADC(2)-x CVS-UCC2-x
w(Exp.) ) 0 1) 0
2474 2468.9 -0.21 \2468.98 -0.2
PTCDA C 1s

Table B.21.: CVS-UCC2 and CVS-ADC(2) excitation energies w[eV] and oscillator
strengths f of PTCDA (C 1s) together with experimental data2.

CVS-ADC(2) CVS-ucCC2
State w f w f w(Exp.)

1 287.87 0.069 | 288.03 0.063

2 288.01 0.06 | 288.19 0.053 284 4
3 288.32 0.072 | 288.49 0.065 '
4 288.41 0.091 | 288.55 0.09

5 289.71 0.069 | 289.75 0.069

6 289.87 0.094 | 28991 0.098

7 289.92 0.203 | 290 0.198 285.6
8 289.95 0.019 | 290.02 0.008

9 290.01 0.02 | 290.07 0.015

Table B.22.: Comparison of CVS-UCC2 and CVS-ADC(2) excitation energies to experi-
mental data. The difference with respect to the experimental value is denoted

by 5[%].

CVS-ADC(2) CVS-uccC2

w(Exp.) W o w )
284 .4 288.18 1.33 | 288.34 1.39
285.6 289.88 1.5 | 28994 1.52
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Table B.23.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV], oscillator
strengths f and amounts of doubles amplitudes R2[%] of PTCDA (C 1s) to-
gether with experimental data>2,

CVS-ADC(2)-x CVS-UCC2-x

State w f R2 w f R2 w(Exp.)
11Blu | 285.36 0.072 26 285.5 0.069 26
2 1Blu | 285.44 0.058 27 | 28559 0.052 27 284 4
31Blu | 285.72 0.073 26 | 285.87 0.061 26 '
4 1B1u | 285.75 0.09 26 | 285.88 0.096 26
51Bl1u | 287.11 0.061 23 | 287.14 0.063 23
6 1Blu | 287.19 0.09 25 | 287.25 0.078 25 785 6
71Blu | 287.23 0.095 22 | 287.26 0.103 22 ’
8 1Blu | 2873 0.076 26 | 287.38 0.074 26

Table B.24.: Comparison of CVS-UCC2-x and CVS-ADC(2)-x excitation energies to exper-
imental data. The difference with respect to the experimental value is denoted

by 6[%].
CVS-ADC(2)-x CVS-UCC2-x
w(Exp.) 0) ) w 0
284.4 285.59 042 |285.73 047
285.6 287.21 0.56 | 287.26 0.58
Thymine C 1s

Table B.25.: CVS-UCC2 and CVS-ADC(2) excitation energies w[eV] and oscillator
strengths f of Thymine (C 1s). The difference with respect to experimental
data” is denoted by 5[%].

CVS-ADC(2) CVS-uCC2
State w () S o(Exp.) Sapce) ducca
1 288.45 0.032 | 288.56 0.031 284.9 1.25 1.28
2 289.83 0.058 | 289.94 0.057 285.9 1.37 1.41
3 291.21 0.012 | 291.2 0.012 287.3 1.36 1.36
4 291.31 0.013 | 291.31 0.012 287.8 1.22 1.22
5 29142 0.072 | 291.43 0.072 288.4 1.05 1.05
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Table B.26.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV] and oscillator
strengths f of Thymine (C 1s). The difference with respect to experimental

data is denoted by 6[%].

CVS-ADC(2)-x CVS-UCC2-x
State w f w S/ @(Exp.) SADC2)x Succax

1 284.84 0.024 | 284.94 0.023 284.9 -0.02 0.01
2 286.36 0.045 | 286.45 0.045 2859 0.16 0.19
3 286.9 0 286.98 0.0001

4 287.11 0.003 | 287.12 0.003

5 287.29 0 287.3 0

6 28795 0.015 | 287.95 0.015 287.3 0.23 0.23
7 288.03 0.007 | 288.04 0.007

8 288.07 0.002 | 288.08 0.002

9 288.24 0.053 | 288.25 0.053 287.8 0.15 0.16
10 288.34 0 288.35 0

11 288.39 0.004 | 288.4 0.004

12 288.45 0.013 | 288.46 0.012 288.4 0.02 0.02
13 288.63 0 288.63 0.0001

14 288.88 0.008 | 288.9 0.008

15 289.11 0.002 | 289.11 0.002

Thymine N 1s

Table B.27.: CVS-UCC2 and CVS-ADC(2) excitation energies w[eV] and oscillator

strengths f of Thymine (N 1s) together with experimental data”?.

CVS-ADC(2) CVS-ucCC2
State w f w f w(Exp.)
1 404.2 0.0098 | 404.25 0.0096
2 404.49 0.0069 | 404.57 0.0067 401.7
3 404.59 0.0056 | 404.6 0.0055
4 40491 0.0026 | 404.92 0.0026
5 405.35 0.0041 | 405.35 0.004 402.7
6 405.46 0.0027 | 405.44 0.0029
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Table B.28.: Comparison of CVS-UCC2 and CVS-ADC(2) excitation energies to experi-
mental data. The difference with respect to the experimental value is denoted

by 5[%].

CVS-ADC(2) CVS-UCC2
w(Exp.) ® 0 0] o
401.7 404.39 0.67 | 404.44 0.68
402.7 405.26 0.64 | 405.26 0.64

Table B.29.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV] and oscillator
strengths f of Thymine (C 1s) together with experimental data’?.

CVS-ADC(2)-x

CVS-UCC2-x

State w

f )

f w(Exp.)

401.5
401.82
402.21
402.54

402.6
403.03
403.42

NN RN =

0.0111 | 401.54
0.007 | 401.9
0.0078 | 402.23
0.0035 | 402.52
0.0066 | 402.61
0.0106 | 403.01
0.005 | 403.42

0.0109
0.0068
0.0078
0.0038
0.0065
0.0105
0.0049

401.7

402.7

Table B.30.: Comparison of CVS-UCC2-x and CVS-ADC(2)-x excitation energies to exper-
imental data. The difference with respect to the experimental value”?is denoted

by 5[%].

CVS-ADC(2)-x CVS-UCC2-x

w(Exp.) W ) ) o
401.7 401.8 0.02 | 401.85 0.04
402.7 40293 0.06 | 40291 0.05
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Thymine O 1s

Table B.31.: CVS-UCC2 and CVS-ADC(2) excitation energies w[eV] and oscillator
strengths f of Thymine (O 1s). The difference with respect to experimental
data” is denoted by 5[%].

CVS-ADC(2) CVS-ucCeC2
State @ f @ f @(Exp.) SApC() ducca
1 532.95 0.024 | 532.98 0.0241 531.4 0.29 0.3
2 534.01 0.0218 | 534.02 0.0224 532.3 0.32 0.32

Table B.32.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV] and oscillator
strengths f of Thymine (O 1s) together with experimental data”?.

CVS-ADC(2)-x  CVS-UCC2-x
State o) f w f w(Exp.)
1 530.52 0.0282 | 530.53 0.0282 531.4
2 531.54 0.0268 | 531.52 0.0266 532.3
3 533.3 0.0001 | 533.3 0.0001
4 533.43 0.0003 | 533.43 0.0003
5 533.73 0.0003 | 533.78 0.0002
6 534.1 0.0012 | 534.1 0.0012
7 534.14 0.0027 | 534.18 0.0025
8 534.2 0.0002 | 534.2 0.0002
9 534.37 0.0013 | 534.38 0.0012
10 | 534.56 0.0006 | 534.57 0.0006 535.7
11 | 53471 0.0019 | 534.71 0.0019
12 | 534.77 0.0007 | 534.77 0.0006
13 534.9 0.0009 | 534.9 0.0009
14 | 53494 0.0018 | 534.94 0.0018
15 | 535.26 0.0001 | 535.26 0.0001
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B.3. CVS-UCC2 AND CVS-UCC2-X RESULTS

Table B.33.: Comparison of CVS-UCC2-x and CVS-ADC(2)-x excitation energies to exper-
imental data. The difference with respect to the experimental value is denoted

by 6[%].
CVS-ADC(2)-x CVS-UCC2-x
w(Exp.) ) 0 w o
5314 530.52 -0.17 | 530.53 -0.16
532.3 531.54 -0.14 | 531.52 -0.15
535.7 53451 -0.22 | 534.52 -0.22

Porphine N 1s

Table B.34.: CVS-UCC2 and CVS-ADC(2) excitation energies w[eV] and oscillator
strengths f of Porphine (N 1s) together with experimental data”’®.

CVS-ADC(2) CvSs-uccC2
State w f w f w(Exp.)
1 401.5 0.0212 | 401.51 0.0208 398.2
2 403.63 0.0169 | 403.64 0.0161 400.3
3 404.56 0.005 | 404.56 0.0046 4003
4 404.9 0.0317 | 40491 0.0311 ’
5 405.81 0.0056 | 405.81 0.0054 403.9

Table B.35.: Comparison of CVS-UCC2 and CVS-ADC(2) excitation energies to experi-
mental data. The difference with respect to the experimental value is denoted

by 5[%].

CVS-ADC(2) CVS-uccC2
w(Exp.) ) o 0] 0
398.2 401.5 0.83 | 401.51 0.83
400.3 403.63 0.83 | 403.64 0.83
402.3 404.85 0.63 | 404.86 0.64
403.9 405.81 047 | 405.81 0.47
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Table B.36.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV] and oscillator
strengths f of Porphine (N 1s) together with experimental data”.

CVS-ADC(2)-x

CVS-UCC2-x

State

f

f

w(Exp.)

11Blu
2 1Blu
3 1B1u
4 1B1u
51Blu
6 1Blu
7 1B1u
8 1B1u
91B1lu
10 1B1u

399.89
402.12
403.03
403.59
404.29
404.82
404.9
405.18
405.37
405.74

0.0338
0.0268
0.0263
0.0079
0.0012
0.0019
0.0008
0.0187
0.0001
0.0085

399.89
402.12
403.05
403.59
404.29
404.81
404.9
405.2
405.38
405.74

0.0337
0.0258
0.0252
0.0084
0.0011
0.0019
0.0007
0.0178
0.0001
0.0088

398.2

400.3

402.3

403.9

Table B.37.: Comparison of CVS-UCC2-x and CVS-ADC(2)-x excitation energies to exper-
imental data. The difference with respect to the experimental value is denoted

by 6[%].

CVS-ADC(2)-x CVS-UCC2-x

w(Exp.) 0) ) w 0
398.2 399.89 042 | 399.89 0.42
400.3 402.12 045 | 402.12 045
402.3 403.16 0.21 |403.19 0.22
403.9 405.18 0.32 | 4052 0.32
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CH, C 1s

Table B.38.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV], oscillator
strengths f and amounts of doubles amplitudes R2[%] of CH; (C 1s). The
difference with respect to experimental data” is denoted by 5[%].

CVS-ADC(2)-x CVS-UCC2-x
State w f R2 w f R2 w(Exp.) o ADC(2)x Ouccax
1 281.42 0.036 14 281.49 0.035 14 281.35 0.02 0.05
2 286.83 0 22 286.85 0 22
3 287.72 0 23 287.75 0 23
4 288.23 0.005 22 288.24 0.004 22
5 288.23 0.005 22 288.24 0.004 22
OH O 1s

Table B.39.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV], oscillator
strengths f and amounts of doubles amplitudes R2[%] of OH (O 1s). The dif-
ference with respect to experimental data®? is denoted by §[%].

CVS-ADC(2)-x CVS-UCC2-x
State 0] f R2 o f R2 o(Exp.) OADC2)x Ouccax
1 525.17 0.0449 11 | 52526 0.0446 11 525.85 -0.13 -0.11
2 534.86 0.0041 19 5349 0.0041 19
3 536.19 0.0115 20 |536.23 0.0112 20
4 538.81 0.0077 19 |538.83 0.0077 19
5 539.77 0.007 19 | 539.77 0.0069 19
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Allyl C 1s

Table B.40.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV], oscillator
strengths f and amounts of doubles amplitudes R2[%] of Allyl (C 1s). The
difference with respect to experimental data® is denoted by 6[%].

CVS-ADC(2)-x CVS-UCC2-x
State w f R2 w f R2 w(Exp.) o) ADC(2)x Ouccax
282.37 0.001 16 282.5 0.002 16
282.37 0.056 16 282.5 0.054 16 281.99 0.13 0.18
284.4 0 29 284.51 0 29
284.78 0.022 16 284.94 0.021 16 285.27 -0.17 -0.12

286.7 0 24 | 286.72 0.0005 24
286.7 0.001 24 |286.72 0.001 24
2869 0.026 27 |286.98 0.028 27 287.5 -0.21 -0.18
28693 0.002 23 |286.95 0.002 23

0NN B W

179



B.3. CVS-UCC2 AND CVS-UCC2-X RESULTS

0, O 1s

Table B.41.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV], oscillator
strengths f and amounts of doubles amplitudes R2[%] of O, (O 1s) together
with experimental data’.

CVS-ADC(2)-x CVS-UCC2-x
State ) f R2 0] f R2 w(Exp.)
1 529.82 0.0531 21 529.81 0.0532 21 530.7
2 529.82 0.0531 21 529.81 0.0532 21 '
3 529.85 0 21 529.84 0 21
4 529.85 0 21 529.84 0 21
5 536.85 0 26 | 536.83 0 26
6 536.87 0.0017 26 |536.86 0.0016 26
7 538.68 0 26 | 538.68 0 26 5388
8 538.69 0.0706 26 | 538.68 0.0713 26 '
9 539.17 0.0003 24 |539.16 0.0003 24
10 | 539.21 0 24 539.2 0 24
11 540.27 0.0002 27 |540.28 0.0002 27
12 | 540.29 0 27 540.3 0 27
13 | 540.71 0 24 | 540.72 0 24
14 | 540.71 0 24 | 540.72 0 24
15 | 540.75 0.005 24 | 540.76  0.005 24
16 | 540.75 0.005 24 | 540.76  0.005 24
17 | 541.52 0 26 541.5 0 26
18 | 541.55 0.0185 26 |541.53 0.0185 26
19 | 541.78 0 27 | 541.78 0 27
20 | 541.78 0 27 | 541.78 0 27
21 541.8 0.0056 27 541.8 0.0057 27 5417
22 541.8 0.0056 27 541.8 0.0057 27 '
23 | 542.51 0 27 | 542.49 0 27
24 | 542.51 0.0209 27 5425 0.0215 27
25 542.6  0.009 25 542.6 0.0077 25
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Table B.42.: Comparison of CVS-UCC2-x and CVS-ADC(2)-x excitation energies to exper-
imental data. The difference with respect to the experimental value is denoted

by 6[%].
CVS-ADC(2)-x CVS-UCC2-x
w(Exp.) ) 0 w o
530.7 529.82 -0.17 | 529.81 -0.17
538.8 538.69 -0.02 | 538.68 -0.02
541.7 542.09 0.07 | 542.07 0.07

Anthracene C 1s

Table B.43.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV], oscillator
strengths f and amounts of doubles amplitudes R2[%] of Anthracene (C 1s)

together with experimental data~®.

CVS-ADC(2)-x CVS-UCC2-x

State ) f R2 0] f R2 w(Exp.)
1 1Blu | 284.63 0.058 26 | 284.75 0.057 26
2 1Blu | 284.76 0.139 25 |284.89 0.137 26 284.5
31Blu | 28493 0.092 26 | 285.05 0.091 26
4 1Bl1u | 28534 0.029 27 | 28547 0.033 27
51Blu | 286.21 0.125 24 |286.24 0.119 25 785.9
6 1Blu | 286.57 0.048 27 | 286.63 0.044 27 '
7 1Blu | 286.79 0.003 29 | 286.82 0.003 29
1 1B2u | 286.91 0 26 | 286.92 0.0002 26
11B3u | 286.93 0.011 26 |286.94 0.01 26
2 1B2u | 286.97 0.024 26 | 286.98 0.024 26

Table B.44.: Comparison of CVS-UCC2-x and CVS-ADC(2)-x excitation energies to exper-

imental data. The difference with respect to the experimental value is denoted

by 5[%].

CVS-ADC(2)-x CVS-UCC2-x

w(Exp.) 1) ) ) o
284.5 284.79 0.1 28491 0.15
285.9 286.31 0.14 | 286.35 0.16
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Anthracene cation (optimized neutral structure) C 1s

Table B.45.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV], oscillator
strengths f and amounts of doubles amplitudes R2[%] of the Anthracene cation
with optimized neutral structure (C 1s). The column ‘Symmetry’ and ‘State’
refer to the irreducible representation of the transition and the term symbol of
the excited state, respectively.

CVS-ADC(2)-x CVS-UCC2-x

State  Symmetry 0] f R2 ) f R2

1 B2u Blu 2824 0.034 20 | 28246 0.033 20
2 B2u Blu 282.89 0.031 24 |28295 0.03 25
3 B2u Blu 28294 0.001 27 283 0.001 27
4 B2u Blu 283.05 0.025 26 |283.11 0.025 26
5 B2u Blu 284.44 0.054 24 | 284.52 0.052 24
6 B2u Blu 284.55 0.02 25 | 284.63 0.019 25
7 B2u Blu 284.81 0.023 25 |284.86 0.024 25
8 B2u Blu 285.14 0.023 26 | 285.19 0.023 26
9 B2u Blu 28523 0.081 26 | 28531 0.08 26
10 B2u Blu 285.34 0.036 26 | 28541 0.036 26
11 B2u Blu 285.73 0 24 | 285.78 0 24
12 B2u Blu 286.02 0.044 28 | 286.08 0.044 28
13 B2u Blu 286.06 0.02 27 |286.12 0.022 27
14 B2u Blu 286.31 0.038 28 | 286.37 0.038 28
15 B2u Blu 286.64 0.102 25 |286.68 0.1 25
16 B2u Blu 286.84 0.026 29 | 286.88 0.026 29
17 B2u Blu 287.01 0.024 29 | 287.06 0.024 29
18 B2u Blu 287.14 0.003 29 | 287.18 0.003 30
19 B2u Blu 287.17 0.001 28 |287.22 0.001 27
20 B2u Blu 287.29 0.003 29 | 287.33 0.003 29
21 B2u Blu 287.54 0.001 30 |287.59 0.001 30
22 B2u Blu 287.73 0.015 28 | 287.78 0.015 28
23 B2u Blu 28776  0.002 29 287.8  0.002 29
1 Blu B2u 288.07 0.001 25 |288.08 0.001 25

1 Au B3u 288.07 0 25 | 288.09 0 25
2Blu B2u 288.1 0 25 | 288.12 0.0002 25
2 Au B3u 288.12 0 25 | 288.14 0 25
24 B2u Blu 288.26 0.001 31 288.3  0.001 31
3Blu B2u 288.34 0 26 | 288.36 0.0002 26
3 Au B3u 288.37 0.011 26 |288.38 0.011 26
4 Blu B2u 288.41 0.029 26 | 288.42 0.029 26
4 Au B3u 288.41 0.005 26 |288.42 0.005 26
25 B2u Blu 288.63 0.002 32 |288.69 0.002 32
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Table B.45.: (Continued.)
State  Symmetry 0] f R2 0] f R2

5Blu B2u 288.65 0 26 | 288.66 0.0001 26
5Au B3u 288.68 0 26 | 288.69 0 26

Anthracene cation (optimized cationic structure) C 1s

Table B.46.: CVS-UCC2-x and CVS-ADC(2)-x excitation energies w[eV], oscillator
strengths f and amounts of doubles amplitudes R2[%] of the Anthracene cation
with optimized cationic structure (C 1s). The column ‘Symmetry’ and ‘State’
refer to the irreducible representation of the transition and the term symbol of
the excited state, respectively.

CVS-ADC(2)-x CVS-UCC2-x

State  Symmetry 0} f R2 0] f R2

1 B3u Blu 281.76 0.047 23 | 281.89 0.041 24
2 B3u Blu 281.85 0.008 28 | 281.95 0.027 26
3 B3u Blu 2819 0.046 23 | 28198 0.029 25
4 B3u Blu 284.11 0.019 20 |284.24 0.019 20
5 B3u Blu 284.25 0.038 20 2844  0.035 21
6 B3u Blu 28496 0.046 27 | 285.09 0.047 27
7 B3u Blu 285.08 0.058 26 2852  0.01 26
8 B3u Blu 285.1  0.06 26 | 28521 0.108 26
9 B3u Blu 285.55 0.067 28 |285.67 0.071 28
10 B3u Blu 28596 0.024 24 286 0.029 25
11 B3u Blu 286.01 0.001 28 |286.02 0.001 27
12 B3u Blu 286.38 0.029 29 286.5 0.032 29
13 B3u Blu 286.69 0.009 29 |286.74 0.007 30
14 B3u Blu 286.7 0.008 29 286.8  0.006 29
15 B3u Blu 287.15 0.001 28 |287.26 0.001 28
16 B3u Blu 287.24 0.044 28 | 287.34 0.0001 28
17 B3u Blu 287.26  0.05 26 | 287.33 0.086 26
18 B3u Blu 287.39 0.034 27 | 287.45 0.033 27
19 B3u Blu 287.45 0.004 28 | 287.55 0.003 28
20 B3u Blu 287.6 0 30 | 287.65 0.0003 30
21 B3u Blu 287.68 0.003 30 | 287.78 0.003 30
1 Blu B3u 287.83 0 25 | 287.84 0 25

1 Au B2u 287.83 0.002 25 | 287.84 0.002 25
2 Au B2u 287.85 0.001 25 |287.86 0.001 25
22 B3u Blu 288.01 0 31 | 288.11 0.0003 31
23 B3u Blu 288.05 0.01 29 | 288.13 0.012 30
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Table B.46.: (Continued.)
State  Symmetry 0] f R2 0] f R2

24 B3u Blu 288.17 0.007 28 | 288.24 0.006 28
3 Au B2u 288.18 0.017 26 | 288.19 0.016 26
2Blu B3u 288.18 0 26 | 288.19 0 26
4 Au B2u 288.21 0.008 26 | 288.22 0.007 27
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B.4. CVS-UCCS3 results

[ In this section of the appendix, CVS-UCC3 excitation energies and oscillator strengths as

well as the corresponding CVS-ADC(3) datal% are compiled.

81010043 5

Experimental data is given as a reference to the computed data.

Excitation energies

Table B.47.: CVS-UCC3 and CVS-ADC(3) excitation energies in eV for the first three ex-
cited states with different basis sets and the corresponding complete basis set
limit for CO C 1s.

CVS-ADC(@3) CVS-UCC3

Basis State 1 State 2 State 3 State 1 State 2 State 3
cc-pVDZ 289.96 290.48

cc-pVTZ 288.11 296.3 288.6 297.71
cc-pVQZ 287.82 295.12 288.28 295.6

cc-pV5Z 287.74 294.49 295.74 288.2 29496 296.25
CBS 287.69 288.14

aug-cc-pVDZ 289.45 295.33 296.45 290.01 297.05
aug-cc-pVTZ 288.02 29395 295.04 288.5 294.44 295.58
aug-cc-pVQZ 287.8 293.75 294.83 288.26 294.23 295.35
aug-cc-pV5Z 287.74 293.7 294.74 288.2 294.18 295.26
CBS 287.7 293.67 294.71 288.16 294.15 295.22
d-aug-cc-pVDZ 289.35 295.01 296.04 28991 295.58 296.66
d-aug-cc-pVTZ 288.01 293.84 294.86 288.49 29434 2954
d-aug-cc-pVQZ 287.79 293.7 29472 288.26 294.19 295.25
CBS 287.69 293.65 294.67 288.15 294.13 295.19
Exp. 2874 2925 2934 2874 2925 2934

« Data of this chapter (CVS-UCC3 results) was already published in the Supporting Information of:
Sebastian M. Thielen, Manuel Hodecker, Julia Piazolo, Dirk R. Rehn, and Andreas Dreuw. Unitary
coupled-cluster approach for the calculation of core-excited states and x-ray absorption spectra. The Journal
of Chemical Physics, 154(15):154108, 04 2021 (°%)
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Table B.48.: CVS-UCC3 and CVS-ADC(3) excitation energies in €V for the first three ex-
cited states with different basis sets and the corresponding complete basis set
limit for CO O 1s.

CVS-ADC(@3) CVS-UCC3

Basis State 1 State 2 State 3 State 1 State 2 State 3
cc-pVDZ 541.38 540.21 550.25 552.18
cc-pVTZ 538.82 547.04 537.73 545.86 549.21
cc-pVQZ 538.37 545.62 537.27 544.44 547.09
cc-pV5Z 538.28 54491 546.99 537.17 543.71 545.64
CBS 538.19 537.08

aug-cc-pVDZ 541.32 547.33 549.15 540.02 547.59
aug-cc-pVTZ 538.74 544.66 546.29 537.61 543.41 544.93
aug-cc-pVQZ 538.38 544.32 545.86 537.26 543.07 544.51
aug-cc-pV5Z 538.28 544.22 545.68 537.17 54297 544.33
CBS 538.23 544.17 545.62 537.11 54291 544.27
d-aug-cc-pVDZ 541.26 547.13 548.57 539.96 545.68 547.02
d-aug-cc-pVTZ 538.72 544.57 54597 537.58 543.31 544.61
d-aug-cc-pVQZ 538.38 544.28 545.68 537.26 543.03 544.33
CBS 538.24 544.17 545.57 537.13 54292 544.22
Exp. 534.1 538.8 539.8 534.1 538.8 539.8

Table B.49.: CVS-UCC3 and CVS-ADC(3) excitation energies in €V for the first three ex-
cited states with different basis sets and the corresponding complete basis set
limit for NH; N 1s.

CVS-ADC(@3) CVS-UCC3
Basis State 1 State 2 State 3 State 1 State 2 State 3
cc-pVDZ 406.27 4079 406.35 407.99
cc-pVTZ 404.09 405.73 404.18 405.85
cc-pVQZ 403.73 405.36 403.82 405.49
cc-pV5Z 403.6 405.21 407.64 403.69 405.34 407.73
CBS 403.54 405.15 403.63 405.28
aug-cc-pVDZ 405.95 407.55 408.89 405.87 407.5 408.78
aug-cc-pVTZ 403.92 405.48 406.59 403.94 405.55 406.6
aug-cc-pVQZ 403.61 405.17 406.17 403.68 405.27 406.23
CBS 403.47 405.03 405.97 403.57 405.15 406.06
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Table B.49.: (Continued.)

Basis State 1 State 2 State 3 State 1 State 2 State 3
d-aug-cc-pVDZ 40591 407.49 408.35 405.82 407.44 408.25
d-aug-cc-pVTZ 4039 405.46 406.31 403.93 405.53 406.33
d-aug-cc-pVQZ 403.61 405.16 406.02 403.68 405.26 406.08
CBS 403.48 405.03 405.9 403.58 405.14 405.98
Exp. 400.66 402.33 402.86 400.66 402.33 402.86

Table B.50.: CVS-UCC3 and CVS-ADC(3) excitation energies in eV for the first excited
state with different basis sets and the corresponding complete basis set limit for

CH, C Is.
CVS-ADC(3) CVS-UCC3

Basis State 1 State 1
cc-pVDZ 284.4 284.54
cc-pVTZ 282.33 282.48
cc-pvVQZ 281.98 282.14
cc-pV5Z 281.9 282.06
CBS 281.83 282

aug-cc-pVDZ 284.09 284.21
aug-cc-pVTZ 282.24 282.38
aug-cc-pvVQZ 281.96 282.12
CBS 281.84 282.01
d-aug-cc-pVDZ 284.04 284.16
d-aug-cc-pVTZ 282.22 282.37
d-aug-cc-pVQZ 281.96 282.12
CBS 281.85 282.01
Exp. 281.35 281.35
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Table B.51.: Comparison of K-edge experimental energy values and CVS-UCC3 as well as
CVS-ADC(3) excitation energy values in the CBS limit for the first three singlet
excited states of CO, NH, and the first singlet excited state of CH,. Differences
with respect ot experimental data®1%%! (in %) are denoted by ¢ and S,pcs
respectively. Different basis set series are denoted by cc, aug-cc and d-aug-cc,
respectively.

State  ccseries  aug-cc series d-aug-cc series  Expt.

dapc  Oucc Gapc  Succ  Gapc  ducc
CoC 1 0.1 026] 0.1 026 | 0.1 0.26 287.4
2 04 056 | 039 0.56 2925
3 045 0.62 | 043 0.61 2934
COO 1 0.77 056 | 0.77 0.56 | 0.78  0.57 534.1
2 1 0.76 1 0.76 538.8
3 1.08§ 0.83 | 1.07  0.82 539.8
NH; N 1 072 074 | 0.7 073 | 0.7 0.73 | 400.66
2 0.7 0731067 0.7 | 0.67 0.7 402.33
3 0.77 0.79 | 0.75  0.77 | 402.86
CH,; C 1 0.17 023 |0.17 0.23 | 0.18 0.23 | 281.35

Oscillator strengths

Table B.52.: CVS-UCC3 and CVS-ADC(3) oscillator strengths for the first three excited
states with the aug-cc-series for CO C 1s.

CVS-ADC(@3) CVS-UCC3
Basis State 1 State 2 State 3 State 1 State 2 State 3
aug-cc-pVDZ 0.0748 0.0083 0.0749 0.0084
aug-cc-pVTZ 0.0787 0.0048 0.0075 0.0787 0.0054 0.0077
aug-cc-pvVQZ 0.0793 0.0046 0.0066 0.0793 0.0052 0.0067
aug-cc-pV5Z 0.0795 0.0045 0.0059 0.0795 0.0051 0.006
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Table B.53.: CVS-UCC3 and CVS-ADC(3) oscillator strengths for the first three excited
states with the aug-cc-series for CO O 1s.

CVS-ADC(@3) CVS-UCC3
Basis State 1 State 2 State 3 State 1 State 2 State 3
aug-cc-pVDZ 0.0472 0.0007 0.044 0.0007
aug-cc-pVTZ 0.0478 0.0021 0.0008 0.0448 0.0019 0.0007
aug-cc-pvVQZ 0.0479 0.002 0.0008 0.0448 0.0018 0.0007
aug-cc-pV5Z 0.048 0.002 0.0007 0.0448 0.0017 0.0007

Table B.54.: CVS-UCC3 and CVS-ADC(3) oscillator strengths for the first three excited
states with the aug-cc-series for NH; N 1Is.

CVS-ADC(3) CVS-UCC3
Basis State 1 State 2 State 3 State 1 State 2 State 3
aug-cc-pVDZ 0.0081 0.0307 0.0177 0.0083 0.0298 0.0178
aug-cc-pVTZ 0.008 0.0305 0.0144 0.0082 0.0297 0.0145
aug-cc-pvVQZ 0.008 0.0307 0.0128 0.0082 0.0299 0.0128

Table B.55.: CVS-UCC3 and CVS-ADC(3) oscillator strengths for the first excited state with
the aug-cc-series for CH; C 1s.

CVS-ADC(3) CVS-UCC3
Basis State 1 State 1
aug-cc-pVDZ 0.0381 0.0382
aug-cc-pVTZ 0.0401 0.0402
aug-cc-pvVQZ 0.0404 0.0405
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C. Unitary Coupled Cluster code

generator

Note that Einstein’s sum convention is used in the following, that is, doubly occuring in-
dices in an expression are summed over while single indices represent target indices.

All equations are automatically generated and formated. Products of an identical set of ten-

sors are always put in an individual line.

C.1. Third-order Unitary Coupled Cluster

C.1.1. UCC3 ground state equations

UCC3 ground state energy:

(q)ou_ﬂq)o) =
1 .. abx
< (abllij) o

1 . . ab
+ g <l.]||ab> O-l'j

190



C.1.

THIRD-ORDER UNITARY COUPLED CLUSTER

UCC3 singles amplitudes:
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UCC3 doubles amplitudes:
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C.1.2. PP-UCC3-x secular matrix
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PP-UCCS3 singles/singles block:

(@211 - E,|0%) =
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PP-UCC3 singles/doubles block:

a| g be\ __
<®i |H|q)jk> -

Pl (aijllily o* + P, (ad||bi) of*

+ Pl (ak||bc) 6;; + Py (Jkllci) 6,
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(de||bl) afe*é b

| ac”ik

acvik

c* d*
+ P(jkbc)fﬂa[ 0,0 + P(jkbc)fdbaj 6,.0

- bd
+ P(jkbc)fdlaj[ >k5(10(3%
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PP-UCC3-x doubles/doubles block:
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C.1.3. PP-UCC3 ground state and ground- to excited state

densities

PP-UCC3 ground state density:

(CI)0|D|CD0) =

1 1
ac _bcx ab __abx
+ Zdbao-ij o 2dl.jal.k Ol

1 b __bx
+ Ediaazaj o

PP-UCC3 ground- to excited-state density, singles:
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PP-UCC3 ground- to excited-state density, doubles:
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C.1.4. PP-UCC3 state-to-state densities

PP-UCC3 state-to-state density, singles/singles:

(@ D|®°) =
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PP-UCC3 state-to-state density, singles/doubles:
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PP-UCCS3 state-to-state density, doubles/doubles:
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C.2. Fourth-order Unitary coupled Cluster

C.2.1. UCC4+5]s,t] ground state equations

UCC4+5[s,t] ground state enrgy:
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UCC4+5[s,t] singles amplitudes:
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——<jk||lb>6ad be cd*_ <_]k||bl>0ab cd cd*

Jjk lm lm ik = jm lm
+ - (aclllb)a" C*+ (acllbj)a” Cx+ (lellk)O'O'
- > ajllik) 0%
+ (jk||ib) GZGI.’ - (ajllbc) Gl?a.c

+ 1 <bj||ik) ol gheds 4 — (ac||b]> ohdegedes + — (a]||kl) ohed gheds

jlm klm ikl jkl ijm klm
+ — (ac||lb) ijle Jcl‘:f* - — (a]||lk) abfrg ,’ﬁ* - (cdlllb) ;‘,’C’f ;Zf*

——<bj||kl> aed gheds _ - <chIbJ>6,”k”f geder

=0

UCC4+5[s,t] doubles amplitudes:

CHELAE

(abllij)
1 ¢ a - . c
+ 5 (abllcd) Gijd t5 <kl| lij) Ok [+ 7)(uab) (ak|lic) Gjl'Jk
1 ac 1 abc
+ zpab) (bkllcd) %kd + 5 P(U) (kl|lic) o4t

Plan s + Pipuio
+ fkcalf’jbkc
P, (abllic) ot + P, (bkllij) of

1

3 P, (abllic) oo + 173 , (bk||Im) a“”d ol 4 17)‘ (ad||ic) shee sdex

Jki kl 4 (ab 2 (ijab Jkl kl
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FOURTH-ORDER UNITARY COUPLED CLUSTER

acd cd*

abd cd*
+ kim ™~ Im

_ . 1
7)(ij) <Ck||']l> Gtkm Im Sp(ab) <bk||lj>0

1
ace de* -
L (bd||ck)0 + 273(Uab) (ak]|jl) o;

ikm lm

——<ck||u>6,i§’,i,’ f,f,’*— (dellck>o””c de*——(abll
1
be d* - be c*
2 Piany (ad||lc)6 + 273(Uab) (akl|jl) o o™ +
1 a C* c %k
+ 5P (ck]|jl) o%o ——(abllck)ad d ——(ckl
17) bk||cd) oot 17) ki ‘o + P,
) (DK|lcd) oo i (Klllic) olop + Py,

1
P(u) (dellic) o°

bed cd* _

abce de*
Jki kl

abd cd*

(ck||lm) o/ )

Ck> che de*

173 -, (bdllck) oo

b
lij)ol o™

) (ak||cd) afaj’?]‘j

Py aklled) opol! + P, (klllic) op05 + Py (kllljc) opof)
a k 1 a * 1 - cax
6 (b)<bc||lj>6d o<l +673( b)(bcllkl)od o<l +3P(Uab)(ac||lk)abd d
c cax ) a ca* 1 C C 3k
+—(ab||kl)ad d —(cd||u>ak;’ ol + Pu)(ablljk)ad d

1 ab cd*
P(U) (cd||jk) o]

= (klllcd}a"b Cd

_; . <k,”cd>6ac .
Py Kl llim) o2eatdots + 2P (aklel) otioteots

+ 112 i) (kl||jm) 6,‘3’ fnd Cd*+ éP(Uab) (ae||cd)
+é ian (dkllic) oliop de*+§73(;jab) (dkl|lclyoio
+ 2P0 Gakllic) ol ottoler + 2Py (akllel) oo
+; Xiiab) (ak]|ic) Gbc Zf ld”f* + ;P(Tjab) (dkl|lic) o}jo
+ 2P0, (kllel) offots ol + 2Py, (aelled) otiot] o
; i (kl||jm) al”nb fkd ;‘i* (Uab) (ael|cd) obd ;]{
+7’<7,ab) (dKllje) oicotsole + 2 Lo, Gakllel) oot
P (eflled) oot + zpab) (dkllel) oo™,
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P> (kllled) oo cd+27>u) (kllled) o2 o™

+ % W) (kl||jm) G“baz;’lafn‘j’*

l,f ,i{* + ép(jjab) (ak]|ic) Gbcajdlfald;*
b; ld;* L (ak]||cl) abe GCdaldnf*
oisoler + 2Py (klllmn) otfodoct

ab ce de*

e ex 1
be dex 4 P(U)(dklljc)d 0Ll O)

mlm

efx + 17)_

> Pijan (dKllic) ofo7ior
Iilf*+7)(uab) (ak|lcl) o jb; zCrZ ldr;*
ol + P (dkllic) o ool
ol + %P_b) (bellcd) o 6;70'2{*



C.2. FOURTH-ORDER UNITARY COUPLED CLUSTER

b ed 1 be _cd _d
p (Klllim) ofio o " + =P, (akllic) o o) of ™

1 - a cd ef* 1
+—2P(ab)(be||cd)0'kl + =P O 3

1 6 (i
de _dex

1 be cd de* 1 ,- be cd de* 1 bc
+ (b)(ak||cl)a o +3P(Uab)(ak||cl)6 0 Om P( b)(akllcl)a 0/ 0

1 e
+ 7)(u) (kl||mn) o Jbld od* (abllcd) O_Ceo_dfO_Z{#»

2 cdv 1 of _ef#
+3<kl||lj>(7km l”: m‘i +2P(ab)(ae||cd)0'bd /& f + - 7J

a ., 1
(dklljc)almb o0 ldnf + P(j)

)<dk||jc>6ab ot de*

(ij ik " lm lm

1 1 .
+ P )(kl||lm) O'a[bO'IiZO':n[i* ~ (ab) (ef]|cd) G“C zf ;{* -3 (kllllj)al“rf’a;fn(ffn‘i*

_2<dkllcl>6ab ce de*--(ab||Cd>(7ce df e'f>‘<

3 km ij lm kl ~ij kl
1 ac e* 1 aoc C* 1 C *
1 (b)(bellcd)a d P(j)(leJm)O'b + 73 b)(ak||cl)6bd o
1 abc _dx*
+ 5P (dkllje) o] ol

c d . a, b
+(ab||cd)al.0 (ak||jc)a L+ (kl|ij) o/o,

(Uab)

b)<aC||lk bde cde*

1 - s .\ _ade cde* b dex 1 -
+—6P(ab) (bcllij) o +—(cd||11)0']‘€’l; im =P imCkim

3 kim klm 12 (ija

1 _ ade _cdes cde _cdex 1 cae _caex
+ Ep(ab) (bel|kI) O-u(in k;lm + 26 <ab| |kl th(in k;lm + 3_7)(1}) {abl|jk) 611['1” k;I’"

1 abe _cdex 1 abe _cdex
b k) ot + 57 (oo

C a l a C 1 C a
+—(kl||cd)ak oy + 3Py (Kllled) ooyt + 2Pg, (Kllled) oo
1 c C* 1 a C*
+ 3P0 (abllik) oioi” + P, (bellif) oy

=0

UCC4+5[s,t] triples amplitudes:

@gb,:|H|<1>o> =

- (abl |de) che + IPab) (be||de) G”de = (lm||1]) Gabc
1 .
+ 273(11) (Im||jk) o°

(elllid) oty + cl||kd) o7

ijl

(a1||id>ab“’ + P

abc -
+P (ab)

ilm (ijab)

bed
(al||kd) o

(u

bed abd abc
(a b)fada + deGle + P(lj)flj ikl
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C.2. FOURTH-ORDER UNITARY COUPLED CLUSTER

fku,‘;l;c
Pip ablljd) ol + P,
ab) (al|lij) abc + Ptjab) (al||jk) 6 “+ (cl||ij) 0'

(ac|lid) de + P, (acllkd) aibjd

(J)

(cl|ljky oy’ — (abl|kd) o7
1 bc _de 1 a e
2 Py alllde) oo d P(U) (cl||de) oo

e de . 1
b d EP(ab)(alHde)aklaU

1 1
ab de - ac bd ab cd
+ = (clllde)a +27)(Uab)(lm||ld)a P(J)(lmlljd)a

1 - ac - ce a ce
+ 5Py Imllkd) 07,0 ”f’ + Pl (alllde) ofoss + P, (bll|de) off'o
+P<;b0> (blllde) o7l ol + Py, (Imllid) o ois, + P, (Imllid) ool

o (mllid) ot ——<1m||kd>afnﬁ ol

+ P') (ab||de) Gd o+ P iav (ac||de) Gd be e+ P (ac||de) ad be
b cd d bc c bd
) (all Ild> (abc) <al| |Jd> Gl ik

P ase) (alllid) o]0 T (uk
k)(clllzd)ad o

+ P, (alllkd) oot + P, (blllid) ad ac

P(;b) <lm||l_]>0'lb I[clrcn+p(71ab) <lm||lk>6‘1 be (U) <lm||lk>0'c ab

— (abllde) oo = (Imllij) o} o},

+ <P <ad||z,>a,§;; f£*+é7’5,ab> (ad)|jk) o' f;*+ép( , {ad|[m) oot
+g<cd||ij>a;;;’; ol 17)(”) (cd|ljk) ot ote + <cd||lm>0,‘j”£ on
P, (dellil) ot o ;j;*+ (dellkl) oihope + (ablllm}afj‘fj oler
+ 112 o (Bellim) o24eaie” +— (dellij) ol ;’,;’*+1i - (delljk) ool
173( (ablJil) 0 o1 + (abllkl)afj‘fne 7’,5*+é7’(7,ab> (ac||jl) otiecte:
6 Pz, (bellkl) oo ;’;*+;P(jjab) (ad||il) o€ 5" + 17)( , {ad| k) oot
+ 3P (edllif) ot otet + 2 (cd] KI) ool

a cae 1 il Cc aae e __abc
+ — (lm||de)0 b d + P (ab) (lmllde)ab d (lm||de)0'd kf’m
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17)(:1) (Im||de) oéoi + IPU) (Im||de) o' ;;j;+ (Im||de) o}jorie
+%P(:jab) (lm||a’e>6‘llC lbf,5+ 173 (ab) (lmllde)a”d Z;’+ ;P(jjab) (lm||de)o"‘,f lbfwf
+;P( , (Iml|de) o2 o + 17)( ,, (Imllde) o gode + (lmllde)a“" gote

1 P> (imllde) oo f,’;;+ (Iml|de) o2t + 173(,]) (Imllde) oot
+%(lm||de)a,ff l”jb,5+ ip(:jab) (lmllde)a”d bee o+ 2P (ab) (lmllde)a“d lbf;

2 C avbe C avbe
+3P0 (Im||de) oo ,fim+ <1m||de>ak7 ol

)(abllll)GCd d*+ (ab||kl)c7“d d*+1

dx
3Pljab) (aclljl)o o

1 o b dw 1 a1 o
+3P(ab)<ad||l]>o-llc)lald +3P(uab)<ad||1k>0'b o’ + P( b)<bC||k1>6d o
1 o abdx , ] b ds
+§(cd||11)ak§’ ol + P(U)(cdlljk)ab o’

1 . bf _cd ef* 1 bf _cd _efx*
+6P(abc) (ae||1d)6j 6,0, +673(abc) (ae||ld>6 O-]Cko-lm

1 bd el gel+ | 1 bd _cf _efx
6p(abc)<ae||1d>6k im Cim 6P(abc) (aelljd)o),0, 0,

67)(0116) (ae||kd>0 mOin ép(abc) (ae||kd) 6" 66T

CimCim m%ij Cim

+ 112 eiat) (al||mn) abc jke ii*"'% ‘ab) (al||mn) O'bcadeade*
+112 W) (cl||mn)6”b6;1]foﬁlff i(cl”mn)al‘(’faieaii*

+ P (e lidyotiotior + P (eflljd) ool

1, ac b gl 1 be gdf gef+ o 1p- be df _efx
+ — B (ab) (ef||kd) o 67)(uab) (aellid) 1m0k Oim +6P(”b) (ael||kd) al;au o,
bc _de _dex

1 be de d 1 b d o | .
6p(/k) (al||lm)(ylC cLr mfl*+673(l % (al||1m)6C ¢ e*+6p(ljab)<al||jm>61natk6mn

1 ac de de* 1 de _dex 1 de _dex
6P(ljk) <bl| |lm> jn kl mn 6p(ljk) <bl| |lm> GZIC jne mfl 7)(ab) <bl| |km> anc zje .
1 b _d * d * 1 *
6 Py, (cellid) o},0 faef (cellkd) oo Uf At 6p(1k) (cl||im) O'“Iba]f;aii
1 b de d 1 1

+ 673(uk) (cl||im) o ﬂe = P(u) (cl||jm) Gl“nb ff Z:,* + 673(ab) (dl|]ij) UZ;UZZGZZ*

+ 17)(ab)<dl||lj)6aC begdex 4 1 )(dllllk)a"b ¢ ol + 17) )(dllllk)afnb 5 e

6 mn kl mn I “mn~ mn n jl mn
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+ 2P (1K) 0%t 0l + 1P (i) ot atotes + 2Py (ablldl) ol oo
+ 173 )(ab||dl) Jcr{, ‘f ,ef+ 1Pab) (ac||dl>6bf de ef*+;73(jjab) (ac||dl)6f,£6j’;6fr£*
+; Py (aclldl) o7l o ;{:*+ 1p- o (aclldl) o) ooyt l P, (ablldl) o5lot) ot
+ 2Py (ablldl) osiot] o ef*+17’ab)<aclldl>a“ O f£*+é Py (aclldl) oo ot
+é ¢jab) (ac||dl)6blf le,{, frf*+é73( 5 (ac||dl) O'bd ef ef*+é73(abc) (al||mn)6b:(f;f0'r‘ifl*
+ ép(abc) (bl]|mn) 000t + ép(abc) (bllImn) 6265 o% + 1P (e f|lid) oot otl”
(uk) (efllid) oy j’i fmf* (Uk)(efllld)a“d zfn lerf:*+ ;P(lk)(aeHld)O'bcadfaff*
+; (iiab) (ae||dl)alb’fl jkf ef*+ 173 )<ae||dl)0'km i ef*+ ;P(;bc) <ae||d1>6b:6;£6fr£*
+;Pubc)(ae||dl)ad <! ef*+;73ab)(ae||dl)abfakfn 4 2P Gaelldl) ol ottt
+:1%Pabc) (aelldl) Ok fri frf*+;Pab6) (aelldl)akm lc]d ef*+ ;Pabc) (al||lm)6b]fal":6:f;*
+ ;P(:Jkabc) (al||im) O'bd c,C Zlf’*+ ;Pabc) (al||km) abd o0 ii*+ ;P " (bel|id) 0“6 fo*
+ 3P (Bllljm) ottt j;*+;)7)uk) (cellid) otbot! ott” + 3Py, (celldly oot ofl*

+;<C€||d1>60b df ef*+ (dllll])gab ce de*+ lpab)<dl”l]>6ac be de*

km ij km ln mn 3 Im kn mn

+ 3P0 i) ottt ;;*+ 2P (IR 200 te 4 SP0 (dlllim) oot
+ ;P(Uk) (alllim) otoseols’ + 2Py (dlllim) oftotiots + Py (dlllim) otoliote
+ 3P0 (dllim) ottt + ;P(;]ab) (lllim) ootiols + 2P, (dlllim) ootiots
' ép(,,k) (lllim) ooteols: + 2Py (dII1jk) otbosiols + 2Py, (@lIljk) otkotals

1 1
b d * sk —_ sk
+ (a’lllkm) 010 O+ 3Py (dlllkm) ooyl + 2Py (aellid) oo}’ o7F

—i<ef||kd>o“b ottt — S (dlllifyottatsoter — L (dlllif) ot oot

lm ij kl “mn~ mn mn kl mn

1 ¢ e ef* c e ef*x a e ex
- & ablldl) ooy o) —g(ablldl)akfnaufaf (clllkm) opoliole

1 ab __ce _dex 1 e _dex c e e*
- S Illij) oftoisote’ = SP, (dlllij) otk otiots — < (ablldl) off otsof

Im kn mn km ln mn
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1 4 e __ej*
-3 (ab||dl) akéal‘j aln’;
1

cae e* 1 - e __ex 1 e e*
P(U) (abl|jd) o d + zp(zjab) (acllid) O'b]fl o P(ab) (ac||kd) abd

1 .. 1 .
+ 273(ab) (al||l])6£fjl j’* + ZP(ljab) (al||jk) albf,f ,‘fl* + = (cllllj)al’jf’ri Zz*

1 a * e e*
2 (u) (cl]|jk) allffajl )(ac||dl) abd

bed d* x .
+Puab> (allljm) ooy + P, <bl||km>°':71d o, +<Ce||dl)63€cd o/

bed e*
P (aelldl)cr
o Selllim) o307 + Py (dlllik) oo + P, (dllim) o7y
+ <d1||km) aabc 4t Plia (aellid) ab]‘éld oy + P, (ae|kd) Gbcd o

)(cellld)a“bd e*+(ce||kd)0”bd o — = (ab||kd)0'“’e ex

_ (ablldl) che e* (cl||km> Gabd d* <dl||lj>o_abc d*

1 ¢ e 1 abe ce
+ 2Pabc) (al||de) o lbﬁc + zpuk) (Im|lid) o d kf’m ”ab) (al||de) od jbkl
Py (alllde) ol +Pr (clllde) of'c abe+<c1||de>a;j o

+P(jj y {Imllid) o)t + Pr (Im|lid) o} o (Im||jd) c¢c™

(J) (lj) I} zkm

P (lm||kd)6b ”“’+(lm||kd}ad ”bc P (bl||d€>6d o
— (cl||de) o! o — (Im||kd ) o™

ljk I 7ijm

=0
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C.2.2. PP-UCC4 Secular matrix

PP-UCC4 secular matrix singles/singles block:

((I>f|FI—E0|<I>f> =
—(ajl|bi)
+%(ac||ik) 6}1.’;*
+ 3 kllbe) o
+fab5,j f,, ab
~ (ajllbe) of = (jkl bi) of
—(ajllik) 0" — ac||bi) o¢*
+ (acl||bk) 6,76,; — (jcllik) 66,
+(ak||bc)6"5 (Jk||lC>0k ab
_1 <ac||k1> ohers, — — (cd||zk) O B
- Z(ijCd)O—,C:éab (kl||bc>a,‘jf§,-j
fak‘fb*5 _fcﬁ;*5
f,c i 6ap = Sis0,6)

C cax* 1 c ek c ca*
+ - (ajllbk)ad d Z(ae”cd)alkd jbk + - (ak||b1)0'kf ﬂd

+%<jk||lm>af‘,f f6*+i<de||bc>o—“c aer i(klllzm)a“c bes

1 c ca* l ac * 1 ac k
+5(ak||bl)o-ﬂf ol + 5 (dllic) ojjo o + 5 (dllck) ooy ol

1 ac * 1 C * 1 a cax
+2(dk||1c)0'kl jbld —Z(aJ||1c>akf ]’;7 ——(JCHbl)O'd d

_l(akllcl>o_cd bd*_l<ck”bl>o_ad Cd*—(a]||Ck>GCd bdx*
—(ad||bc>ace de* (jkllll)Gac bc*—(ckllbl>6ad cd*

kml

+ - (ac||bk)6d ed 4 <ad||lc)ac bd*+ (ad||ck>ac b
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1 a C* 1 c C* 1 a __cd*x
+ 5 (ckllil) oo o’ — —(aj||kl) otch — 7 (cdllbi) o il

4

1 ¢ __bex 1 cdx* 1 ¢ _bcx

—§<GJ||lk>0, 1[;1 —2<aC||bl>0,f ﬂf —§<ak||ll>0'k j’l
1 ok
——<JC||lk>O'l Z]

+ 1 (akllbc)aCd d l(jdllbc)al“]faz*+ Gkllel) ot o?*

1 ac k C 3k ac _c*x
2(a’k||bc)o o4 ——(a]||cd)0'llj oy ——(klllbz)a

1 c * 1 ac ek . ac _c*
—§<Cl]||bc>611f Z _2<.]k||bl>6k[ i _§<]k||bl>6ik61

—%uknzcw -

ki O
+Z(jd||bc)al",ff o+ o (klllbm)al“,fld P <Jk||c1>a;;§,;’ o

cde be*

1 ace ex cde ex
+2(a’k||bc) o d —<ak||bc) zljl d ——<aJ||Cd>U,k,

—l<jk||bl>0'ac‘j Cd*—l<Jk||lc>5“Cd bdx _ Z 1 <Jk||bl>6aCd cdx*

3 kim%im 4 kimCim 4 item @ im

1 cae ex 1 ac ek 1 ac cax*
_§<a]||bc>6,]fl d ——<]e||Cd>leld bex — <kl||bl>0'klz d
+= <ck||zz>a;;;1 ohed* + <ac||bk>ade phoE <ak||lm>af,5 Ciim’

1 ce bde* 1 ce bde* cd bcd*
+4(ad||16)0'kl gt +2(ad||ck)all il —§<a]||lk>0'lm i

1 c cd* 1 a cd* 1 ae C ex
—§<ajllkl>a,,f,’ i —4<Jcllzk>6,,j i — g {cdllbi) oo ”

1 ac _bdes 1 cd beds 1 de_cdex
—g(delllc)ak,c Chi g akllily oy, 05" — <ac||bl>‘7kze Ol
+Z<ak||lm>a;af’,:*5 +§<ac||bk>ad oy S <ad|lck>a, o
+1 5 {ekllil) o{06 6, — < (a’eIIiC) g T <jc||ik> o0
+ = (klllbm)o""’ cc*5 ) <ak||bc>a;7 o6, + = <Jk||c1>ajkda,d*5
+ = <dk||bc> 040} 6y = <je||cd>af,;’az*5 <Jkllw>6£7 01" up
+—<ad||bc>a;jag;*5 +—<ak||c1>a;;’na,b,j*5 += <jk||ll>6km i 8

cd* 1 c ek c cax
+ 5 <ck||b1>6km 013, — 2 (aelled) oflot's, — < (Gkllim) oloii’s,
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ac _dex
11Okl 0ij

- % (de||bc) o

1 ex
~3 (jd|lic) 0,C Zl Sup

1 : c
-3 (kl||im) O']jG

cd* cdx*
o) emCim Oi

=3 (akllbl) oo

1 . ce _dex 1 . ce _dex
-3 = (jd||ck) o} al‘jl O — 3 (dk|lic) aklad )

+Z<dkllb0>(f,i‘f,i<’f’,§*5 +i<1kllcl>(ff;i2 72*5ab+é<akllb0>6£7£ O i
+%(kl||bm)azlc: fn‘i*é ——(jellcd)af:,f I*s Oup ——<]k||ic>0£7,fl ;1,5*5
+1<ac||bk>a;’nj oeders 41 (ckllll)ade oS, + < < (ak|lIm) ofloteis,

+ <ad||ck>o,,,, oS, — <jc||zk>o,,,, O’ By ——<de||zc>acf 1 Oap
<Jk||Cd>0Zfl,, olfole! + 1 <Jk||bc>af,; oo + <Jk||bc>o;‘,: il

4~ (klllbc)o-l“rfz o%c ;’;*+ <k1||bc>a;;; %o j,;* <Jk|ch>6,“,f GO
+—<k1||bc>a;1; ool + <k1||cd>a,“,; oo f,;*+ (jkllbe) ofaraon”
+ 2 <k1||bc>a,“; oifon + 2 <Jk||bc>ag;a,ffa;’,§* <kl||cd>6“e nTim
—1—6<jk||bc>6anff,‘§e0de*——<Jkllcd>6§’n‘f Cik® f’,i*+<k’||0d>6frf i
+<k1||cd>aaeacda”e*— (klllcd)a"daceabe*— (klllbc)a“e OO
L (jkllcd) a;;o;;’af;* _1 1 UKlled) agfnafﬂaf;* _1 > (ikllbe) ot o5t
_—<Jk||cd>a;;g oo f;*——(kzncd)a;;;’ ot j’,‘;*— <Jk||cd>6,",f’ OO
——(klllbc)a“c ol j;;*— (Kl||be) ogeotio ;iz*— (jkllbe) ofnoii oy
——(klllcd)a“d oo

4+ <cd||,k> oo e + (acllzk) ol o de*+—<ac||lk) oo ol
+ = (ac||kl> thr: l”;* de*+ (ac||kl> al‘i’fazf*a;g’* —(ac||kl> aldnfaj’;*al‘:f*

+—(cd||1k>0“e bex Cd*+ (aclllk)ade bex “’*+—<cd||k1>a

aeabe*acd*
im~Im ~ jk

+ = (ac||kl) Gflyj Zb"i* Cd*+ (ac||lk) O'Id"f jbfn* de*+—(cd||kl) Gl“;azf*ajci*
_ —<(1C||lk>6;irs ][an* de*+<cd||kl>o_ae bdx* Ce*+<Cd||kl>O'an'be*O';d*
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_ L <Cd||lk> Gaeabe*acd* _ i <aC||lk> Gdeo_bexo_cd* _ ; <Cd||kl> %o bd*ace*

1m@jm ki 1m® jm im%ji Ckm
- i (ac||kl) afr’faj’;*am* - = (cd| lik) o) Jl’r‘i*azf* - 5 (acl |kl) aldr’faj’f*al‘je*
- i (cd|]ik) afr:aﬁfn*ajf* - i (cdl|lik) o)io I”r‘j*ace* - (acl lik) adealf;*ajcld*
- S acllki) ofeots" oit = 2 (edllkl) atott®ose” — oo (edlIkl) ooti*ose

5 bd
~ 25 (edllik) ofyoli*ore

+<Cd||kl> o_aeo_bd* ce*5 +<Cd||kl>o' cd* ef*éab_'_ <aC||kl>O' bex ]ifn*&lj

mn~ mn im km mn ln

+é(ac||k1>6de6bc* 5, + o (ac||kl)6deabe* ‘fd*(s +—(cd||1k)alm TR aTA

km ij mn-~ mn

1 ef _cex _df* ef _cex _df* ae _bex _cdx
6<cd||zk>a,,§ et faa,,+ <cd||zk>a,;j oL 00178, + (cd| k) 6% o1 6ol

+ (cd||kl) o} 0500 ef*éab+(cd||kl)aef et G005 + (cd||kl) 6% ob* 60,

im kl /m
+ (cd||kl) o o lb:* oo+ (ed||kl) o-frialifn*aflf*éab_ —(ac||kl) O',iio'icn*ade*é“
——<Cd||’k>6f,ﬁ O 11 Bap ——<ac||kl>a,,m ool s, ——(cdllkl)amn ooy,
——<cdlllk>6,m Gyl G —<cd||k1>a,,,, 54 6e"5,,

+ (kllled) oy0,/ 07,8, + (killed) oo 0005, +1<jk||cd>o,276,",,{ Jare

km mn ij Im

+_<kl||bc>o.aeo.cd6de*5 +_<kl||bc>o_ae cd de*5 4+ = <Jkllcd>o,ce6dfo_ef*6ab

mn~ kl = mn In km mn Im

+—<jk||cd>0Cd o ef*éab+—(kl||bc>a““6de cles, +(kl||cd)0”e<7“dabe*5

kl Oim lm km mn kI~ mn~"mn ~ij
+ (kl||cd) 0tl0l 65775, ——<k1||cd>ag,d 0% 675, + (kl||ed) 6% 667" 5,,
+ (kl||cd) 0% 07 641768, + (Kl||cd) oS0 j£*6Qb+(klllcd)a”ea;fnas;*éu
——<jk||cd>a;njaj{a;{*5a ——<k1||bc>a;;; oleies, ——(klllbc)akl ed gders,
- = (Jkllcd> oot ot 5, — — (klllcd) oilo! o6,
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PP-UCC4 secular matrix singles/doubles block:

(@f|H|®}) =
Piy Cajllil) or* + P, (ad||bi) 0'”’*
Pfk) (akllbe) 6;; + Py, (ikllci) 6,

+ — (aa’llll) ab“d*

(akllim) o'<*5, + 275 (dellci) 05, + P7,,. (ad|lbl) 005,

2 (k) 2" (ko) (jkbc)

+ Plipe (Gdllil) 07776,

1 1
ZP(b)<Jk||cd>af’5ab+ SP0 (Klllbe) o8

17ij

b dx
+ P Sad 6 i+ Py fai0 bas

+ P(;kbc)fjbéac ik

+7)( kb

+ P'kb N (jd||ci) Ud*é

,(ajllbl) "6, + P, (ad|lbe) o6, + Py (kllil) 0778,

1 ca* 1 . cdex

+ 7 00 (ad||lm)c}?*s5,; +473(b)(de||11>aﬂfl Sab

1 cax* 1 - ex

+3 L (jd||lm) o2*5,,6; +2P( kb)(de||bl)ad 8,01

|
+ 5 Piner (J1116d) 016,061k

+ 7)(kaC)

+Pliser fd,abd*é 5

acvik

* - d*
O-C 6ab5ik + P(jkbc)fdbaj 04c0

acvik

+ P, (Jdlbl) 68,6

ac”ik

(jkbe )<
8 (kac) <de||lm> dee*(s 5

acvik

1 e C* e ex 1 a c E
+7 Po (ajllde) ooy (alllbc}ad o P(bc)(lmllbz)ad d

1 e __bex 1 e _bex a ce*
+ 5 P s (@illed) o7y +2P(bc)<al||cd>a" 0" + 5P (ellbd) ojay;
1 @ * 1 - a * 1 a %
*3 Puse) Cilllei) 070y, +2P<kac)<ﬂ||cm>"d Com + 5 5P o (illlid) ofnoy
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17)( o (Kllldm) o o lp(bc)<el||0d>0'ad Jbe*— (Jk||ld)a“d bes

Im lm

——<_]k||dl>0ad bc*_ <dl||bc>6ae de*

im lm
+ é’% o (akllde) 0"60”6*5 + 5P (Imllei) 050175, + TP, all bd) ofioiee,

+ 41173( 0 (al||bc) adeode*élk + IP(bc) (jk||id) 6%0’}”2*5 411 kbe) (jel|cd) G“dcrbe*5
P ) 3020 5+ L5 111D 080055, TP (b o,
i ey (]| 1) o gedrs, 4 ;p(—kb (al|bd) UG, + 1pb (klldiy sl
;%bc) (elled) oy o6, + ;P‘km (j111bm) o}yl 6, + ;Pakb  (lllid) ofeopers,

+ %P&k) (jllldm) o b5, + ;P‘kbc) Gllldm) o9, + IP(jk) (dl||bc) ofco Z;:*‘Su
+3 P (ellbd) 020225, + ;p . Cell[ba) Udfge}{*éac

+ %p(;kbc) (jfllde)o;; de Cf*(sab(s,k + ép_kb ) (Im||bn) Gd"' de*éacélk
3P Gelba) o1 o518, {5 Glllem) oot 5,0
; v (il11dm) ol 5,.5, + ;P&kb (elllbd) o} 65175,,8,,

PP-UCC4 secular matrix singles/triples block:

al| g bed _
(@21 |0 =

b d bd b d
jk)fa iy *51k + P(bc)fe 6*5 fa . 5

m= jlm 17 jkl m= jkm il

fe bce*5

17 jkl

+ P-.k,) (ajllbm) '8, + P, (ajllem) op*s, + P, (ajlldm) 606,
Pio (ae||bc) Gde*élk + P (ae||bd) o"f,f*él, + P vy

b ) e Jkllim) o, d*5 .+ 73( 0 (l||im) ka “0, T P‘kbc) (l||im) 0¢9*6

(ael|bd) c,*6;;

km ~ab

Piyea (Tel1bi) 08, + PG kel 1bi) 0576, + Py g (Lel1bi) 0778,
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— (aellbe) %75, = jkllim) o178,
+ (jk||bc) 6,,6, + P(;C) (jk|lcd) 6,6, + P(;kbc) (Jl|bd) 6,.6,

+ P, (kl||be) 6,46,

1. C% | . . cdx* | . *

+ 5 (jk||mn) Gf:m 8,40 + Ep(bc) (jk||mn) O'mi 8,50 + EP(jkbc) (jl||mn) 0'35, 8,0k
1 — C 3% 1 ef* 1 - efx*

+ 5P (Klllmn) 678,48, + 5 (e |1be) 070" 6,48, + 5P, (efllbe) 0] "6,

1 — efx 1 — ej*x — . cex
+ 5P s (S 116d) 07178,y + P (e Nled) 07780y + P ypeq) el 1bm) o457 6,48

- bex - bd * — cd
+ p(jkl)fjmo'km 5ad5il + p(jkl)fjmo-lm 5ac(sik + p(jk])fjmakm 5ab5il

— % - dex bl d
+ P(bcd)febo-;f 5ad5ik + P(bcd)febo'jke 5ac6i1 + P(bcd)febo-kze*‘sac5ij
bce*5

bcex - - bd
+ femo-j]iyen 5ad5il + P(jk) emaklm adéij + P(jkbc)femaj["f*éacéik

— dex
+ P(bc)femajk:; 5ab511

PP-UCC4 secular matrix doubles/singles block:

(O H|®) =

P, (abllej) 8, + Py (bkllif) 6,
+ P(;b) (ak||cd) Gl.bjd + P(:j) (kl||ci) aj‘.’lb
+ % (kl|led) o

L cablliDy o5+ Lo (bdlli iy o
+ 5P abllil) o6, + 5P, (bdllif) 6,7,

1 e 1 \ 4 -
+ 5P (bKlIde) 05, + 3P0 (Imllej) b + Pap (allled) a7 8,

ij
+ Pijaty
+ P(;jab)fai5b05jk

- bd - b
+ P(ab)fkdaij 04 + P(l.j)flca;l Ok

. ad
(kl||id) 6“1,

+ Py, ablled) 66, + P, (aklljd) o6, + P, (alllci) 676,
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+ P (kl||ij)obé

[ ~ac
1 bde 1 abd
+ 1 Py (Klllde) 07576, + 7 P, (Imlled) o716,
1 *
2 (ljab) <ad||ll> Gd 6bc jk

1
2

(ljab)fada 5bc51k (;jab)fllal 5“5]/(

d
+ puab)fldo-a 5bc51k

1
+5 (l/ab) <al| |d€> 6 6b061k +

bd
2 ptjab)<lm||ld>o- 5 5

7)(;jab) <al| |ld> Gld&bcéjk

l ade
+ = 2 P iap {Imllde) o) d I
- (abllcl) O'de de* + 173 )(aklllm) Ubd Cd* + ip(”) (de||cz)o"‘b desx
Lp- j cdx ] e yaex 1 ce*
+§73(ijab) (ak||]l>af’rff h‘; +273(Uab) (ad||CJ>6b d 2 Pl (ael|id) o bd

1 c * 1 ae -daex 1 a ce>k
+ 3 Pan) allljmyoop, + 5P (bd||cl) offay, + 5P (belldl) o}'c

17)(’]) <kd||ll>6ab cd* 17)(”) <dl||Jm>6ab cdx __ _<kd||lj>0ab cdx*

Im lm

- <ab||dl>a”’e cer _ (dlllu)a“” cd

Im km

+é7) )<bk||lm>adeade*6 +;P o (dellcj) ofnon s, + 1 P (abllcl) oieope*s,,

4 TP Il 000005, + TP (adllei) 0le i S, + 1P, Gael d) otiore,

+ TP alllim) 0%ote'6, + 2P, Calllmn) b0t s, + 1P, (Kdllij) otiote's,,
+ TP (e 11id) oot 5y, + TP (ablldD) oleoie's, + 2P, (adllel) 0% ote's,
5P (ae||Jd>0df0ef*6bc+;P(_jab) (aelldl) oo s, + 3P, (aelldl) ol of] 6,
4 P alllim) 0006, + 5P, (kAN 015, + 2P, (i) otiote's,,
; o )(dl||lm> U”bafn‘fl*5jk + ;P(Tj b (dl||im) affaz;*éac

* ép(:jab) (alllmn) 070, 8,08 + IP(TJab) (efllid) 6}07175,.6,,
+ TP aellid) o 051 8,8, + 1P (alllim) 010 0006,5,
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1, d efx | . . ae _dex
+ 3P (aelld1) 03 078, 8, + TP, (dlim) 070756,,8,

PP-UCC4 secular matrix doubles/doubles block:

(O H - E,| @

| . . cdx | . cdx* | .. . ex
P(I.J.) (ab||im) Gzri O + 57)(’7) (ab||jm) 6¢9*5,, + = (ab) (aellij) GZI Op,

5 km il 2
1 S cex
+ Ep(ab) <be| |lJ> O-kf 5ad
1 — e 1 - ae 1 - a
+ 3Py (Klllce) 056, + TP, (Klllde) 078, + PG, (kmlled) 76,

- a
+ 5Py (mlled) 65,

+ P(L.) <ab| |Cd> 5ik5jl +P; b) (akl |Cj> 5bd5il +7; b) <ak| |dl> 5bc5jl

(ija (ija

+ P&jab) <al| |Ci> 5bd6jk + P(;jab) <al| |d.]> 5b05ik + P(;b) <kl| IU) 5a05bd
1

- cd* 1 - . . ej* 1 - . cex
+ ZP(’/) <ab| |mn> Gmdn 5ik5jl + Z (ab) <ef| |1J> O-k{ 5a65bd + 5 (ijab) <ae| |lm> O-km 5bd6ﬂ

ex 1 — . cex 1 — . ex
a 5bc5jk + P (ael|jm) 0, 6pabi + 5P (ael|jm) O'gm 050y

(ael|im) o) > Pjab) m " (ijab)

+ 5 Pijany

1 e 1 ) 1 ;
+ 3P (Klllef) 077 8,850 + 7Py (mnlled) 0708,8; + 5P (kmllce) 0716,,8,
1. ae 1, e 1 -

7" (ja 5" (ijab) (Iml|de) 6776,.6,,

+ Plianyfac0sa0ibji + P iap L adOse0it0jk + P apy fii0aaObei
+ P aty S 1:9acOa0 ik
1

| cex - ex
+ 7 jab (ael|mn) 6:7"5,,6,6;, + ZP(l.jab) (ae||mn) 625, 5,6,
1 _ . efx 1 — . efx
+ Zp(ijab) <€f| |lm> O-kf; 5ad6bc6jl + Zp(ijab) <€f| |lm> O-lnj; 5ac5bd5jk
1

— e 1 —
+ 3P kmllef) 0L 8,404, + P
1
4
+ P LG 84a0u8 5+ Py Fam e 8380851 + Py iy 80aByeB

am~ m am=~m

b) <lm| |€f> nyféacébd(sjk

- ae 1 - ae
P iap (mnllce) o5 6,46,6 + ZP(l.jab) (mn||de) oy 5,.6,0;
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+ P(;jab)feio.le*éacébdéjk
+ P f 0 8adB5c0j1 + Pijany f1e07 0acOba0jic + P apyfmeOmBabitdji

+ ngab)fmdazlébcéikéﬂ

PP-UCC4 secular matrix doubles/triples block:

ab| 17 cde\ __
<q)zj |H|(Dklm> -

P(;lm) (ak||cd) 0pe0im0j1 + P(;lm) (ak||ce) 044010 + p(;;m) (ak||de) 0pc6im0;i

+ P(; Im)

+ P(;de) (kll |Cl> 6ae6bd6jm + P(:de) (kll |C]> 5ad5be5im + P(_de) <km| |CI> 6ad5be6jl

c

(bk||cd) 8,,5,5,, + P;,  (bk||ce)s,,5,5,+ P

ae”il¥j (klm) im"jl (kim) <bk||d€> 6a05i16jm

+ P(:de) (km|[cj)} 0,,6,46; + P(:de) (Im||ci) 04e0paji + P(;de) (Iml|cj} 6,q64e6:

- dx - * - d
+ P(kzm)fanazcm 6b65im5jl + P(kzm)fanaziz 5bd5i15jm + P(klm)fanak:*ébcéiméjl

- cdx* - cex - dex
+P(k1m)fbn°'kn 046010 jm +P(k1m)f,m0'kn 0,4d0im0 +P(k1m)f,m0'kn 0. .0

ae"il im“jl ac”il¥jm
- cfx — cfx — cfx
+ Pieaerf 1i% BacObadim + PieaerS 1i%m 0aa®e0t + Pcger 1i%1m PacOadjn

— cf= — cfx — cf=
+ p(cde)ffjak] 5adébeéim + P(cde)ffjakm 6ae5bd6il + P(cde)ffjalm 5adébeéik

+ p(;Imcdg) fkc 5ad 6b€5il 6jm

- cfx*
+ P(klmcde)f 710 n 0ad0pe0it0 jm

PP-UCC4 secular matrix triples/singles block:

(| |0y =

ijk
— ace - abc abe
P(ab)fleo-[jk 5bd + p(ij)fmda,'kmfsjl fleaijk 5cd
abc
- mdo—ijmékl
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+ Py, (abllde) oi¢s, + Py, {acllde) 6)¢6,, + P,

b
(ijab) <(1C| |d€> 6]251'1

+ P, (alllie) 058,y + P, (alllje) 0 8eq + Pl (al| | ke) O Bpy
+ P (am||di) fonék, + P (bm||di) ot 6, + Piio (cm]|di) 6;1’[:15,(1

+ Py (Imllij) o 8y + P (Imllik) 0008,y + Py (Imllik) 67e 8,

— (abllde) o578, — (Imllij) o0 .4

+(abl|ij) 8,40 + Pg, (abl|jk) 8.8, + Py, (acllik) 8,6,

+ p(;b) <bC| |l]> 5ad5kl

1 e 1 — e 1 —_ e
+3 (abllef) o) 8,46, + P (abllef)o%! 6,48, + > Piaian (acllef) o) 8,46,
1 _ e

P )(bcllef)al.

1, . o
+ 27 (ab -f5ad5k1 + 5 (mnl|lij) o b5 o + Ep(ab) (mnllij) Grl:méadakl

J mn cd

1 - . ac 1 - : a - i e
+ Ep(ijab) (mn||ik) 6% 5,46, + EP(U) (mnl|jk) 6 6.46; + Py ane, (amllie) o7e 8,64

_ b _ _
+ p(abc)faeal‘]fécd 5/‘1 + p(abc) aeo-icjeébd 6kl + P(abc)faeo-;]iébd 51‘1

- b - — b
+ P(ijk)fmio-;mécdékl + p(ijk) miUan5bd5jl + P(ijk)fmiaj,cnéad‘skl

b - b -
+ S e jmBeabit + Py FneO fimBeabit T Pijapyf meO imOba®ii

- b
+ P(ab)fmeaijcni 5ad 5kl

PP-UCC4 secular matrix triples/doubles block:

abc| de\ __
<(I)ijk|H|(I)lm -

(abl|di) 6.,0;,04 + (abllei) 6,46,,6, + Py, (aclldi) 64,604,

7)(ij k) 7)(ij k) (ijk)

+ P(;jk) (acl |€i> 5bd5jm5kl + p(:,bc) <al| |l.]> 5be5cd5km + p(:,bc) <al||lk> 6ba’5

ce6jm

+ P(_abc) <al| |Jk> 5beécd5im + P(;bc) <am| |l.]> 5bd5ce6kl + p(;bc) <am| |lk> 5be5cd5jl

+ Py (amlljk) 84466, + Py (belldi) 6,,0,,,61 + P (bellei) 6,460,

aegjm

+P

(;jkabc)faiébdé o 5km

ce”jl
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— af - af - af
+ P(abc)flfaij 5be5cd6km + p(abc)flfaik 5bd5095jm + P(abc)flfo-jk 5b65cd5im

- af - af - af
+ P( bc)fmfal.j 0pg0ceOss + P(abc)fmfai 5b656d6j, + P bc)fmfajk 0p0.00

a k (a ce”il
- b - - b
P a6 + P FraO 836816k + P fud 08 06,1810

in Yce¥jm in in ~ae” jm

+ Pl FreOn 8eadi18im + Pt FueO i 858 mOit + Py Fre O 0aa®18m

e ip “cd™jl eV inYad¥jl

— af
+ P(ijkabc)f 17 Cin 05a0ce0;10km

PP-UCC4 secular matrix triples/triples block:

(| H — Eo|®)7) =

P(;jkgbc)fadabeécféiléjmékn + P(:jkabc)faeébd5cf5i15jn5km + P(?jkabc)fafébdaceéilajmékn

+P; kabc)fliéadgbeécféjnékm + P, fmiéad(sbeécféjlékn + P, fm'éadabeécféjmékl

(ij (ijkabc) (ijkabc)
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C.2.3. PP-UCC4 ground state and ground- to excited state

densities

PP-UCCH4 ground state density:

<®0|D|¢)0> =

as
d,o;

+d. of

ia~j

1, b _ab
+ zdm.aj o ¥

1 1
ac _bc ab _abx
+ 2dbao".j s 2d,.j0'l.k Ol

1
+ Ed,.aai"jbaj’.’*

a b a _ax
+dy0;/0;" —d;o]o]

1 acd _bcd 1 abc _abcx
+Edba ijk “ijk _Edijo-ikl Jjki

1
bc _abc
+ Sdaiajkaijk

1
abc _bcx
+ 8di06ijk6jk

1 1
bed _ad* _bcx bed _adx _bcx
+ 24dai6jkl Oy Ojp 6dai°'jk1 O Oy

ad _bc _bcdx
0Ok

1 ad _bc _bed* 1
+ ﬂdiao-il 0O T gdiaakl

1 b 1 1
¢ _bx __ac be _ax _bcx be _bx _acx
+ 6dm-0jk0'j (o 3da,-0jk0'j o 3da,.0'jkai Ok

1 1 1
b __ac _bcx a _bc _bcx b __ac _bcx
+6dm6j6ik0jk 3diaaj0'ik6jk 3dl.aal.0'jk6jk

1 1 1
ab __cd _abx _cdx ae _cd _bdx _cex ae _cd _bex _cdx
+ lzdijaklaimajl Orm T 3dba0'k10'ij o Oy 24dba6k10'ij o Ok
1 1 1
ab _cd _abx _cdx ab _cd _acx _bdx ae _cd _bex _cdx
+ 12dij0kl Oimkm Ot T 6dij6k1 CimCki O jm 6dba°'k1 Cij % ik
1 1 1
ab __cd _acx _bdx ae _cd _bdx _cex ae _cd _bdx _cex
3dij6kl Oim%km 1 12dba6k1 0ij%ij Ou 12db06kl 0O Oij

1
ab __cd _abx _cd*
24dij0kl Oim%im Ok
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PP-UCC4 ground- to excited-state density, singles:

(@7 D|®y) =

d

ai

b
+dg0; —djof

J

ab
+d;0o
+1d Gbc c*+d O_ab c*_ld Gabi*
2 ab ch 2 Ji¥jk "k
ab _bx
Jkalj O-k
1 1 1
ac bc>< be bc* o’ bc*
+2dbjo-tk Jjk 4dﬂ/61k Jjk 4dbl Jjk Jk
+ 1d acd bcd* 1 —d.o acd bcd* _ Ld bed _bed*
8 bjCiki jkl 24 50 Jjki jkl 24 aj%iki Jjkl

1., 1 1
cd cd* abd cd* abc bc*
+ 2daw0i O+ 5005 05 — 24510 Oy
8 2 8
_ ld abc bc*
2 Jk 111 kl
+ ld O_abco_c*
2 Jb7ijk “k
d c’c®™ — —d,.c%c"
2 aj =i J 2 bi Jj
a, b
jbo-j 0;
1, 1 1
ab cd* a _bc bc* b __ad _cdx*
+ 4a’c 10O T 4djk6 o + 2a’c 59,05k Ok
+ 1d GCdeO'Cd* 1d Gb ac bc* ld O'bO'achc*
6 7iTik " jk 2 jk 2 Jk kl

1 1 1
a bc bc* b __ac _bcx* b__ad _cdx*
12djlak 1% T 12d116, 01O 4dcb61 Ok Ok

1 1 1
a _bc _bcx d__ab__cd* __ b __ac _bcx
2 2ik%1%ij O dey05 03 O 7 %ik%%i Oui

1., 1 1
o’ bc* b __cd _cdx a bd _cdx
6d116k O 12a’ 5000k O zdcba O Ok
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bc _de _cdex 1 ad _bc _bcd 1 ae _bd _cdex
+ 574050 Tt 4djko-jm6il Okim T 4d 591 Cjic O jki

ab _de _cdex 1 ae _bd _cdex 1 be _cd _cdex
+ 20y 0305 + 4dcb0k1 i O T 24dab°'il Ok O jki

ab __de _cdex 1 ad _bc _bcdx 1 ad _bc _bcdx
+8d6b6klo-ij ikl 4djk0im i1 Ckim 24d OimC

Ji¥jm~ kl = klm
_ Ld O_ado_bco_bcd* _ ld ad _bc _bcds __ ld ad _bc _becdx*

24%i1%m%jk%km T g ikCij CimCkim 3 i*C1m%ij Okim
ad _bc _cd 1 ab _cd _cd+ 1 ab _cd _cd+
+ 12d'b°'k1 0,; % t+ 6djb°'k1 ;O t+ 3djbo-il ik Ok
+ ld GadGbCGCd* + l GadGbCGCd* _ id GabGCdGCd*
6 JbTil ik kl 3 Jb™ij Tkl Tkl 12 Jb™j1 Fik Tkl
2
—Z2d. O_ado_bco_cd*
b1 Yik 7kl
3 Jo—j i

ae _cd _bex _cdx 1 ae _cd _bex _cdx 1 ae
+ 16dbjo-lm61k O Oji T 24dbjo-lm6ik Ok Oim T 48dbj°' o

1 1 1 ,
+ —dbjGQeGCdGI.?e*GZ?* + _dbjo-[a,:GCdo-bc*G['Ie* + —d -O'bcd.deO'bd s

cd _bcx _dex
m%ik %jk Cim

48 Im~ ik = jm 2 ik "kl " jm 12 aj "kl “im "kl T jm
1, ., 3 1
¢ _de _bdx _cex ae _cd _bex _cdx ae _cd _bex _cdx*
+ 6daj0k1 OmCik Oim T 16dbj0im0k1 O Ojic T 8db‘6im0k1 Okt Ojm
1 1 1
ae _cd _bcx _dex ae _cd _bex _cdx ae _cd _bcx _dex
+ 12dbjaim6kl Cim O T lzdbialmo-jk CmCj1 T 24dbj61m6kl Oik Oim
1 3 1
ae _cd _bcx _dex ae _cd _bcx _dex ae _cd _bcx _dex
+ 6dbi61mo-jk il Okm T+ 16dbj6imo-kl O Cjm + 4de‘71 ik Cim ©jk
1 1 1
ae _cd _bcx _dex ae _cd _bex _cdx bc _de _bcx _dex
6dbj01m6ik Cil Okm 12dbj6im6kl Cil Okm 48daj6k16im6jm Okl
1, ., 1 1
¢ _de _bcx _dex ae _cd _bcx _dex ae _cd _bcx _dex
96daj0k1 Oim%ik Otm 96dbio-lmo-jk Oik Oim 24dbio-lmo-jko—lm Ok

1 1 1
_ _db_o_aeo_cdo_be*o_cd* _ —db-Gan'CdGbe*O'Cd* ——d -O'bCO'fieO'bc*Gde*

4 J T Im T ik T km 7 jl 48 L Im” jk T jk T Im 24 aj "kl “im " Im " jk
1

ae _cd _bcx _dex
zdbj OimOki Ckm O ji

PP-UCC4 ground- to excited-state density, doubles:

-
(©P|D|®,) =
- ac - ab
Plan e + Py diioy
abe
+d.00,
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1 bed _cdx 1 abd _cd* 1 abd _cdx*
47)(ab)dakazjl o, + 47)(,])6"(::6]1(1 o, *+ 2dck0,,1 op

+ip- dy0c C*+17> d,cto’

3 e 27 %%k
" ddco_abc dx ;P(ab) d, lajc}{d o0 + ;P(u) d, 7]1?; e
dk,al‘ﬁcaf*
+ P(ab)dkcaz ZC + P(lj)dkcac J”]f
n iddco_ab cegden ip(ab)d ot olealer 4117)( b)ddcaaeabcazle*
+ ;P(zjab)d O-jkazmo-lcmd* + ;P(ab)d im0 ij lcyi* + llzp(,,)dkjo'kmaﬁdalcri*

1

cd* 1 ab ce de* be _dex
ik lm Oim "'27)(11)‘1dc‘7 Ok +2P(uab)ddco-tkajlo-kl

+Llp

12 (uab)de(7

1 bc _de de* 1 de de* 1 ab __cd _cdx
EP(: aby3acO 1 Oy O 24 57 Pany @504, © ij ki 24 57 P30 1mO ik Ol

1 % ca’ a'e* 1 ae cd de* 1 ab _cd _cdx
1273(‘117)(17,,C Y +Ep(ab)dbco- +EP(U)d CimOt Olm

il g gheged de*+173

cd* 1 ab _cd _cdx*
6 Gijabh)“ac®ji Oik Oui 6 (ijab) + P40 05,0

dkl km lm 4 (ij) ik = jm " Im

1 1
ab cd cd* ab _cd _cdx*
+ 4P(t])dklajm ik Oim 4d kmaij Oim

1 ab cd d* 1 ad bc d* 1 ab _cd _dx*
+ 2P(I])d + 2wa)dkccf + 6P(,J)dkc6 040

n ép(ab)dkcaad begds 4 idkcaab cdgds 4 ip(ljab)dkc .

112 p(,j)dkc ab ;Z}ilo-ldl’:* 112 p(ab)dkco_adall;;rio-ldnf* 112 p(u)dkc de ;llfrcno-ldni*
+ ;dkcaabafj‘xade* ;P(U)dkcaabafl‘fneade* + lep(lj)dkCGCdUZl:jaf;*
4 P Aol + 2P d, ot ool + 2d, ofdotiol

2 ad bce de* 1 ad bce de* 1 cd _abe _dex
+ BP(ab)dkCG iimOim T lzp(ab)dkco-lm iikOm T 3dkc6 Ckim®im

1 de abc de* 1 bc ade de* 1
+ 3dkc l/mo-lm 12P(ab)dkc Um lm + 6P(ljab)

1 o 1 1
¢ __ade de* ab _cde _dex de _abc _dex
+ Sp(ab)dkc ij Ckim®im 24dkc O1mCijk Otm T 240’,“,0' Ckim®im

1
bde de*
dkC Cikmim + 3p(ljab)

ad bce _dex
dkC kao-lm

o, O

ilm ™~ Im

1 cd abe de* 1 ad bce _dex
+ 6dk66 ijm Olm + 3p(ljab) dkC
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2 cd abe _dex

+ 37)(lj)dkc il jkmalm
+ 17) d Gbeacdacde* + 17) d adabe che* 1 — P~ d be cdacde*
6 (ijab)" ak™ im" jl 3 (ij) “ck Jjm~ klm 12 (ab) " ak lm klm

1 1 1
cd _cdex ab __de _cdex ad _be _cdex
+ lzp(ab)dakalmau Cpim T 12dck61m‘7u Cpim T 6P(zjab)dCJ61k O1mCkim

1 ab __de _cdex 1 ab de cde* 1 ab __de _cdex
+ lzp(tj)dﬂo-lmajkaklm +EP(Ij)dC’O-jm ki Ckim T 6P(lj)d0k61majl Ckim

IP d ad be _cdex

6 @) %ckij CimOkim
+ = 1 ~Pp- d GCde cd* + 1 ~p- d O_b ad Cd* 1 P~ d GbGCdO'Cd*
3 (ijab) " ak il 3 (ijab) "ci”k jl 6 (ab) " ak kl
1 d ab cd* 1 c ad cd* 1 d __ab __cdx
+ 6P(tj)d‘f’61 + 37J( b)dbko- + 3P(11)d016k i1 Ok

1 a _bd _cdx 1 d __ab __cdx*
+ 373((11))afc,<0' 0.0, + 3P(lj)dc 0,00,

PP-UCC4 ground- to excited-state density, triples:

(| D|®y) =

bed abd abc
Pianad®ijic  dea0jc + Pipdijoi

- dlkajajl;c
1 acd jd+ 1 &b g+ 1 abd _dx

+ Zp(ab)dblazjk + 27)(1])de ikt ©1 ) 1%k O

- ;ddkal‘y;cald*
+ P(ab)d dabal‘;ckd + p(,,)d dadal"lfl — d,dafal‘;bkd

—d;40, . lec

+ P dda 6 44 dd(f”b cd 4 P(ljab)d O'“Ccflb,f

+ Py dia® ad ;'if

+ Llldedalars lcjdkf A ip(ab)dedaadallz;rjr: lemf* + 31P(71ab)dedaflf GZZ leri: "

bf _acd _ef 1 cd abf efx
deq01 0k O+ 79ed0;; 01 O,

l w1
Zp- dedo_bcaadf ef 4+ =P im Ok 1

4 (ab) Im~ijk lm 4 (ab)
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+ip-a, oo ef*+1dd6 A ) (O ooyl
e

4" @) Citm Oim 4 Ckim®im 4" @) ilm* Im

+ 2P0 ;zb GG + TP Ao OO + TP d oo
+ Pt os + TP ot oti ot + iP@,)dszieGj’ﬁfade*

+ j‘_dlm ;(15 Zl;c de*+ ;Puab)dedasdaflir{: leri:* ;P( b)ded Z;j :bjcnjzro-leri*

+ %p(;jab)dedajalf O-tbl:rio-leri* ép(ab)dedabf chf Ieri* + épu)dedgfdgj‘:r{lgfri*

+ 1d cd _abf Cf*+ 17) d cf _abd Cf*+ 17) d ad bce _dex

2 %ed%k Cijm Ctm T 57 %%d %1 Cikm®im T 5 (ijaby@im ik © jin mn
1

1 1
ad bce de* ad bce de* ad bce _dex
+ Zp(ljab)d mOin Ot Omn T+ 2p(ljab)d CicnOmn T+ 27)( 5 8imC1n Ot O

1

1 bd ace de* bd ace de* 1 bd _ace _dex
+ 2P(ab)d1m ij O in®mn + 2P(ab)d ljn O nn + 2p(ab)dlm In Gukamn

1 cd abe de* 1 cd abe de* 1 cd abe _dex
+ 2P(t])d jll’l + 2P(lj)dlm in /kl + 2P(lj)d O-tkna

1 cd _abe de* 1 de _bcf ef* 1 de _bcf _efx
+ 2d1m0kn ljl + 6ptjab)dadatl ijm Im 67)( b)dﬂdG ijm "~ Im
+ 17) de _abf ef* + 1d de abfaef* 1 —p- dl cde _dex

6 i)%cd%i1 O imOim 6 cd%1 %ijm O1m 12 ik lakmajln O pun
1

1 1
chde e ade _dex be def _efx
12P(ljk)dll jm kln mn + Ep(ljk)dllo-kmo-jln O-mn + Ep(ljab)dado-ll O-jkmo-lm

1 begdef jefs 1 bejedf gefs L be edf jef
12p(ab)dad6 CijmOim +Ep(abc)dadau CkimOim +Ep(abc)dad ikCitm Cim

| .. ce bdf efr | L ef bed efr , 1 ef _bed efs
Ep(abc)dad ik%jim Cim +Ep(ijab)dad it %jkmCim +Ep(ab)dad6kl CiimCim

1 abgef gefs | L 4 ap der e« 1 ef gabd sof’
+ lzp(z])dcda o dcdaklazjm Im +Ep(u)dcd6,[ o

jkm Im 12 Jjkm~Im
1 ef _abd _ef* 1 bd cace de* 1
+ Edcdakl OijmCim + Ep(llab)dl’ Cimn®mn + 127)(”“1))

1 cd abe de* 1 abe de* 1 bd _ace _dex
+ lzp(tj)d O 1mn® mn Ep(t])d mn tklo- lzp(ab)dlka O 1mn® mn

1 ace de* 1 be _def ef* 1 cd _bef _efx
lzp(ab)dlkamnatjl O 24 7)(zzzb)dl/ld(jlmatjk + ﬂp(abc)dﬂdalmauk Om

1 ab def ef* 1 de abe ~dex 1 9 e e
+ ﬂdcdo-lm ijk Glm 247)(ljk)d 6 kmn mn + ﬂp(u)d Glmnamn

1 — bd _cef ef* 1 cd _bef ef* 1 cd _bef _efx
+E7)(abc)dad(7 O-tkm Im +Ep(abc)dado- O-jkm Im +Ep(abc)dad6kl O.ljmo.lm

ace de*
d,lamnajkl c

+ 1 degbef gef* | d_ o' 5" 4 lp de _bef _efx

=Py ad%ij OkimOim _p(ijab) Cik%itm Otm aby8aaCp, ijk Cim
12 12 12
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1 de 5bf el 1 e ab! gefs 1 de _abf _efx
+Ed CkimCim +Ep(tj)d0d Citm Oim + 12d0dalmo-tjk Olm

1 1 1
+ —P- dzlff bde de*+_7) dll ad bce de*+_7) dllabd aceo_de*

12 (ijab) Im jkn mn 12 (ijk) kmn mn 12 (ijk) jmn mn
1 cd abe de* 1 ab _cde _dex 1 de abc _dex
12P(tjk)dll kmnamn P(lj)dljo.lmalkn Gmn + _P(U)d Im O.tkn O.mn
12 12
1 bde de* 1 bd _ace de* 1 cd _abe _dex
7)(ab)dlko-lm ijn mn + 7)(uab)dll O-lm O-j kno-mn p(lj)dll O-Im O-tkn O-mn
12 6 6
1 bd odce de* 1 ad bCf ef* 1 af _bed _efx
+ 6P(ab)d1k0 + 4p(ab)d€d6 Ciik Om T 4P(1jab)d€do-1k Ciim%im
1 1 1
4p(ab)dedo-bfGZICri ler::* + 4dedglcri :;l;cf ef* + 4P(lj)d Cf ;le;;dlaleri*
1 ab cde de* 1 ab cde de* 1 bde de*
+ 4P(lj)d inCjki Omn T 4d 1nCijt Omn T 4p(11ab)d1m inOiki Om
1 bc ade de* 1 de abc de* 1 df abc _efx*
+ 4P(ab)d1m kn l]l + 4P(lj)dlm Jjl Oikn©. + 2P(lj)de jkmalm
1 df _abc _efx 1 ef _bed _ef* | ef _bed _ef*
+ EdEdel OiimOim T oy 57 Pan@ad®i; OuimCim + ﬂp(ijab)dad",k Citm Cim
1 abd ef* 1 abd _ef* 1 bde dex
+ ﬂdeo’ CkimCim 247)(lj)d O- thm Oim + ﬁp(uab)dll mn Jkl O
1 cde de* 1 bde de* 1 be Cdf efx
24P(tj)dljamn61kl G 24P(ab)d mn Ul + Ep(abc)da Im Uk Glm
1 glder 4 1 ohegedl ger 4 1 be cdf ef
12P(ljk)dll km jln mn + 6P(abc)dad ka lm + 6p(abc)dad6kl O—um O—lm
1 bdf jef 1 d__bee d 1 bd d
+ 6P(abc)dad6;leo-1km Im + 6P(tjk)dll Zm jlcne mi* + 6P(tjk)d JmGZIC:GmZ*
1 abe de* 1 ab _cdf ef* 1 ab cdf efx*
+ 6p(tjk)dllo-km jln mn + zp(tj)deda Jjkm lm + 2d€d6 ijm Glm
1 1 1
+ 2P(tjab)d€d6acaib:rr{ leli* 2p(ab)d€d61€;0-;1j‘f11fo-7mf* 4d€dalcjfo-ZIbrialer£*
1 1 1
- Zdedafrfazl;(dafri* - Zd,mazlbac‘ffade* - 4d1ma“b6fj‘f56ii*
1d de abc dex __ ld de abc dex __ ld cd abe dex
4 1m% kln mn 4 g l jin ~ mn 2 I In ljk mn
cd _abe _dex cd _abe _dex de abc dex
- lzdlko- lmnamn - 12d1k6mn6ijl Gmn - 24d1k6 lmn mn
1 cf _abd _ef* 1 cd abe dex 1 ab _cde _dex
—5d edOk; szm Oim — d CkinCmn — 54 4UKkO ijl
27! 24
ab _cde _dex 1 de _abc de* 1 cd _abe _dex
- Ed,kalmaun ot — Ed,kalma ot — gd,kalmaun o
1 cd _abe _dex
- Ed/mo-kl O- jn mn
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1 ab cd e* 1 ab cd e>k 1 ac _bd _ex
+ 2P(,J)ded°' + zdeda + 27)(1]ab)ded6]l 6, 0

1 1

1
aa’ bc e* ab ca’ a’* o’ bd _d=*
+ 5 Prasea + 5P ool on + 2Py ol

1 1 1
ac bd a'* be de e* be __de _ex
=P dim0,, 0 + =P ianad® O Py @aa®y 0} ©

2 (ab) 6 Gjab) 6 (ab) !
b P oo+ SP L dyototdor + éPabC)dadaonfldaf*
+ ép(u)dc ab de e*+ édc ab de e*+ ép(uk)dll kmdjcldad*

+ 2P0t ;;;f a g ép(wb)d,,a,m ool + P oot ot

1 ab cd d* 1 bd d* 1 ab cd _dx*
+ 6P(t])d 1m%ik Om + 6P(ab)d1kalm ij O _Ed O' O

1 ab __cd _dx
- gd/ko-lmo-ij O-m
+ 17) d O_b O_deo_de*+ 17) d de de*+ 17) d Gabo_deade*
6 (ijab)"al™ jm"~ ik 6 (ab) km ij 6 ip)el™ jm” ik “lm
1 bd _ce _dex 1 bd ce de* 1 ad _ce _dex
+ 3P(abc)dala CemOim T 3P(abc)dalatm KOm T 3P(abc)db10 CimCim

1 1 1
—p- ddlo_abo_ce O_de* + ~p- dle'acO'be O_de* + = —p- dle'an'bc Gde*

3 (ijk) km ™~ Im 3 (ijk) jmIm 3 (ijk) km~ Im
1 ac _be de* 1 ab o de* 1 be _dex
+ 6P(tjab)ddlalmajk m T 6P(Ij)ddjalm i«Cm T 67)( » Qi lmau Olm
1 ab ce de* 1 ce de* 1 be _dex
+ 3p(tj)dd161m jk lm + 3dd16km ij lm + 3p(zjab)d O-_]malk O-lm

1 1 1
ae _bc _dex __ ab _de _dex __ 1 ab __ce _dex
3 7)(ab)ddlo- kao-lm 6dClO-kmO-1J Glm 6ddko-lmo-lj O-lm

I ad _be efx 1 ad _be ef* 1 ad _be cf _efx
gp(abc)d dG kaaln O onn + 6P(abc)d 1d% Glmajn O + 6P(abc)d ij OimCin Omn

1 1 1
+ -P- d,dd"bacfadeaef*+ d,dO'”bO'Cf de ef*+ -P-  dol ¢ g0/ gdeges

4 (ij) Im~in ~ jk ~ mn 4 kn 4 (ijab) Im~ jn ik “mn
1 ab __cd _ef ef* 1 ab__cd _ef _efx 1 ac _bd _ef _e
— — P~ I
+ lzp(zj)dlddm ijdlmamn 12d1d6kn6u O O mn + lzp(ijab)d O-_]nalk C1m O mn

1 1 1
+ —P- dldﬁadO'bCO'efGef* —p- dld(fadO'beGCfGef* —p- dld(TaedeGCfGef*

12 (ab) kn~Im = mn 12 (abc) jl “mn~ mn 12 (abc) jk “mn~ mn

1 ae _bd _cf ef* 1 ad _bc _ef ef* 1 ad _be cf ef*
+ lzp(abc)d dakla O-mn mn + Sp(t]ab)d Gjmaln Gtk 6 + SP(abc)d Gmnatk 6}1 6

1 ae _bd ef* 1 ae _bd _cf ef 1 ab __cd _ef _e

* [

+ Sp(abc)dlda Gmnakl G + Sp(abc)d G]ko-mno-ll 6 24P(tj)d1d611 Gmnajk Gmn

1 cd ef _efx 1 ab __cd _ef ef* 1 cd ef efx
+ ﬂp(,j)dld jmaln 6,0+ ﬁd,da CnCii O 24d1d‘7mn‘7u 6,0
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1 - | 1 .
+ =P d, ;0% 6" + —d 6% 6%c + =P d, 6% 6%

24 (i) mn~ jk il T mn 24 mn_ij ~kl ~mn 24 (ij) mn~ jk ~il T mn
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24
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15— ac, bf _de _efx | 1p-— ac, bf _de_efx , 1 - ab cf _de efx
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| ae _bf _cd _efx | af _be _de _efx l - ab _cf _de _efx
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1 ab _cf _de _efx | ac, bf _de _efx | - af _bc _de _efx
+ Edldaknaij O 1mOmn + Ep(ijab)dldajno-ik O1mOmn + Ep(ab)dldo-ij O 1n%imOmn
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+ Ep(ij)dldail O.jk Cun mn + Edldakl 0ij OmnOmn + Ep(ijab)dldajl Oik OmnCmn

1 - af _bc _de _ef* 1 -
+ Ep(ab)dldaij 0119 mn%mn + Ep(ij)

| ac _bf _de _efx | . af _be _de _ef | . ab__cd _ef _efx
+Ep(ijab)dldo-jl 0 nCik Omn +Ep(ab)d1do-mno-klo-ij O on +Ep(ijk)d1d0i1 Cin%km%mn

ad _bc ef _efx l - ad _be cf _efx
dldo_in O-kl O-jmamn + 4p(ijkabc)d1d6im O-kl O-jn O-mn

ab__cf _de _efx L ab __cf _de _efx
dldo-il Gmno.jkamn + lzdldo.kl Gmno-ij O n

1 - ac _bd _ef efx 1 _
+ Ep(ijk)dldail CenCimCmn T Ep(ijk)

1 _ - |
+ =P d 0t o+ —P d,daaddbeafjfaef* + =P do0%0) 6l gt

4 (abc) m~In~ jk “mn 4 (abc) km ™~ In mn 4 (abc) k" lm~ jn " mn
+ S P ool ot + P ottt + Lot oliol)
4 P duoteat ottt + P ot ot ateorl + TPy dyothor altorl
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cf deaef*_ ldldo- cd efaef*
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d,40,,0;; 01,0 -d, ;6% ¢ imCin Ci O

4 In km~ mn 4 km ™~ In ij mn 24

C.2.4. PP-UCC4 state-to-state densities

PP-UCCA4 state-to-state density, singles/singles:
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ikl Cj1 4

¢ _bcx 1 a bc*
2dak61 o zdaak i
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c a
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1 1
+ o000 = 7900k 04 6 = 4dcbag,d o8,
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1 acd bd* 1 cde de* 1 cde de*
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+ d;.6,0,5;;

1 1 1
+ _deGadeo_be*o_lch* + _deo_fzdeal.ze*ch* + _deGadeGbe*Gfd*
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+ éd 105 O'fn‘iaj’ld* o+ ;d o of:crbd* i éd Gfriaf’ni*ajcf*
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112dd60' al{fofle*afg*éab+édcba“fal‘:fozi* 5, +1—16dd60'mn6k10'£f*0'if*6
+ ;ddca alj;gaflg* Zﬁéab+ ;ddc alileabd* ef*é + ;dkla Gefafrf*afn{*éab
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- Sdoisot ottt 6, — Ldotto ot 0l s, — Ld,ofiol il ol G,
éddcaf,‘ja,ifa,‘ff*afnf*éab - édklo-ko ConCla O O
214ddc 0rS 0 Oy O 8uy,; + llzdkzamndifa“"* 8y + 112dk1‘7mn‘7;£51€:* AR
+ édk,amn ol o o105 ,,6, + ;ddcacga;{ el eg*éaba,.j—%dk,amna;j o6 1/"5,,6,,
= 0o U O b — ool oL 058, — 5 dotot 0 0l
- éddc iy zi{‘filg*aif‘gab@j
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4 P dacOi ol = dyyotlolits = 2 d ottt
+ P daoy 8, + Phdgo6s
+ p(;kbc)djbgacéik
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