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Zusammenfassung

Genaue Studien fiir Systeme bestehend aus subatomaren Teilchen sind von
fundamentalem Interesse fiir viele Bereiche der Physik und der Chemie. Die
grundlegenste Theorie fiir Systeme von elektrisch geladenen Teilchen ist die
Quantenelektrodynamik. Sie quantisiert das Materie-Feld und das Strahlungs-
Feld und verhalt sich konform mit der speziellen Relativitdtstheorie. Jedoch
sind Berechnungen basierend auf der Quantenelektrodynamik aufwéandig. Fir
Systeme, in welchen Strahlung auch klassisch beschrieben werden kann, ist
es moglich, die Quantisierung des Strahlungs-Feldes zu vernachlassigen.

Der Dirac Hamiltonian liefert eine Beschreibung fiir Systeme von Fermionen
mit Spin 1/2, in denen nur das Materie-Feld quantisiert ist, aber wichtige As-
pekte der speziellen Relativitatstheorie wie die Geschwindigkeitsabhidngigkeit
der Masse und magnetische und Retardations-Effekte korrekt beschrieben wer-
den. Das Hauptproblem des Dirac Hamiltonians ist das nach unten unbe-
schrankte Energiespektrum. Eine Losung fiir dieses Problem ist die sogenannte
“Kinetic-Balance”. Leider ist nur eine Orbital-basierte Form bekannt, jedoch
keine explizit korrelierte. Ein Teil dieser Arbeit widmet sich der Herleitung
einer explizit korrelierten ”Kinetic-Balance”.

Der Dirac Hamiltonian ist die Grundlage der relativistischen Elektronenstruk-
turtheorie. Hier nutzt man die Born—-Oppenheimer-Naherung. Translation-
seffekte miissen in diesem Fall nicht beriicksichtigt werden. In der nicht-
relativistischen pre-Born-Oppenheimer-Theorie konnen Translationseffekte mit
Hilfe einer linearen Transformation der Kartesischen Koordinaten eliminiert
werden indem man die Kartesischen Koordinaten des Massenschwerpunkts
separiert. Eine solche lineare Transformation existiert nicht fiir die relativis-
tische Theorie. Als Alternative prasentieren wir translationsinvariante Inte-
gralausdriicke, welche gleichermassen auf relativistische wie nicht-relativistische
Probleme angewendet werden konnen.

Am Ende dieser Arbeit kombinieren wir die explizit korrelierte ”Kinetic-Ba-
lance” mit den translationsinvarianten Integralausdriicken. Dies liefert eine
erst-quantisierte relativistische viel-1/2-Fermionen Theorie frei von Transla-
tionskontamination falls notwendig. Wir verwenden diese Theorie um das
Feinstrukturenergiespektrum von Wasserstoff und wasserstoffahnlichen Ionen
zu studieren. Unsere Resultate sind numerisch exakt.






Abstract

The accurate study of systems composed of subatomic particles is of fun-
damental interest to many branches of physics and chemistry. The most
fundamental theory for systems of electrically charged subatomic particles is
quantum electrodynamics. It quantizes both the matter-field and the radiation
field and is fully compliant with special relativity. Yet, calculations based on
quantum electrodynamics are cumbersome. For systems where the radiation
can be described classically, the quantization of the radiation field can be
neglected.

The Dirac Hamiltonian provides a covariant description of systems of fermions
with spin 1/2 where only the matter field is quantized but fundamental
aspects of special relativity such as mass-velocity effects and magnetic and
retardation effects are maintained. The main issue with the Dirac Hamiltonian
is the unboundedness of the energy spectrum. A solution to this problem is
the kinetic-balance condition. However, only an orbital-based form is known
but no explicitly correlated form. One part of this work is dedicated to the
derivation of an explicitly correlated kinetic-balance condition.

The Dirac Hamiltonian is the foundation of relativistic electronic structure
theory. Here, the Born—-Oppenheimer approximation is employed. Transla-
tional effects do not need to be taken into account. In the non-relativistic
pre-BO theory, it is possible to perform a linear transformation of the Cartesian
coordinates to separate the center-of-mass Cartesian coordinate to eliminate
translational effects. No such transformation exists for the relativistic theory.
As an alternative, we present a scheme of translationally invariant integrals
which can be equally employed to the relativistic and non-relativistic frame-
work as it only considers translational effects but does not explicitly rely on
the center-of-mass coordinate.

Finally, we combine the explicitly correlated kinetic-balance with the frame-
work of translationally invariant integrals. This results in a relativistic many-
1/2-fermion theory free from translational contaminations if desired. We use
this framework to study the fine-structure spectrum of atomic hydrogen and
hydrogen-like ions. Our results are numerically exact.






Introduction

Explicitly correlated trial wave functions contain factors which depend on
the pairwise inter-particle distances. These factors improve the quality of
the approximation of the state function significantly. In electronic structure
theory, explicitly correlated basis functions are used in F12 and R12 methods
to approach the basis set limit without having to rely on very large basis
sets [1].

The non-relativistic description of few-body systems in terms of quantum me-
chanics is based on the Schrodinger Hamiltonian. Methods based on basis-set
expansions for approximating the many-body state function have been devel-
oped during the last few decades [2,3]. Here, the Born—-Oppenheimer (BO)
approximation [4-6] is not invoked and the parametrization of the trial wave
function treats all particles on the same footing. Such methods are known as
non-Born-Oppenheimer methods. Here, we use pre-Born-Oppenheimer (pre-
BO) methods in order to stress that the BO approximation is not invoked. Due
to the correlation between the particles, explicitly correlated basis functions
are of key importance for the generation of accurate trial wave functions.

Quantum electrodynamics (QED) is the most fundamental theory for systems
of electrically charged particles. It is fully Lorentz-covariant and therefore
complies with special relativity. Yet, calculations based on QED are cumber-
some. However, for chemical systems, only the quantization of the matter field
is important and particle pair-creation and -annihilation effects are not rele-
vant. Incorporating QED effects by perturbation theory is a common method
and provides a well-understood framework for the relativistic description. Yet,
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there are certain drawbacks. For instance, perturbative methods do not ex-
hibit variational stability. Also, it is not known if high-order corrections are
accurately included or if the method breaks down.

A different approach is based on the Dirac Hamiltonian which provides a
first-quantized description of relativity suited for the description of chemical
systems [7-13]. It is the cornerstone of relativistic quantum chemistry and,
while not being fully Lorentz-covariant, it captures relativistic effects up to
second order in terms of the fine-structure constant « for the Dirac-Coulomb
Hamiltonian. Here, all interactions are considered instantaneous in terms of
the Coulomb interaction. Magnetic and retardation effects due to the finite
speed of light can be considered by the Breit interaction. Then, relativistic
effects are correctly included up to fourth order in the fine structure constant.

The unboundedness of the Dirac Hamiltonian requires certain precautions in
order to ensure variational stability of calculations. For trial wave functions
approximated as products of orbitals, variational stability can be ensured by
generating the model spaces in terms of the kinetic-balance condition [14-25].
The first problem for the development of a relativistic many-fermion theory
is the formulation of an explicitly correlated variant of the kinetic-balance
condition.

Once variational stability is ensured, the problem of translational invariance
has to be addressed. Each observable, such as the total energy or transition
dipole moments, can be separated into a translationally invariant and a trans-
lationally dependent part. Only the translationally invariant part is of interest
since it describes the internal properties of the molecule. Thus, the transla-
tionally dependent part has to be eliminated. In the non-relativistic theory,
the translational behavior of the center-of-mass Cartesian coordinate (CMCC)
describes the translation of the total system. Then, a linear combination of
the laboratory-fixed Cartesian coordinates (LFCC) which separates the CMCC
from some set of translationally invariant Cartesian coordinates (TICC) [26]
can be used to formulate a translationally invariant Hamiltonian [27]. The
CMCC does, however, not relate to the translation of a relativistic system
so that such a separation does not yield the desired effect [28]. A related
transformation involves the center-of-momentum frame [28], where the total
momentum of the system is zero. This is fairly straightforward but leads
to the problem that the non-relativistic and the relativistic framework rely
on different schemes for the elimination of the translational contamination.
Therefore, the issue of translational invariance has to be addressed anew in
order to formulate a framework which suits the relativistic and non-relativistic
theory equally.



In this thesis, we address the two main issues regarding a relativistic first-
quantized many-1/2-fermion theory which obeys the variational principle and
is free from translational contaminations.
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Non-Relativistic
pre-Born—Oppenheimer Theory

In this chapter, we focus on the non-relativistic pre-BO framework on which
we will later ground our relativistic framework [29,30]. For a detailed pre-
sentation, we refer the reader to Refs. [3,31,32], and the book by Suzuki
and Varga [2].

2.1 Schrodinger Hamiltonian

The N-particle Schrodinger Hamiltonian
H=T+V 2.1)

is the basis of the non-relativistic pre-BO framework. We generally rely on
Hartree atomic units unless otherwise stated. It consists of the kinetic-energy
operator

N
. 1
T=— ; T Ap, (2.2)
where m,; is the mass of particle i and Ay, is the Laplacian with respect to
r;, the Cartesian coordinates of particle ¢ , and the potential-energy operator
V. The potential energy consists of the Coulomb interaction among pairs of
particles

N— N
Yy @3
i=1 j=i J
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where ¢; and ¢; are the charges of the interacting particles, and any external
fields present. The state function ¥(r), where T = (1 ... r}) collects all
one-particle Cartesian coordinates, is determined together with the energy

through the Rayleigh factor

gy (2LA1Y)

-~ 7 2.4
(@ [) @4

The state functions are eigenfunctions of the Hamiltonian in Eq. (2.1) and are
therefore critical points of the Rayleigh factor. Additionally, the variational
principle states that any approximation of the ground-state function has an
energy which is higher than the exact ground-state energy. Thus, minimization
of the energy is a valid strategy of optimizing any approximation to the state
function.

The energies of the Hamiltonian in Eq. (2.1) contains a contamination from
translational effects because the Hamiltonian is not translationally invariant.
A method of eliminating these translational effects is to perform a linear
transformation U, of the original r to a set of TICC « and the CMCC x¢); [26]

[w}:er and r:le[w} . (2.5)

oM oM
The matrix U, is non-singular with the general super structure

M

v.-|
u

] & U =M € (2.6)

where the parts M, a (N — 1) x N matrix, and M’, a N x (N — 1) matrix,
depend on the choice of translationally invariant coordinates, p; = m;/my is
a vector of dimension N containing all mass fractions and ¢; = 1 is a vector
of dimension N with 1 as each entry. M and M’ depend on the choice of
translationally invariant coordinates and obey the restrictions

N
Y (U,)i;=0, with i=12... N-1 2.7)
j=1
and
(Uac)N,j = mj/mtot, Wlth j = 17 2, ceey N . (28)

This guarantees the translational invariance for the coordinates x.

10
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Transforming the Hamiltonian in Eq. (2.1) to some set of TICC leads to the
translationally invariant Hamiltonian and the center-of-mass kinetic-energy
operator

—1N-1
Hrion = Z Y MyVE Ve, + Z Z — 4 T (2.9)
=1 j=1 =1 j=1 ij®I3)
where
N
M=) (U, (U, /2m) (2.10)
k=1
and
(Fihe = (U1 = (U),, - (2.11)
By eliminating the center-of-mass kinetic-energy operator
- 1
Ton = — _
cM s Agon (2.12)

from the transformed Hamiltonian in Eq. (2.9) we obtain the translationally
invariant (TI) Hamiltonian as

Hyy = Hyem — Tou - (2.13)

As an alternative, this Hamiltonian can also be obtained from the condition
that the combined momenta of all particles is zero [33].

The translationally invariant energy is accordingly obtained by linearly trans-
forming the Rayleigh factor in Eq. (2.4) by transforming both the Hamiltonian
and the state function and then eliminating the center-of-mass Cartesian co-
ordinate xcy. This is the basis of the traditional pre-BO theory [3,30,34].

2.2 Approximations of the State Function

The state function of the LFCC Hamiltonian in Eq. (2.1) can be separated in
terms of a spin part and a spatial part. The spatial part can then be separated
into an angular part and a radial part. The spin part can be formed from the
elementary spin states of each particle type, as the spin of the particles only
interact among the same type of particles, e.g. only electron spins interact with
each other but they do not interact with the proton spins. The elementary
. . S¢, Mg . .
spin function x; = ' for NV, particles of type ¢ can be calculated recursively

S1
St,M, ; t—X,Mgt—1 1,0
XN = > (XLl S M, S)x TR (N - D e x M (1), (2.14)
1=—51

11
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where X is to be chosen such that S; — X < (N, — 1)S;, through angular
momentum recoupling using the Clebsch—Gordan coefficients

C(X,?;‘St,MSt, Sl) = <St — X, MSt — Z, Sl,i‘st,MSt> (2.15)

as expansion coefficients. S; is the spin of a single particle, S; and Mg, are
the spin quantum numbers of the particle ensembles. The ending condition
of the recursion relation are the one-particle spin states
S1,M,
(X; 51(1)), — Gints, +541 (2.16)

The total spin state for m ensembles of particles is formed as the direct
product the elementary spin functions
S1,Ms, -
XM (N = 3" (V) @ . @ xomMsm (N, (2.17)
Since the spin eigenstates can be represented by vectors, an implementation
of Eq. (2.14) only involves standard routines from linear algebra.

Before, we continue with the angular part of the state function, we will
shortly discuss the spin operators related to the spin eigenstates determined
by Eq. (2.14). For a single particle with spin S, the operator which can be
most easily determined is the projection onto the z-axis .. It is a diagonal
square matrix with dimension 25 + 1. The entries are then ranging from +S
to —S in steps of 1:

The other two projection matrices are more difficult to calculate. It is conve-
nient to introduce the ladder operators s, and s_ which are related to the
x and y projection as

(8, +58) (2.19)
5, =—(5+—5_) . (2.20)

The ladder operators raise or lower the Mg quantum number of the one
particle state by +1. The matrix representation of s, and s_ have dimension
25 + 1 and the elements are defined as

<*§+)ij = 5i+1,j and (éf)ij = 52‘,1’1' (221)

and all elements of the matrix are zero except the elements directly below
(5,) or above (5_) the diagonal which are 1. The last operator 5° can simply
be formed as

22

#¥=5+5+8 (2.22)

2
Y

12
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from the matrices defined in Egs. (2.18) — (2.20). For ensembles of particles
of the same type, the spin operators can be formed as the direct sum of the
one-particle spin operators.

The Hamiltonian in Eq. (2.1) commutes with the total spatial angular mo-
mentum operator

N
P=Yi (2.23)
i=1

where [; is the one-particle spatial angular momentum operator of particle
i. Therefore, the state function is an eigenfunction of L. One method of
generating the eigenfunction is reminiscent to Eq. (2.14) where L is formed
recursively through angular momentum recoupling as products of the eigen-
functions of the one-particle spatial angular momentum operators /;. But
these eigenfunctions are solid harmonics and the evaluation of the integrals
will be involved. Suzuki and Varga [2,35,36] have presented a general form
for the eigenfunction of L for N particles. This form is known as the global
vector representation (GVR)

M (v, K) = oKy M (9) (2.24)
with
v=u-7r, (2.25)
where u is the global-vector and K some non-negative integer.

The radial part G(r) of the state function cannot be formulated exactly like the
spin part and the spatial angular part and therefore has to be approximated.
A reliable approximation of the radial part is a linear combination of square
integrable N-particle functions

G(r) =) cGi(r) . (2.26)
=1

A function well suited for representing the radial part are Slater-type functions.
However, integral expressions for such functions are difficult to evaluate.
Explicitly correlated Gaussian functions (ECGs)

Gi(r) = exp (—%TT (A; ® 13) fr) 2.27)

provide us with an alternative to Slater-type functions and lead to integral
expressions which are more easily evaluated. A; is a N x N positive definite
matrix in order to ensure that the metric of the state function is non-vanishing.

13
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Last, we have to enforce particle-exchange symmetry onto the state function.
This can be done with the (anti-)symmetrization operator

A= ﬁ A; (2.28)

where

. . 1 forb
A = Z e(p)P, where ¢€(p)= { o bosons (2.29)
peEP

(—1)? for fermions

is the (anti-)symmetrization operator for each ensemble of a certain type of
particles.

Combining the different parts we obtain the approximate state function

N
\II('r> = Zci@ﬁ/fL l(r,Al,ul,KZ)

i=1

N
= > G Ax SIS (N ) (0, K Gi(r) (230)
=1

where ¢;, A;, K; and u; are variational parameters for each basis function
<I>ﬁ4L ;(r; A;, u;, K;) which we are left to optimize such that the energy defined
in Eq. (2.4) is minimal in accordance with the variational principle. The
optimization of the expansion coefficients ¢; can be done analytically since
they are linear parameters. Minimization of the energy with respect to the
expansion coefficients leads to the generalized eigenproblem:

HC =ESC (2.31)

where H and S are the matrix representations of the Hamiltonian and the
overlap with the elements defined as

H;; = (®y, [(r;ALu, K| H (@, (ri Ay ug, Ky)) (2.32)
Sy ={(®Y, (riApu, Kp) |®%, ,(rAsuy, Ky)) . (2.33)

The matrix C contains the expansion coefficients for the different vibrational
states and the diagonal matrix E contains the corresponding energies. Integral
expressions for the non-relativistic kinetic energy can be found in Section 4.1
and expressions for the Coulomb interaction and the overlap are presented
in Section 8.2.

14
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The spatial terms of the basis functions described in Eq. (2.30) can also be
formulated in terms of a generating function [2]:

1 A
By, (rs A u K) = - /déY]@L(é) {%g(r; Aaue s)} (2.34)
KL a a=0,|€|=1

where \; = 2K + L and with the generating function
1
g(r; A,au ® €) = exp (—§TT(A ® 13)r + (au ® E)Tr)> (2.35)

and

4 (L + 2m)! (L + m + 1)12E+1

B =
L m!(2L + 2m + 2)!

(2.36)

Note that we have omitted the (anti-)symmetrization operator, the spin part
and the basis function index for the sake of brevity. This form is particularly
convenient for the derivation of integral expressions.

The approximation of the state function in Eq. (2.30) has the convenient
property that its form is conserved under a linear transformation of . Thus,
the state function can be transformed to some set of TICC by transformation
of A, and w,; as

A® =UTAU,;' & A=U!AYU, (2.37)
and

u =U"y & u=Ulu™ . (2.38)

2.2.1 Parametrization Schemes

Depending on the framework, different parametrizations exist. A simple way
of parametrizing A and A® is related to the Cholesky decomposition

A=LL" (2.39)

where L is a lower triangular matrix with the only restriction that its diagonal
elements are positive definite. Additionally, based on the work by Boys [37],
it is possible to parametrize A as:

N
A = (Oéiz‘ + Z ﬁzl) 0i; — Bii (1 = d45) (2.40)
=1

15
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Here the o parameters are positive definite and both the «;; and f;; factors
are the new variational parameters.

Furthermore, there is a parametrization originally introduced by Matyus [30]
which will later become important to ensure translational invariance:

n+1
my; o T
A)ij = —ayj(1 — i) + Qir | dij +c =~ (2.41)
( ) J j< ]) (k:l;;éz k) J Amtot Mot
N
=3 (2.42)
=1

Here, the «;; factors are the new variational parameters of A. The factors c,
and c4 describe the translational properties of the basis functions. The basis
functions are translationally invariant if both ¢, and ¢4 are zero. For ¢,, this
is not a problem. For ¢4, we find that A is not positive definite anymore
and the norm of the basis function vanishes. We will illustrate in chapter 4,
how to overcome this issue.

If A and w are parametrized according to Egs. (2.41) and (2.42), their
transformed forms in terms of U, contain a special super structure

(z) (=)
A — {ﬂ 0} and ) — {” ] . (2.43)
0 CA Cy,

The optimization of the parameter set is computationally expensive and it
is therefore important that the optimization scheme is reasonably efficient.
Kinghorn [38] has illustrated how the work by Magnus and Neudecker [39,40]
can be used to formulate the matrix derivative for the energy functional in
Eq. (2.4) for ECGs. Analytical gradients can be used to implement a conjugate-
gradient optimization scheme which converges the energy to the next local
minimum. For ECGs with the GVR, however, the analytical gradients are costly
and other variational schemes are better suited. Expressions for analytical
gradients using ECG and the GVR are presented in Section 8.2.

Random optimization algorithms are generally employed if the gradient cannot
be calculated or only at great computational cost. Suzuki and Varga [2,41,42]
have shown that stochastic sampling is also an efficient method of optimizing
ECGs with the GVR. Here, in each sampling step, one variational parameter is
replaced by a new random guess and kept if the energy of the new parameter
set is lower than the energy of the original parameter set. Matyus [30]
has investigated different sampling schemes for the «;; parameters in the
parametrization of A according to Eq. (2.41) and using a normal distribution
for the sampling of In(a) resulted in the most efficient sampling scheme.
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Relativistic Electronic Structure
Theory

In this chapter, which was published in Ref. [9], we review essentials of the
relativistic quantum theory of many-electron systems in the external field of
atomic nuclei, which provides the grounds for relativistic quantum chemistry
[7]. This quantum theory is based on Einstein’s relativity principle, i.e., on
the two postulates that (i) the speed of light has the same constant value
for any observer and that (ii) the mathematical form of fundamental physical
laws must be the same in all frames of reference. However, computational
considerations force one to sacrifice the latter of these principles. Nevertheless,
methods of relativistic quantum chemistry turned out to yield accurate results
for molecules containing heavy atoms and for high-resolution spectroscopy.
While many reviews of the field have been published in recent years (see, e.g.,
Refs. [10,43-54]), we focus in this account on the core principles of this first-
quantized, semi-classical theory and provide an overview of the computational
obstacles that one faces when turning the theory into a practical approach
for actual calculations.

The physical theory that describes the motion of electrons and photons is
quantum electrodynamics (QED). It is a second-quantized theory which, be-
sides the matter field, also treats the radiation field as quantized. Although
only few-electron systems (typically two- or three-electron atoms) have been
studied in this framework, QED can be considered to be the fundamental
theory of chemistry. However, it turned out that the quantization of the ra-
diation field is an unnecessary burden for almost all chemical applications.
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Chapter 3 Relativistic Electronic Structure Theory

In other words, the explicit description of particles of light, i.e., photons is
almost never necessary and classical electromagnetic fields can be used in-
stead. Hence, this theory is first-quantized as it considers only the matter
field as being quantized.

Electromagnetic fields may induce a change of the state of a molecule. The
photophysics of such a process can be described either by quantum dynam-
ics, i.e., by solving the time-dependent Schrodinger equation, or by time-
dependent perturbation theory (Fermi’s golden rule). However, most pho-
tochemical processes simply require knowledge about the initial and final
states rather than about the details of the transition from one state to the
other. Accordingly, the solution of the stationary Schrodinger equation for a
many-electron system is usually sufficient for the study of electronic effects
in molecules.

Relativistic effects were considered of little importance in such a theory as
molecular physics and chemistry belong to the realm of low-energy physics.
In the 1970s this assumption was proven wrong for molecules containing
heavy atoms (i.e., those with a high nuclear charge number 7). Hence,
Schrédinger quantum mechanics, as a non-relativistic theory, is not sufficient
for the whole of chemistry. The development of a first-quantized theory, which
can account for all relativistic effects needed to understand a given problem,
is required. As for QED, this theory is advised to settle on the Dirac theory
of the electron, although its development is not as straightforward as one
might think. However, many-electron Schrodinger quantum mechanics, which
is easier to formulate, can always serve as a guiding principle — after all,
almost all of organic and bio-chemistry can be described by non-relativistic
Schrédinger quantum mechanics. Accordingly, in the past five decades much
work has been devoted to establish a relativistic analogue based on the Dirac
Hamiltonian. Here, we shall present its ingredients and discuss its pathologies
as well as their remedies.

3.1 Dirac’s Theory of the Electron

The one-electron Dirac Hamiltonian [55,56] hp provides a relativistic descrip-
tion of a single electron in an external (classical) electromagnetic potential
\%

hp = (ca-p+Bmc®+V), (3.1)

where ¢ is the speed of light, m is the rest mass of the electron, and
p = (pz,py,p.)" is the momentum operator. The 4x4 complex matrices
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Dirac’s Theory of the Electron 3.1

a = (o, a9, a3) and B are called Dirac matrices. They are uniquely deter-
mined by commutation relations, but several different representations exist.
The most common choice is

B 0 g; o 12 0
oy = [0'2‘ O} and (3= [0 _12] (3.2)
where o; are the three Pauli spin matrices
01 0 —i 1 0
o1 = |:1 O:| , O9 = |:Z 0:| , and o3 = |:O _1:| . (33)

This choice is known as the standard representation of the Dirac matrices.

The wave function of a single electron v (r) is an eigenfunction of hp and
thus a four-component vector matching the dimension of the Hamiltonian,
called a 4-spinor. It is convenient to transfer the 2 x 2 block structure of the
Dirac matrices to the wave function,

win = [40)]. 3.4)

The two components are known as the large (superscript “/”) and the small
(superscript “s”) components (sometimes referred to as “upper” and “lower”
components). Both, the large and the small component, are 2-spinors. For a
detailed discussion of the mathematical properties of the one-electron Dirac
Hamiltonian, the reader is referred to the review by Esteban, Lewin and
Séré [57].

If the potential-energy operator V is spherically symmetric, hp commutes
with the total angular momentum operators j2/j.. However, hp does not
commute with either the orbital angular momentum operators I?/1, or the spin
operators s/s,. Thus, ¥ (r) is not an eigenfunction of either pair of operators.
One can show that for the total angular momentum operator defined as

) h
J=lli+50®1y, (3.5)
with o being the vector of Pauli spin matrices. j* and j,, with i € (z,y, 2),

both commute with h”.

The eigenvalue spectrum of the one-electron Dirac Hamiltonian differs signifi-
cantly from the non-relativistic one-electron Schrodinger Hamiltonian. Figure
3.1 illustrates the spectra of both. The one of the Schrodinger Hamiltonian
consists of two parts. First, the positive continuum describing the unbound
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Chapter 3 Relativistic Electronic Structure Theory

states of the electron, and second, the discrete (quantized) bound states. The
spectrum is therefore bounded from below, and the ground-state energy is
well-defined as the global minimum of the energy spectrum. By contrast,
the spectrum of the one-electron Dirac Hamiltonian features three parts (we
follow the notation by Pestka et al. for the denomination of the individual
parts of the spectrum [58]). First, there is the positive continuum of states
¥+ ranging from +mc? to +oo. Then, we find the bound states £(!) between
—mc? and +mc® (for small nuclear charge numbers E() are close to +mc?)
and finally a negative continuum ¥(~) below —mc?. £(-) is a set of negative-
energy states (sometimes called positronic states) spanning the energy range
(—oo, —mc?). As a consequence, the Dirac Hamiltonian is not bounded from
below. The negative-energy continuum states pose conceptual and practi-
cal difficulties. However, they also led to the discovery of the anti-electron
(the positron), although this discovery eventually required the introduction
of a new theory, namely quantum electrodynamics, in which these positrons
feature positive energies and a ground state is well-defined.

Schrodinger Dirac
5 Positive Continuum
0 mc? ENegative Continuum
(1)
> >
(@)] (@)]
— —
(O] Q - -
C C
L L
-mc?
(-)
2

Figure 3.1: Energy eigenvalue spectra of a Schrodinger (left) and a Dirac (right) electron
in an attractive external potential. Continuum states are represented by shaded areas and
bound states by solid lines. Note the different zero-energy references: In the Schrodinger
spectrum, the electron at rest has zero energy, while the rest energy is mc? for the Dirac
electron.

If we compare the bound states of the Schrodinger Hamiltonian and the
corresponding ones of the Dirac Hamiltonian, we see that the energies are
lowered in the Dirac spectrum. This is due to kinematic relativistic effects,
which are also called scalar-relativistic effects as the lowering of the energy
can also be observed for quasi-relativistic Hamiltonians, in which the spin
degrees of freedom have been separated and omitted. Moreover, some of
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The Relativistic N-Electron Case 3.2

the non-relativistic bound states are split in the Dirac case, which is due to
the coupling of spin and orbital angular momentum. Spin—orbit coupling is
implicitly contained in the Dirac Hamiltonian (by contrast to the Schrodinger
Hamiltonian, which does not depend on the Pauli spin matrices).

3.2 The Relativistic N-Electron Case

An explicit expression for a truly relativistic, first-quantized many-electron
Hamiltonian is not known [59]. For a fixed number of N electrons in the
external electrostatic potential of atomic nuclei, it is possible to construct an
approximate model Hamiltonian H"*),

N
HND = AW HMA® = AOHTIAG £ 3" Abg(, j)AD) (3.6)
1<j
where the two-electron operator g(i,j) describes the interaction of the elec-

trons ¢ and j. H g“ collects the one-electron energy contributions,

N
HY) =" hp(i), (3.7)
=1
with
hp(i)=14(1)®@ - @14(i—1)@hp @ 14(i + 1) ®--- @ 14(N). (3.8)

The many-electron Hamiltonian for N electrons thus has a tensor structure
of dimension 4V. Although based on the Dirac Hamiltonian it possesses a
well-defined ground state by virtue of projection operators. The projection
operators AY) must be defined in such a way that only the positive-energy
bound and continuum electronic states are accessible, i.e., all positronic states
are dismissed. The problem is that these projection operators are not known a
priory since they depend on the electronic solutions of H™*). Approximations
based on quantum-electrodynamical arguments have been proposed [60-65]
and aspects involving practical calculations were studied, for example, by
Indelicato [66,67]. Recently, these issues have again attracted attention [68-
70]. For the sake of brevity, we omit the projection operators in the following
expressions.

The interaction operator g(i,j) for two electrons ¢ and j in Eq. (3.6) can
be approximated by the electrostatic Coulomb operator (in Hartree atomic

units) .

gl

3.9)

gC(iﬂj)
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Chapter 3 Relativistic Electronic Structure Theory

where r;; = r; — r; is the inter-electronic distance vector. The resulting
many-electron Hamiltonian defines the Dirac-Coulomb model. This electro-
static interaction omits magnetic interactions and assumes that the interaction
is transmitted instantaneously. Since the speed of light ¢ is the upper limit
at which interactions between electrons are transmitted by photons, the re-
tardation of the interaction between the two electrons should be taken into
account. Retardation and magnetic effects can be approximately described to
lowest order by the frequency-independent Breit-operator,

o 1 (a; a5 (ri-oy)(rij-ay)
- = 3.10
QB(%J) 9 ( |7,ij| + !’Pij!?’ ) ( )

to be added to g¢ (3, j).

The non-relativistic limit of the Hamiltonian is formally obtained in the limit
of an infinite speed of light

N
H{) = lim [H(N) -3 ﬂmc2] : (3.11)
=1

c—00

where the rest energy of all electrons has been subtracted to match the non-
relativistic energy scale. The resulting Hamiltonian yields the one-component
electronic Schrodinger Hamiltonian

N 2
H =Y B’—m + Vexm] +> (i, 4), (3.12)
=1

1<j

where V. ; collects all interactions of electron 7 with external electromagnetic
fields (e.g., with the electrostatic field of the atomic nuclei in BO approxima-
tion) and where (i, j) is the electron—electron interaction operator connected
to its relativistic analogue ¢(i,7) by a unitary transformation (see below).

The relativistic N-electron Hamiltonian can also be described in terms of
its model space H"Y) [71]. Accordingly, H"Y) can be decomposed into its
one-electron subspaces

HO = [(HD)=N]* (3.13)

where the superscript A indicates antisymmetry with respect to pairwise ex-
change of electrons. The one-electron model spaces H" can be further
decomposed into

1O = 4O o}, (3.14)

where #(® is the model space of the large component and #(®) is the model
space of the small component [71,72].
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The Relativistic N-Electron Case 3.2

To understand the spectrum of the N-electron Hamiltonian, we consider the
simplest case of two electrons, i.e., N = 2, first. Figure 3.2 illustrates the
spectrum of this Hamiltonian under the assumption that the two electrons
are not interacting. We can identify six different parts according to the pair-
ing of the one-electron Dirac energies of the individual electrons (again, we
follow the notation of Pestka et al. [58]). First, there are the discrete bound
states denoted by E® = EY + BV € (—2me?, +2mc?) where E" and E"
are the bound states of Figure 3.1. Observing that Dirac one-electron states
may also be continuum states for both of the two electrons, we can iden-
tify three additional sets of states: the positive continuum Y(**) spans the
range (+2mc?, +00), whereas the negative continuum X.(~~) spans the range
(—o0, —2mc?). A third continuum is generated by a combination of negative-
energy and positive-energy continuum states. This so-called Brown—-Ravenhall
continuum Y*7) covers the complete energy range, i.e., (—oo, +00). It is the
reason for the non-existence of a ground state for the fully interacting two-
electron system. The final two sets are mixtures of bound and continuum
states. Here, one electron is in a bound state, while the other electron is in ei-
ther a positive- or negative-energy continuum state: The former set is denoted
as Z&H and spans the range (EY + mc? +o00), while the latter is denoted
as Eé_) and spans the range (—oo, EY) —mc?). If the electron-electron inter-
action is now switched on, we either face continuum or autoionizing states.
In the autoionizing states, a bound state couples to the continuum, which
would lead to its decay. As a consequence, the Dirac—-Coulomb model (with-
out projection) is not considered a useful physical Hamiltonian. However, it
is the most widely applied Hamiltonian as projection on the square-integrable
one-electron bound states yields remarkably accurate results, despite their de-
pendence on the choice of the projection operators (see below for a further
discussion of these issues).

It is important to understand that the preceding analysis is based on the
mathematically possible combinations of the one-electron Dirac energies in
the decoupled problem. Dirac already noted that the existence of the negative-
energy states requires a physical solution and hence proposed to occupy all
the infinitely many states by electrons, which would go unnoticed by us if the
potential created is homogeneous in space. Electron—positron pair creation is
then an excitation process of an electron from the negative-energy continuum,
the so-called Dirac sea, which leaves a (positively charged) hole, the anti-
electron, behind. This process shows a principle that is also preserved by
QED, namely that the total charge is conserved by such processes and thus a
constant of the motion. Clearly, the infinitely many negative charges in these
states create new conceptual problems as the theory was designed to describe

23



Chapter 3 Relativistic Electronic Structure Theory

2 Electrons

(++) [JPositive Continuum

BINegative Continuum

Figure 3.2: Schematic representation of the spectrum of a system of two non-interacting
Dirac electrons. Continuum states are represented by shaded areas and bound states by
solid lines. The orientation of the lines in the shaded areas indicates (in addition to the
color) whether the continuum has positive- or negative-energy contributions. Note that
the bound states will be found close to +2mc? for low nuclear charge numbers, but may
approach —2mc? for very high nuclear charges (i.e., Z ~ 137 for point-like nuclei or even
Z ~ 170 for finite-sized nuclei).

only a single electron. In QED, the issue is resolved by letting these states
being accessible for anti-electrons with positive energies by virtue of normal
ordering. Here, we explicitly aim for a first-quantized theory and have to deal
with the negative-energy states. Especially in basis-set expansion approaches
(see below), they cannot be simply neglected, as this would cause basis-set
incompleteness issues — especially for molecular property calculations, for
which they must not be neglected (e.g., magnetic properties).

3.3 Approximation of the State Function

The N-electron state function ¥ can be approximated in various ways. Here,
we focus on analytic basis-set expansions, in which a model space is con-
structed from a finite number of n basis functions, rather than on numerical
grid-based methods. The state function is then obtained as a linear combi-
nation of many-electron basis functions within this model space,

U — Z C;®;, (3.15)
I=1
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(in case of a complete basis set: n = oo). The basis-set expansion will,
however, not be as straightforward as in the non-relativistic theory, which
can be understood by factorizing the model space H with respect to the
components of the state function. For N = 2 the factorization may be written
as [58]:

HO = [H, @ H]Y
24(lls]) — [Hﬁ QH;sDHI® ”le] * ;
2 _ s o o (3.16)

The individual model spaces can then be expanded analogously to Eq. (3.15).
The basis functions are functions of all electronic coordinates, 7 = (71, ...,7y).
The approximated state function ¥ has to fulfill the Pauli antisymmetry prin-
ciple, which is the reason for the ‘A’ superscript in the equations above. The
antisymmetry may be explicitly written for the two-electron case, N = 2,
as [58],

\I'(”)(Tl,"“z) = —‘I’(”)(T%?“l) )
\I’(ZS)<7‘17"°2) = _‘I’(SZ)(Tza"“l) J
\I/(SS)<T17T2) = _‘I’(SS)(TZ:Tl) - (3.17)

Basis functions ®;, which also must fulfill the Pauli principle, can be con-
structed in a multitude of ways. Commonly, the N-electron basis functions are
constructed from one-electron functions, i.e., from 4-spinor basis states. It is,
however, possible to include two-electron functions already from the outset.
Such functions are convenient to describe the electronic cusp that emerges
at the coalescence point of two interacting electrons, and they are known
as correlation factors in quantum chemistry. N-electron basis functions that
contain such a dependence on inter-electronic distances are called explicitly
correlated basis functions. Since they have become popular in non-relativistic
quantum chemistry only recently (due to technical advances in the evalua-
tion of the integrals), their benefits in relativistic calculations yet have to be
exploited, although they may cause severe stability problems in relativistic
calculations (see next section).

In principle, the N-electron basis functions ®; can be constructed directly, ex-
ploiting knowledge about the analytic form of the one-electron state functions.
However, there is no universal definition for such a function. In the origi-
nal work by Hylleraas and Undheim [73,74] on the non-relativistic helium
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problem, the state function was directly approximated by

c 1
GG (1 7y, m12) = exp <—§(”'1 + 7‘2))

X Z Crim (71 4 72)" (11 — 1) * (112)™, (3.18)
nlm=0
where c¢,,;,, are parameters to be optimized. Various studies have expanded on
this ansatz (see, e.g., Refs. [75-78]). In the relativistic realm, basis functions
constructed in the spirit of the Hylleraas state function have been successfully
applied by Pestka et al. (see Ref. [58] and references therein).

Another choice for basis functions are Gaussian-type functions, which allow
for comparatively easy analytic integral evaluation, while preserving some of
the structure of the one-electron state functions. In this case, a many-electron
basis function can be written directly in a compact form for an N-electron
system:

®(F) = 6(F) exp (—%FTA(I)F) . (3.19)

Recall that 7 collects all electronic coordinates. The matrix AY) is a positive
definite N x N matrix containing all variational parameters of this many-
electron basis function. Note that it explicitly depends on the inter-electronic
distances r;; if AW is a full square matrix. Such ECGs were introduced by
Boys [79] and Singer [80] into non-relativistic theory. For the simplification
of AY) being a diagonal matrix, a decoupled basis function results,

N
S () = o(F) exp | —2FTADT) = b(r A
I o Xp 27" diagr - (T)Hexp 9 L (320)
=1

in which the individual electronic coordinates are separated and thus can only
describe the uncoupled problem well, often called the independent particle
model (IPM). Note that, for the sake of clarity, we have omitted the anti-
symmetrization step, which requires the application of an antisymmetrization
operator which implements the Pauli principle.

Boys [79] and Singer [80] chose for the angular part of a non-relativistic
basis function a product of polynomials

N
0p(r) = [ [ =iy =", (3.21)
while Suzuki and Varga developed a GVR of the eigenfunctions of the L?/L,

operators [2,35,36]
Ocvr(T) = [v*" Y, (v) . (3.22)
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with K € Ny, the spherical harmonics Y, ,,, of degree L and order M, and
the global vector
v=(u®l3)T. (3.23)

The GVR has been successfully applied to non-relativistic calculations [29, 30,
81-83] and can, in principle, be applied for the construction of relativistic
ECGs [81].

While we have given possible expressions for the many-electron basis functions
®; above, the standard procedure is to construct them step-wise in order to
find a basis-set expansion in Eq. (3.15) that is as compact as possible (for some
desired accuracy). In a first step, n = 1 is chosen. Then, the IPM is adopted
in order to write the only remaining basis function ®; as an antisymmetrized
direct product of N one-electron functions ¥,(r),

Q,(7) = Ahy(r1) ® - @ Py(ry), (3.24)

with A being an antisymmetrization operator, which explicitly implements
the Pauli principle (i.e., it produces all permutations of electronic coordi-
nates and changes the sign per pair permutation of coordinates). The ansatz
W ~ &, defines the Dirac-Hartree-Fock model, i.e., the relativistic analogue
of Hartree-Fock theory. The individual one-electron functions ,(r), which
are 4-spinors in the relativistic theory, are expanded in terms of one-electron
basis functions,

ng

Pi(r) = Ve,(r), (3.25)

J=1

where the spinor coefficients cg.i) are the parameters to be determined by a
variational procedure (see below). Methods based on such basis functions
are called four-component methods. The two most common choices for a
component of the (four-component) basis spinors ¢, are Slater-type orbitals

(STO) [84]

61 (r) = 0(r) exp (— ;) (3.26)
and Gaussian-type orbitals (GTO) [37]
(bgGTO)(r) =0(r)exp (—Cj'rQ) , (3.27)

where (; > 0 are exponents to be suitably chosen and 6(r) is the angular part
of the function which is related to spherical harmonics. Boys [37] introduced

O(r) = zlym" (3.28)

to describe this angular part in non-relativistic calculations (Cartesian GTOs),
However, it should be noted that the most efficient way to expand a 4-spinor
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according to Eq. (3.25) is to exploit the 2x2 super-structure of the Dirac
Hamiltonian and thus to have one GTO (or STO) for each, the large and
small, component of the 4-spinor. Then, #(r) can be chosen as a Pauli 2-
spinor which is an eigenfunction of the spin—orbit coupling operator and thus
constructed as a linear combination of products of spin and orbital angular
momentum eigenfunctions multiplied by a Clebsch-Gordan coefficient.

In recent years it has become increasingly obvious that the number of one-
electron and thus many-electron basis functions can only be reduced if the
inter-electronic distance is explicitly taken into account. Hence, explicitly cor-
related basis functions are employed in non-relativistic quantum chemistry to
make correlated methods — such as configuration interaction (CI), coupled
cluster (CC), and Mogller-Plesset (MP) perturbation theory — more efficient
with respect to the number of one-electron basis functions needed for a desired
accuracy. Several variants have been analyzed in the non-relativistic frame-
work and the most efficient of them could be considered also for relativistic
calculations. While the old Ry» methods directly rely on the inter-electronic
distances as factors, F;, methods use a function of the inter-electronic dis-
tance. The form of the function is determined by computational efficiency
and accuracy considerations but often reminiscent of Slater- or Gaussian-type
functions (see Refs. [85,86] for reviews). Their advent in a straightforward
application to relativistic four-component quantum-chemical methods may be
hampered by the unboundedness of the (unprojected) Dirac—-Coulomb Hamil-
tonian, as we discuss in the following.

3.4 Variational Approaches

The state function of the ground state of the (projected) relativistic many-
electron Hamiltonian H™) is a critical point of the Rayleigh quotient

U HY W)

E(HWY ¥) = < BT (3.29)

3.4.1 Variational Collapse

The critical point can be obtained by minimization of E(H™) ®) with respect
to the parameters in ¥. Depending on the ansatz in Eq. (3.15), excited states,
orthogonal to the ground state, may be obtained as well. In practice, the
relativistic variational approach is reminiscent to the one in non-relativistic
theory and thus similar methods have been developed [87-89]. It must be
emphasized, though, that they all require some sort of projection onto the
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positive-energy states as the unboundedness of H®) would otherwise create
a collapse of any variational procedure yielding dramatically negative and
totally artificial electronic energies. Most of these projections are implicit by
making sure that the one-electron basis functions fulfill the kinetic-balance
condition, i.e., the relation between large and small components of the Dirac
4-spinor (see Refs. [23-25] for recent discussions and for further references
cited therein) and that only square-integrable, i.e., bound-state solutions are
obtained. One may show that the lowest-energy bound state is a saddle point
of E(H"™) W) with respect to the extremalization of the corresponding large
and small components in ¥ [90-92]. Apart from the variational collapse, the
expansion of the state function in terms of a finite one-electron basis set can
lead to approximate energies which are close to the complete-basis-set result
but lower, which has been called prolapse by Faegri [93]. Subsection 3.4.3
focuses on this problem by presenting its origin and possible solutions. Fur-
thermore, if explicitly correlated basis functions are used the Brown-Ravenhall
continuum causes variational issues because of the energetical overlap of the
set of bound states and X(*). Subsection 3.4.5 focuses on this problem
and reviews a possible solution: the Complex Coordinate Rotation (CCR)
method. For the next subsection, we assume that the Dirac—Coulomb model
with projection is applied.

3.4.2 Four-Component Methods

If the state function is minimized with respect to the expansion parameters
of Eq. (3.15), the resulting methods are called CI or exact-diagonalization
methods. There are various flavours of CI methods depending on the types of
function from which the model space is constructed (see [94] for an overview
in the non-relativistic case). Minimization of E(H™) ¥,) with respect to
the C; expansion parameters yields the general eigenproblem

HC = SCE, (3.30)

where H is an n x n matrix with elements H;; = (¢;| H™) |¢,). The matrix
C collects the eigenvectors of H containing the C; expansion parameters of
Eq. (3.15) for different electronic states (note that the state index had not
explicitly been denoted in all previous equations). S is an n x n overlap
matrix which reduces to the n-dimensional unit matrix for orhogonal basis
functions ®;. The elements of this metric are calculated by S;; = (®; |®,).
E is an n x n diagonal matrix containing the energies of the electronic states.

Minimization of E(H"), ®,) with respect to the expansion parameters of the
one-electron basis functions as described in Eq. (3.25) leads to the relativis-
tic Dirac-Hartree-Fock-Roothaan equations which we refrain from explicitly
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writing down for the sake of brevity. As for non-relativistic Roothaan-Hall
equations [95,96], the coefficient functions in these equations depend on
their solution and hence they have to be solved iteratively resulting in a self-
consisting field (SCF) algorithm. The interaction of the electrons is treated
in an averaged way in the IPM. In order to improve on the IPM, the approx-
imation for the state function can be extended in post-DHF methods, called
correlation methods, by increasing the number of many-electron basis func-
tions in Eq. (3.15). Existing correlation methods, for which we provide only
a few selected references for the sake of brevity, comprise MP perturbation
theory (non-relativistic: [97,98]; relativistic: [99-101]), CI (non-relativistic.:
[102-104]; relativistic.: [105-108]), multi-configuration SCF (MCSCF) (non-
relativistic Refs.: [109-111]; relativistic Refs.: [66,112-116]) including the
complete active space SCF (CASSCF) variant (non-relativistic: [117,118]; rel-
ativistic: [119]), and CC (non-relativistic: [120-123]; relativistic: [124-1271).

One aspect of avoiding variational collapse is based on relating the one-
electron model spaces H! and H* to one another [14-18] and constructing
the basis functions accordingly. From the structure of the one-electron Dirac
Hamiltonian, one can show that the two model spaces are related by [18]
co-p

l s
. 3.31
ome VBT 31

Noting that 2mc? > E — V for molecules, we see that this relation can be
approximately fulfilled as
T Pop e (3.32)
2mec
which is the (approximate) kinetic-balance condition [15]. Basis functions
that fulfill the kinetic-balance condition must be used to construct 4-spinors.
In the same way as one can relate H' to 1, the opposite is also possible. Basis
sets constructed from both relations are called dual basis sets [23,128] and
are considered to show better variational stability and faster and smoother
convergence [25]. Note that the relation in Eq. (3.32) has been derived in
terms of the one-electron model spaces. Therefore, they can only be applied
to basis sets generated from one-electron functions such as STO or GTO. For

explicitly correlated basis function no simple relations exist [18,58,72].
3.4.3 Prolapse

The origin of prolapse can be studied already for a single electron. For an
exact representation of its one-electron state function in a complete basis, the
identity [90]

[ - p)* = [p] (3.33)

30



Variational Approaches 3.4

holds, where the square brackets denote the matrix representation of the
operators. This relation is associated with the non-relativistic limit discussed
in section 3.1. In a finite basis set, the identity is not fulfilled anymore, but
the following relation holds [129, 130]:

This effect has been called the finite-basis disease [90] and can be related to
the (non-relativistic) kinetic energy 7.

3.4.4 Two-Component Methods

For molecular physics and chemistry, the creation of electron—positron pairs
is not an energetically feasible process as it would require an energy of at
least 2mc?. Hence, a relativistic first-quantized theory for molecular sciences
does not need to account for this process. Accordingly, the negative-energy
continuum states could already be eliminated at the level of the one-electron
Hamiltonian so that all pathologies known for the four-component methods
can be eliminated from the outset. A block diagonalization of the Dirac
Hamiltonian can achieve this goal and yields decoupled positive- and negative-
energy states so that one may focus on the block of the Hamiltonian that yields
the positive-energy states. The corresponding state function then features only
two components, which is the reason for the name of these methods.

The block diagonalization can be achieved by a suitable unitary transformation
U of the Dirac Hamiltonian hp,

i _ Dy 0] |
UhpU —{ 0 h, and Uvy = ol (3.35)

There exist many different possibilities for choosing U, which can be grouped
into three families. First, there are sequential approaches, which expand the
transformation U in a series of unitary transformations:

U=...UU,U, Uy . (3.36)

The only variationally stable one among these is based on a transformation
by Douglas and Kroll [131] and was developed into a working method by
Hess [132]. It expands hp in terms of the potential V' and can be conveniently
evaluated in a one-electron basis set that diagonalizes the squared momentum
operator, i.e., the matrix p®. This method is called the Douglas-Kroll-Hess
(DKH) method [47,49,133] and the transformed Hamiltonian is known as
the Douglas—Kroll-Hess Hamiltonian (of some order in V). The exact DKH
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transformation requires an infinite number of decoupling steps [134,135]. In
practical calculations, the transformation is truncated after some sufficiently
high order. For valence properties, second order is often sufficient, but fourth
order is recommended [136,137]. For core properties, like the contact density
[138-141], higher orders are required, which can be efficiently derived in
practical calculations [142-144]. Siedentop and Stockmeyer have studied the
convergence behaviour of DKH Hamiltonians analytically [145,146].

Furthermore, a two-step method exists which is based on work by Barysz,
Sadlej, and Snijders and therefore called in our work BSS approach [147-150].
The first step of the transformation Uggg is the free-particle Foldy—Wouthuysen
transformation [151] Ugrw of hp, which was inspired by the fact that this is
the mandatory first transformation in the DKH protocol [134]. However, for
a Dirac electron in an electrostatic potential, the fpFW unitary transformation
cannot achieve block diagonalization. Exact decoupling is then achieved only
after a second unitary transformation U, i.e.,

Usss = U Ugrw - (3.37)

The second transformation can be expressed in terms of a non-hermitian
operator R

1 +RTR —1/2 1 +RTR —1/2RT
Ul(R)_ (2 ) (2 )

— 3.38
—(12+ RR")'2R (1, + RR")7'/?2 (3.38)

The matrix form of R is obtained iteratively by solving the matrix equation

h,,R= Rh; + Rh,R — hy. (3.39)

The third method yields U in a single step. It is rather straightforward to
show that the kinetic-balance relation

P = Xy, (3.40)

which relates the large and small component of the 4-spinor through the
action of an operator X, can be used to provide an analytic expression of
the unitary transformation [22],

(1o + XTX)"V2 (1, + XTX)"1/2XT

U X) =
XQC( ) _(12+XXJ[)71/2X (12_{_XXT)71/2

(3.41)

Note that the above equation was also the foundation for Eq. (3.38). For a
one-electron Dirac Hamiltonian neglecting electron—electron interaction oper-
ators, X can be efficiently calculated from its eigenfunctions (but requires a
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diagonalization of its matrix representation in a one-electron 4-spinor basis
set). Neglecting the two-electron interaction for the unitary transformation
introduces a picture-change error [152] on the electron—electron interaction,
which turns out to be small in most cases though. The one-step approach
has become known as the exact two-component approach (X2C) [153-164].

For a direct comparison of all three unitary decoupling approaches we refer
the interested reader to Ref. [48].

Another variational scheme for the elimination of the small component of the
spinor is the regular approximation. Its most prominent variant is the zeroth-
order regular-approximation (ZORA) [165-171]. It employs only the first
term of the Taylor-series expansion that defines the regular approximation.
ZORA is a computationally cheap method and has become very successful in
chemistry, especially for the calculation of molecular properties [172,173].

3.4.5 Brown-Ravenhall Disease and its Cure

For more than one electron, employing an expansion in terms of explicitly
correlated basis functions without any projection tricks, the overlap between
the Brown—Ravenhall continuum X(*) and the bound states E™) causes an
arbitrary decrease of the N-electron energy £(") depending on the finite basis
chosen. This unphysical effect is called the Brown-Ravenhall disease [174]
and is a potential source for variational collapse. Bound states coupling to a
continuum are generally called resonances. Since resonances are self-decaying
states with a finite life time 7 and constitute a common problem in scattering
theory, several methods have been developed to overcome this problem. A
reliable method to treat resonances is the CCR method [175-178] (also known
as Complex Scaling). The interested reader is referred to either the review
by Reinhardt [179] or the one by Ho [180]; also the book on resonances by
Kukulin, Krasnopol’sky and Horacek [181] contains a chapter on CCR. The
CCR method is based on the transformation

T — T exp(i©), (3.42)

where O is called the rotation angle. After this transformation, Eq. (3.6)
becomes
HM) (7 exp(i0))¥(F) = 2% (7) (3.43)

where 2 is a complex number. The real and imaginary parts of » have
very distinct physical meanings. Re(z) is the energy of the state, whereas
I' = —2Im(z) is the width of the resonance and is related to the life time 7 of
the state as 7 = i/T". Since bound states are stable and not auto-decaying in a
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stationary problem, their life time is infinite and thus I',,u,q = 0. This implies
that bound states are not affected by the choice of © as long as |©| < 7/2.
The continuum states, however, are rotated into the complex plane by an the
angle ©. Figure 3.3, drafted after the figures given in Refs. [58,182,183],
illustrates the eigenvalue spectra of a one-electron and a two-electron system
after the dilatation transformation described in Eq. (3.42) has been carried
out. In the one-electron case [58], we find several bound states, marked

1 Electron 2 Electrons
5*) Z(++)7Z
3
mc? 2mc?
~N ~ (+-)
& 0 2 0
Il Il
L > w A
© -mc? S -2mc?
57
z() /ZZ z(. -)
0 0
[/2=-Im(z) 2=-Im(z)

Figure 3.3: Sketch of the spectra of a one-electron and a two-electron system after the
dilatation transformation in Eq. (3.42) drafted according to the figures in Refs. [58,182,183].
Bound states are marked with crosses on the real axis along the origin of the imaginary
axis. Continuum states are represented by solid lines.

by crosses along the real axis on the origin of the imaginary axis. The
two sets of continuum states, ¥(*) and (7, are represented by solid lines
starting from Re(z) = mc* and Re(z) = —mc?. These starting points are called
resonance thresholds. The two-electron case features a total of five sets of
continuum states [58]. The X(+) and X(~) states have resonance thresholds
of Re(z) = 2mc? and Re(z) = —2mc?, whereas the £(” and ! states have
thresholds with values depending on the states of the bound electron. The
Brown-Ravenhall continuum ¥+~ has no threshold but crosses the imaginary
axis at Re(z) = 0. We can clearly see how the bound states are now no longer
energetically overlapping with the continuum states and thus do not couple.
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3.5 Relativistic Calculations on Atoms and Molecules

Differences between the results of non-relativistic and relativistic quantum
chemistry are generally denoted as relativistic effects. Pyykko has published
a series of reviews [52,184,185] discussing relativistic effects in chemistry
in great detail. Here, we limit ourselves to the simplest cases, namely, one-
and two-electron atoms and the dihydrogen molecule.

3.5.1 One- and Two-Electron Atoms

Analytical solutions of one-electron atoms are known [186-188]. After a
shift by the rest energy —c? (all in Hartree atomic units) to match the non-
relativistic energy scale, the associated energies of the ground state is

Enn(Z) = |V = (Z]eF - 1], (3.44)

where 7 is the charge number of the nucleus considered to be a point charge.

For two-electron atoms, no explicit solutions exist. However, such systems
have been subject to extensive work employing different approximation meth-
ods (see, e.g., Refs. [67,189-191]). Pestka and co-workers calculated the
ground-state energy by means of CI-type expansions [58,72,182,189,192,
193]. The model space was factorized according to Eq. (3.16) and the ground
state fulfills the relations described in Eq. (3.17). The basis functions from
which the model space was constructed are Hylleraas-type functions [72]
with the Brown-Ravenhall disease cured by means of CCR.

Figure 3.4 shows a graph of the relativistic and non-relativistic energies for
both, one and two-electron atoms. We can clearly see that, for light nuclei, the
difference between the relativistic and non-relativistic energies are marginal.
For atoms with increasing 7, however, the relativistic total electronic energies
are considerably lower than the corresponding non-relativistic ones.

3.5.2 Dissociation Energy of Molecular Hydrogen

The simplest molecule one can think of is dihydrogen. Its bond energy has
recently been measured to unprecedented precision [195-197]. Pachucki and
co-workers [198,199] calculated the dissociation energy of molecular hydro-
gen and its deuterated isotopologs HD and D,. These theoretical results were
obtained by means of relativistic and quantum electrodynamical corrections
to the non-relativistic energy. The corrections are defined by a Taylor-series
expansion in terms of the fine-structure constant o« = 1/¢ (in Hartree atomic
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Figure 3.4: Variational electronic energies (divided by Z2) for hydrogen- and helium-like
atoms of nuclear charge numbers Z up to 137, which is the maximum possible nuclear
charge number for point-like nuclei. The relativistic energies are represented by a solid
line. They are analytic for the hydrogen-like atoms and taken from the work of Pestka and
co-workers [72] for the helium-like atoms. The non-relativistic energies are represented
by a dotted line. They are analytic for the hydrogen-like atoms and were taken from the
work of Ottschofski and Kutzelnigg [194] for the helium-like atoms.

units). The agreement with experiment is remarkable, as can be seen from
Table 3.1.

In their work, Pachucki and co-workers included terms of an order up to
a=4.

3.6 Summary

In this chapter, we have attempted to provide a brief, but self-contained de-
scription of the development of the relativistic first-quantized, semi-classical
many-electron theory for molecular physics and chemistry. As can be under-
stood from the list of references, this theory is still an active field of research.
In the future, we will continue to see emerging approximation methods based
on one-electron spinors as well as those for highly accurate calculations based
on explicitly correlated basis functions.
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Translationally Invariant Integrals

Expressions for the calculation of intrinsic properties of molecules should be
free of contributions from their overall translation. In the commonly used
BO approximation, the nuclei are fixed, and thus the translational contribu-
tion is automatically separated. In several combined electron-nuclear orbital
approaches [200-202] the translational dependence is eliminated automat-
ically by fixing one or a few heavy particles. Here, we consider molecules
as many-particle quantum systems with electrons and nuclei both treated as
quantum particles on equal footing in the pre-BO quantum theory.

Traditionally, in rovibrational calculations, in which all nuclei are treated as
quantum particles on a potential-energy surface [203-207], the first step is the
separation of the Cartesian coordinates of the center of mass followed by the
definition of a body-fixed frame, orientational angles, and internal coordinates.
This approach results in the replacement of the original LFCC with curvilinear
coordinates and the corresponding very complicated, translationally invariant
rotational-vibrational Hamiltonians, see for example [208].

Less complicated translationally invariant Hamiltonians are used in full pre-BO
calculations, where the original LFCC are replaced by some set of TICCs and
the CMCC are separated [3,29,30,34,82,83]. Although the resulting TICCs
are rectilinear coordinates, the corresponding Hamiltonian is still complicated.
It is therefore reasonable to ask whether we can make our calculations even
simpler, using the original LFCC formalism without having to rely on any
coordinate transformation at all. In this chapter we therefore explore the
usage of LFCCs in pre-BO calculations.
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Chapter 4 Translationally Invariant Integrals

If LFCCs are used one has to make sure that the energy of the overall
translation of the system is eliminated. The most straightforward way is the
subtraction of the kinetic-energy operator of the center of mass from the
total Hamiltonian, which, however, requires the evaluation of an additional
integral with mixed coordinate second derivatives [209,210]. To avoid this
additional integral evaluation we develop here an alternative approach.

In short, our computational strategy in the LFCC formalism to obtain eigen-
states with various angular momentum quantum number is as follows. In our
variational procedure we use basis functions, which are eigenfunctions of the
total spatial angular momentum operators, 2 and L. [30]. This is the sim-
plest way to make sure that we obtain angular momentum eigenstates, since
rotational “contamination” cannot be removed by a simple subtraction of a
term from the full Hamiltonian [210,211]. Then, we investigate the effect of
the parametrisation of the basis functions on the translational contamination
of the total energy and correct for it during the evaluation of the integrals
in the LFCC formalism. This chapter was published in Ref. [81].

4.1 Non-Relativistic Kinetic Energy

In spite of the parametrisation difficulties described in Section 2.2, we in-
tend to use the LFCC formalism to construct the matrix representation for
the quantum Hamiltonian because of its original simplicity. We repeat here
only the necessary expressions from Ref. [30] and for the original integral
derivation see [2].

The matrix element of the kinetic-energy operator for the /th and Jth quasi-
normalized basis (normalization with respect to the spatial basis functions)
functions is [30]:

N
Ty, = _lz W11V (M ©13) Vo, [90) _ pi/ (M)KI <M)KJ
2= | 4] qu, du,
P L min(K1,K ) P P m P
Uy, U, U, U;PUU U, Uy
X | ——= —_— R[J-I-(K[—m)—
(\/ qu;qu, ) mzzo (pubuzpu(huJ ) [ Pu;u,;
P P
+(Ky —m)—22% 4 (L + Qm)M} Hik, km (4.1)
Pu;u, Puru,

where M is a diagonal matrix with M;; = 1/m,;. The Hpk, k,» terms are
precalculated factors

4™(L 4+ m + 1)! 1

Hyk kym = . 4-2)
LK[K; (Kr = m)W(Ky —m)ml2L+2m+ 1)\ /Fy, 1 Frc,1
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in order to increase efficiency and ensure numerical stability with the terms

u 4™(L +m+ 1))

Frr = Z (K — m)I(K —m)!m!(2L + 2m + 2)!

m=0

4.3)

stemming from the quasi-normalization

Wzl = (V7 [¥z)2 with Z e {I,J}. (4.4)

For more information on quasi-normalized basis functions the reader is refered
to Ref. [30].

Furthermore we introduced short-hand notations for terms which we have to
study in terms of their dependence on ¢, as defined in Eq. (2.42). One term
we have to study is

 det(2A4)) det(24,)

D=
det(AU) det(AU)

4.5)

stemming from the origin-centered Gaussian functions, where A;; = A;+ A}.
Furthermore we have to analyze the terms depending on the global vectors

Puyay = UxAjuy with XY €{I,J} (4.6)
Py, u, = —u?A;}AJMAJA;}u] “4.7)
Pu,u, = —ubA;AIMA;A; ju; (4.8)
Py, u, =ui A ATM A AT uy, (4.9)

the terms from the quasi-normalization

1

qu, = 5ugA;uZ with Z e {I,J} (4.10)
and the term
3

which can be associated with the radial motion of the system [38].

Here, we immediately see that the singularity of A; and A; would cause
terms in Egs. (4.5) — (4.11) to be not defined. The singularity is introduced
if the c4 = 0 selection is made to guarantee translation-free expressions.

Since the potential-energy terms in Eq. (2.3) depend only on the inter-particle
distances, we can choose any c4 > 0 value and evaluate the matrix elements
without any problem and the resulting potential-energy matrix elements are
independent of the value of c4. So, they are not discussed here any longer
and are evaluated according to Ref. [30].
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4.2 Identification and Elimination Strategy for the Transla-
tional Contamination

In Section 2.2, we noted that the ECGs take the same mathematical form,
independent of whether we choose the LFCCs r, or some @ricy. This simple
transformation behavior also transfers to the expressions of the integrals. Due
to this property we can study the influence of c4 on the different terms in
Egs. (4.5) — (4.11), only the parameter matrices A;, A; and u;,w; corre-
sponding to r have to be replaced by their according expressions in terms of
AE.”:), Af,z) and uff”), uff) corresponding to xricy. The parameter matrices are
related by the transformation given in Egs. (2.37) - (2.38), and Agz),AEf)
and u'”, u'” have block structure, Eq. (2.43).

Firstly, let us consider the R;; term of the kinetic-energy matrix elements,
Eq. (4.11), explicitly. We analyze the properties of R;; with respect to cx
using the TICC formalism:

3
R[J = éTI‘ [A;}AJMA[]

— gTr [(Ag?)*lAff)UmMUf Ag@] (4.12)

and also exploit the block structure of the matrices,

(z) (z)
A M

with z € {I,J,1J}. The block structure of U,MU” follows from the con-
ditions of translation invariance, Egs. (2.7) and (2.8), for . We can thus
separate the c4-dependent terms in Rj;:

Rry= R}r}t + ZCACM = §Tr [(}Zlﬁj)) lﬂf] ),u,( )}Zlg "+ ZCACM ) 4.19)
The c,; factor of the linear contribution is

N

ey = (U MU vw = (U)3i/mi = 1/myey - (4.15)

i=1
and thus with ¢y = 1/my

3CA

Rry = RM™ + (4.16)

4 Moy

Next, we investigate the ¢, dependence of the remaining terms and factors,
Egs. (4.5) — (4.10), of the matrix representation of the kinetic energy in
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the LFCC formalism, Eq. (4.1). In Eq. (4.5) we find that any contribution
of ¢, cancels. In Egs. (4.10) and (4.6) we see that ¢4 only contributes if
¢, > 0. Since we require ¢, = 0, this contribution is eliminated. Finally,
in Egs. (4.7) — (4.9) we find that the contribution of ¢, to the exponent
matrices cancel. In short, only the R;; term, Eq. (4.11), has a non-vanishing
(linear) ¢4 dependence in the kinetic-energy matrix element, 77;.

Thus, if ¢4 = 0 was chosen, the translational dependence vanishes, but the
exponents matrices, A;, A, are singular without having an inverse. Thus, for
an implementation in a computer program we can choose a non-zero value
for ¢4, and eliminate the translational contribution explicitly by subtracting
3ca/(4myy) from the R;; matrix element. This is a simple computational
strategy which we are going to follow in the LFCC formalism.

We also note here that the direct variational optimisation of all parameters,
including ¢4 here, would be another option that has been suggested already
in the literature, e.g., in Ref. [201]. From the theoretical details presented so
far, we understand that the total energy with ¢, > 0 is always an upper bound
to the total energy free of the overall translation of the system, Fi.(c4) > Err.
But as we have shown for ¢4 = 0 several parameter matrices incorporated in
FEi(ca) are singular, so in spite of the fact that the limit exists, the application
in a computer program is problematic (¢, = 0 is chosen throughout the
discussion).

This explains our preference for the approach developed here, which releases
the translation-free condition for the basis functions and corrects for the
translational contamination in the kinetic energy explicitly for each basis
function, I = 1,2,..., N. The details of our algorithm are:

1. Generate, optimize or read in the a;;; values for

i=1,2...,N, j=i+1,i+2....N .

2. Construct the elements of the exponent matrix in the LFCC formalism as

N

(Ap)ij = —ay (1 —d;5) + < Z Oé[,ik) dij +ca

k=1k+#i

m;  my

Mot Mot

with 7,7 =1,2,...,N and ¢, > 0.

3. Due to the ¢4 > 0 choice the matrix A; is non-singular, and 1/det(A;) and
A7' can be calculated. At the same time the total kinetic energy contains
some translational contamination.
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4. The translational contamination is eliminated by replacing R;;, Eq. (4.11),
with R;; — 3ca/(4my) in the expression of the kinetic-energy matrix ele-
ment, 77;, Eq. (4.1).

Throughout this computational strategy for the elimination of the translational
contamination in the LFCC formalism we have ¢, =0, ¢4 > 0.

4.3 Numerical Examples

In this section we present numerical applications using the LFCC formal-
ism. The appearance of the translational contamination and its elimination
according to the strategy described in Section 4.2 are demonstrated.

Our test cases are the lowest energy levels of the para-H; (L = 0,p = +1) and
the ortho-H, (L = 1,p = —1) molecules both in the singlet electronic state.
These are the two lowest-energy rotational states of the hydrogen molecule. L
is the total spatial (orbital and rotational) quantum number and p is the parity.
The wave functions are obtained by a direct solution of the linear variational
problem using 1500 basis functions with an optimized parametrisation taken
from [30]. Here we use the LFCC formalism exclusively, thus all parameters
were transformed first to the LFCC representation, according to Egs. (2.37)
and (2.38). The exponent matrix for each basis function was constructed
according to Eq. (2.41). During this transformation we were free to choose
c4 to simulate different levels of translational contamination, while ¢, = 0
was fixed. We used the same c4 value for each basis function. Table 4.1
collects the results of our numerical calculations.

The first column of Table 4.1 lists the five values of ¢4 which have been stud-
ied. The next two columns provide the total energies of the system with and
without translational contamination, respectively. The last two columns list
the kinetic-energy contribution with and without translational contamination,
respectively. We observe that those energies, which contain translational con-
tributions (columns 2 and 4) depend on the value of ¢, and that an increase
of the value of ¢, causes an increase of the energy, according to Section 4.2.
We also note that the corrected energies (columns 3 and 5) are independent
of c4. Furthermore, we list the translational correction given in Eq. (4.16).
Hence, these results give a numerical confirmation that we have identified
and eliminated the translational contamination depending on the ¢, basis
function parameter, while choosing ¢, = 0.

44



Numerical Examples 4.3

‘1611 ["F] 221687 e T— = (1 =T)A
pue [U9] 0£0S20¥91° T— = (0 = 7)F SIe INIBISII] Y} Ul SIN[RA A3I9US S[(E[IRAR SON[BA [BILDIOSY} IS9q Y3 ‘uostedwod Ioq ,

.Q,Hmu _ hdm — .ioonhdm

SB paurelqo SI aN[eA J9IJ-UOMB[SURI} ‘PR1daliod YL “(91°) ‘b7 99s 48ious onoup| oyl jo uoneurureluod [euone[suell, :(*°hwy)/Vog = lp
"T°'Z uondas ur paure[dxs se ‘wsewIoj DDJT 9yl Ul UOHEBUIUIBIUOD [BUOHEB[SUBI} 9] J0J UOMDIDII0D : TI0D,

'sDDATT ul passaidxs 1ojerado A31ous-omeuny oyp : d1f

"(Vo'q) sioyowrered uompdunj siseq o2y3 Juisn DD Ul passaidxo UBTUOIIWEH [[NJ 9yl Jo uomduUnjuadle pue anfeauadry : d1j ¢ 4Ty
"SUOIIB[NO[ED 9Ul INOY3INOIYl pasn Sem () = "0 9N[eA SYJ "I9S SISeq S Ul UOHIUNJ

SISeq UOB9 I0j pasn Sem anfeA Vo owes 9y 'SODJT Ul passaidxs suonounj siseq UeIsSNeH paje[aiiod ApoIdxs oy jo 1oiswered 3314
Pwig + fwg="w P FYE G0EYLI € = M SNy pue ‘pasn SeM Ly gLI9TST9e8T = Cwi/Mw

anfeA 9yl OneI ssew UoMdd[R-uoloid 9yl 104 0T3¢ = (I =7T)t pue ¢ O1-%'T = (0 =)t 918 $19s SISeq 9S9YI YIM PIUIRIJO SIIISUD
juenreAur Afreuone[suen a3 o3 Jurpuodsariod |({(4| L |4)¢)/ (| A|R) + 1| = & ‘soner [emra 9yl ‘[0z ‘0] D 3¢ Sem siolejoid Terwoudjod
931 JO I9pIO Syl ‘Q0G T SBM SuUOmdUNJ SISeq JO Ioquinu 9YL ‘[0€] JoU WOIJ uayel sem (g) 39S SISeq [BUIAIUI 9U) jo uonesiiowered YL ,

0%280%000°0 T9T1S8VE9T'T COPe68E9T'T  LI9TS8PEIT'1- LC69L0E9T'I- 00°C
0¢1+02000°0 T9TS8YE9T'T C8C689¢9T'T  LI9TS8PEIT'1- LPOI8CEIT'T- 00'L
090¢0T1000°0 T91S8YE9T'T CCCLB8SEIT'T  LI9TS8PEIT'I- LOTIEB8EEIT'I- 0SS0
¢1+020000°0 T9T1S8YE9T'T €LSS0SEOT'T  L9TIS8PEIT'I- SSLYIOPEOT'I- OT1°0
T+0200000°0 T9TS8VE9T'T €0CL8YEIT'T  LI9TS8VEIT'I- SCIESYEIT'I- 100
pl =T ¢H-0y110
0%280+000°0 00SC0P9T'1 SYCeEErOT'T  9C0SCOP9T'T- 984919€9T°1T- 00°C
0¢T+02000°0 00SC0P9T'1 PCI6CCHIT'T  920SCOP9T'I- 9060C8¢9T°T- 00°'L
090¢0T000°0 00SC0P9T'1 $90LCTHPIT'T  9C0SCOVIT'I- 996CC6E€91°1- 0S50
¢1+020000°0 00SC0P9T'1 9TvSHPOY9T'T  920SCOP9T'1T- +I9¥00+91°T- O0T°0
T+0200000°0 £00SC0P9T'1 SY0LC0¥9T'T  92C0SCOVIT'I- S86CCOF9T'I- 100
p0 =T H-ered
Lo éow?qi a1y [dT45) UAEE a1y [dT45) .:Srmm a1 «MU

duosqns 1100, 91 IIM PIIBIIPUl I8 WSI[RULIO) DDJT 9U1 JO UOHBUIUIRIUOD
[euonie[sueIl 9l IOJ PaldaII0d SINsSay Eéo\ﬁuomm& U 297687 €91’ 1— = (I = 7))y pue U9 970520791 T— = (0 = 7)ILg a1e so1d1oud
JueLeAul Ajeuone[suen urpuodsaiiod 3yl ‘[0g] JoH JO 19s Isrowered uonouny siseq Syl 3uISn paje[nd[ed Ik s9MmIdoW ([— =d ‘T = 7)
¢H-oquio pue ([+ = d‘g = 77) °H-ered 9[8urs a1 Jo ‘U9 ur ‘sord1ous oalels-punoid Syl “wWS[ewIoj (DDAT) SIBUIPIO0D-UBISIIIBD-PIXY
-A101R10qR[ 93 3UIsn A31ous IPwroyuaddQ—urog-a21d [B101 911 JO UOHBUIWEIUOD [BUONEB[SURI 9] JO UOHEUIWI[D pue 2duereadde ay], 1'% 9[qEL

45



Chapter 4 Translationally Invariant Integrals

4.4 Summary

Instead of transforming the coordinates we accounted for the translational
and rotational invariances of the isolated many-particle problem by using an
appropriate form and parametrisation of the basis functions in the variational
procedure. The basis functions were constructed using ECGs and the GVR,
and as an extension of our earlier work [30] we focused here on the usage
of LFCCs and the problem of translational invariance.

First of all, we observed that it is impossible to parametrize explicitly cor-
related Gaussian functions (ECGs) in such a way that the total system is at
rest in LFCCs and at the same time the basis functions are square-integrable
with a non-vanishing norm.

Fortunately, it was possible to devise a simple computational strategy to cir-
cumvent this problem. So, for the sake of the stability of the numerical com-
putations we released the translational constraint on the basis functions, by
choosing a non-zero value for the free parameter, c,, in the LFCC parametrisa-
tion of the ECG exponents, and then explicitly corrected for the translational
contamination in the kinetic-energy integral expressions. This correction term
is a simple constant, which depends linearly on c,4. Its form was derived by
considering a few mathematical relationship of the formalism: a) the proper-
ties of the linear transformation between LFCCs and translationally invariant
and center-of-mass Cartesian coordinates (TICMCCs); b) the corresponding
transformation of the basis function parameter matrices; c) the fact that the
parameter matrices are block diagonal in TICMCCs.

It was also shown that the uncorrected total energy FEi.(c4) is an upper bound
to the translation-free total (intrinsic) energy. Thus, in principle, we could
obtain this value by the variational optimisation of the LFCC parametrisation
(implicitly including the ¢4 value in the optimisation). We prefer, however,
our explicit treatment for the elimination of the translational contamination,
because in the ¢4, = 0 limit the exponent matrix, A, of each ECG would be
singular, and thus the numerical evaluation of 1/det(A) and A~ would be
impossible.

Finally, to demonstrate the numerical applicability of our approach we cal-
culated the lowest two rotational levels of the singlet hydrogen molecule
corresponding to the para and ortho proton spin states, respectively.

The presented LFCC formalism with the explicit translational contamination
correction is an alternative but equivalent to the traditional approaches using
some set of TICC with the Cartesian coordinates of the center of mass explicitly
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separated already in the Hamiltonian, e.g. [30,34]. The simplicity of the
LFCCs is an appealing choice for the variational solution of the Schrédinger
equation with the non-relativistic Hamiltonian. Furthermore, one can think
of more complicated operators for which the usage of the simplest possible
coordinate representation and the avoidance of any coordinate transformation
is more than just a comfortable option.
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Transition Dipole Moments using
Translationally Invariant Integrals

In this chapter we are interested in the evaluation of the electric transition
dipole moment. In a semi-classical picture, it mediates transitions between
two rovibrational or rovibronic states of a molecule induced by the electric
component of electromagnetic-radiation. Nowadays, most calculations rely
on the BO approximation which separates the electronic and nuclear degrees
of freedom. For small systems, however, very accurate calculations can be
carried out if the BO approximation is avoided. Simultaneous description
of electrons and nuclei using ECGs has been pioneered by the Adamowicz
group [3,31] and Suzuki and Varga [2,35,36]. In the present work we follow
these lines and extend our earlier work [29,30,81]. The basis functions are
constructed using ECGs [79,80,212-214] and the GVR [2,35,36] in order
to ensure that the wave function is an eigenfunction of the total spatial
angular momentum operators, L2 and L,, and parity. The basis function
parameters are optimized variationally through stochastic sampling. Rather
than relying on a set of Cartesian coordinates which separates the TICC from
the center of mass, we use LFCC. Any translational contamination to the total
energy is eliminated from the integrals as presented in chapter 4 [81]. We
illustrate in this chapter that this scheme can be applied to the calculation of
molecular properties such as the electric transition dipole moment. Previous
calculations in the literature of the electric transition dipole moment in a
pre-BO framework have been performed in TICC [215,216]. This chapter
was published in Ref. [217].
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Chapter 5 Transition Dipole Moments

5.1 Electric Permanent and Transition Dipole Moments in
Pre-BO Theory

In this chapter, we are interested in the components of the electric transition
dipole moment in pre-BO theory. In systems containing /N particles the electric
dipole moment operator is defined as

N
o= Z%Tz’ 5.1)
i1

where ¢; and r; are the electric charge and position of particle i, respectively.
This operator has odd parity and describes both permanent and transition
dipole moments. But although being closely related, there are significant
conceptual differences between the two types of dipole moments which we
will discuss in this section.

Molecules described in the BO approximation have generally a non-zero per-
manent electric dipole moment (i.e. they are polar). The only exceptions are
molecules which are non-polar due to certain symmetry properties contained
within the molecular structure (e.g. methane, benzene or H,). This illustrates
how closely the molecular structure and the permanent electric dipole are
related. The concept of structure (or shape) where the nuclei form a rigid
scaffold, which is stabilized by the electrons, is the core concept in chemistry
and clearly defined in the BO picture. Yet, there is currently no complete
understanding how this concept is to be interpreted in a pre-BO framework
since the nuclei are not fixed but treated as quantum particles to which par-
ticle densities are assigned. Several authors have been discussing the subject
in great detail [82,83,200,202,218-231].

Generally, the symmetry properties of a pre-BO wave function are enough to
gain some information about pre-BO permanent dipole moments. The total
pre-BO wave function is an eigenfunction of the parity operator if no external
potential is present. This is due to the isotropy of space and the resulting
conservation of the total spatial angular momentum. The parity of the pre-BO
wave function together with the odd parity of the dipole moment operator
results in an integral over a function with ungerade symmetry and therefore
always evaluates to zero. Yet, the squared length of the dipole moment

N N
plp = Z Z GgiTi T (5.2)
j=1 i=1

has even parity. Thus, the integral of the squared length has gerade symmetry
and is not strictly zero. We can conclude from this that a pre-BO wave function
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Dipole Moments in Pre-BO Theory 5.1

has no permanent dipole moment but can still be polarized. This indicates
that the permanent dipole does not exist due to the symmetry properties of
the wave function. This idea might be investigated in later work. Another
method to determine the permanent transition dipole moment (and higher-
order electric properties) was presented by Cafiero, Bubin and Adamowicz
[34]. They included the interaction energy of an external electric field with
the permanent electric dipole in the total Hamiltonian and extrapolated the
zero field energy and electric properties from results at various field strengths.

In contrast to the status of the permanent dipole moment, which is related to
the classical chemical structure concept, the evaluation of the electric transi-
tion dipole moment, which is a spectroscopic quantity, is more straightforward
in the pre-BO theory. The pre-BO wave function already contains not only
the electronic but also the rotational-vibrational degrees of freedom.

The subscripts i and f denote the initial and final states of a transition.
Transitions mediated through an electric transition dipole feature a set of
selection rules such that

g = (Wil 1 [Wg) #0 (5.3)

Electric transition dipole moments are complex three-vectors of the form
= (ftz, fiy, 1) ". The length of the electric transition dipole moment is then

| = (ut - p)t? (5.4)

For the spatial angular quantum numbers (L;, M;) and (L¢, M), with natural
parity p; = (—1)% and p; = (—1)™, the integral in Eq. (5.3) is non-vanishing if
Li—L¢ € {+1,—1} and for M ;— M € {+1,0, —1}. The selection rules for M,
are related to different polarizations of the absorbed/emitted light. For the
spin quantum numbers one finds S; — S; = Ms; — Ms; = 0. Transitions which
do not fulfill these selection rules are either symmetry forbidden (selection
rules related to L and M;) or spin forbidden (selection rules related to S
and My). Spin forbidden transitions become allowed if different spin states
mix, e.g, if relativistic effects are considered. Symmetry forbidden transitions
become allowed with respect to transitions mediated by means of higher-order
electric transition multi-poles.

Furthermore, degenerate substates have to be considered: Transitions involve
all rotational substates ¥, ,;, with —L < M, < L and all possible transitions
for which Eq. (5.3) is fulfilled. The squared length of the transition dipole
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Chapter 5 Transition Dipole Moments

moment is then obtained as [232]

L; L¢
W= > > KWyl Orn)f (5.5)

J=—Li k=—Ly¢

(

5.2 Evaluation of the Electric Transition Dipole Moment In-
tegrals

In this section we focus on the electric transition dipole moment and its
determination using ECGs with the GVR in an LFCC pre-BO framework. We
start by presenting two different forms of the electric transition dipole mo-
ment, commonly known as the velocity and the length representation. The
two representations are equivalent only for the exact wave function. Then,
expressions are presented for the transition dipole integrals.

5.2.1 Velocity and Length Representation

“ 7

The transition dipole moment between the initial and “f” final state is

Z (W5 |q;r;| Tf) (5.6)
7j=1

in the “length” (1) representation, while it can also be evaluated using the
“velocity” (v) representation [233]

N

v____ L 0
/’l’1f (E1 . Ef) ;<

The equivalence of Egs. (5.6) and (5.7) can be shown with the help of the
commutation relation

=R xpf> . (5.7)
m;

[H,qjm;] = —%V'rj : (5.8)

J
Acting with the initial state from the left and the final state from the right
leads to the integral

(W3] [H, qjm] [Tg) = — (T ! Vr |Ws) (5.9)

Exploiting the fact, that the inital and the final state are eigenfunction of the
Hamiltonian we find

(Ei — Er) (Wi| gjr; [Pe) = — (¥ ! Vr W) (5.10)
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Evaluation of the Dipole Moment Integrals 5.2

where E; and E; are the energies of the initial and the final states, respectively.
Eq. (5.10) can be easily rearranged into

1 .
Ul Lvy 0 (5.11)

[ gy () = — (¥
< |q]r]| f> (El_Ef)< |m]

which are the individual terms of the sums in Egs. (5.6) and (5.7). The
equality of the two sides in Eq. (5.11) holds only for the exact wave functions.
At the same time, no conclusion can be made [234], which representation is
less sensitive to approximations in the wave functions.

5.2.2 Evaluation of the Integrals

The following three-step evaluation procedure used already for the evalua-
tion of the overlap, kinetic and Coulomb potential-energy integrals [30] is
employed in the present work for the calculation of the transition dipole
moment integrals in both the length and velocity representation. The three
steps for some operator O are:

1. Evaluate the integrals of O with the generating functions of Eq. (2.35):

L = <g(’l“,A1,a1u] X €I)| O |g(7“,AJ,CLJUJ & €J)> . (5.12)

2. Evaluate the derivatives at a; = a; = 0:

O2Er+Lr  H2K;+L;

IQ — (5.13)

Li(ar,ay)
2K +L; 5 2K;+L; 1\ %
da; da’y ar=a;=0

3. Evaluate the angular integrals:
1 5 ~ vIxia \vLs (2
I3 = m /d&‘]/dE‘JYMiI(E])YMil(EJ)IQ(EI,EJ) . (514)

In order to avoid numerical instabilities, quasi-normalized basis functions are
used, i.e., each basis function is normalized with respect to its spatial part.
The (I*",J**) matrix elements for operator O are then

<¢§L1 Mer) (7' AIaufaKI

O ’¢ FoMe) (r; Ay, uy, KJ)>
, (5.15)

Oy =

‘QS(LI ,Mrr)

‘¢(L1 ,Mp 1)

LM (Lj,M o
where ‘gbg rMLD| and ‘gzﬁ 7M1 are the normalization factors and the square

brackets denote the matrix representation of O.
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In this chapter the integrals in Egs. (5.6) and (5.7) are evaluated with ECG
basis functions in the GVR. Instead of the original Cartesian components
a € {x,y,z} we use transformed components

()4 = (). — i(S2)), (5.16)
(€)- = (). +i(S2)), (5.17)
(). = (Q)). (5.18)

collected under the label 3 € {+,—,z} where Q; € {i""), x"}. The trans-
formed components are especially convenient for evaluating the angular inte-
grals. For the complete derivation we may refer the reader to the supporting
information of Ref. [217].

Following this integration scheme we get the expression:

(Ly,MLr)
I

QB ‘¢SLJ,MLJ)>

L1, M
‘ng 1.Mrr)

[Q5]1s = < )

(e () (2) (i) o

min(K7,Ky)

XCP(Ly. Ly, Myy, Myy) |G Y (i”ﬁ”) H,(m, K1, Ky, Ly)
I11PJJ

‘¢(LJ7MLJ

m=0

G?pu
Pry

P1ipP1J
Pripyg

+

D

m=1

N (det(QAI) det(QAJ)>3/4 (@)KI <]£>KJ ( D1J >LI (qJ)—1/2
det(Ayy) det(Ary) qr qs Varqs
min(KI,KJ—l—l)

> (M) Hy(m, K, K1, Ly)

PiipPyJ

min(K7+1,K ) m
( ) HQ(m7K17KJ7LI)

G?PJJ
PrJ

ng(LI, Ly, Mpr, Mpy)

m=1
min(KI’KJ)

PriprJ "
+G? § j ( ) Hi(m,K;, K;, L (5.19)
! PripyJ 1( had [)

m=0

where g € {+,—,z2}, A;; = A;+ A, and the terms related to the overlap of
the ECGs are

1
Dxy = §uXA;}uY with XY €{I,J} . (5.20)
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The length and velocity dependence is contained within the factors

Z dn AJAIJ'UI) Q= IJw(fV)
G = n(E: = Br) (5.21)

Z Gn IJUI if Q= l’l’i(fl)

nAA n . v
(yrldde e
mnE Ef) !

0 (5.22)
Z (A JUJ if Q= py

«_ " «_ " (193]

while the different contributions from the “x”, “y” and “2” components are
contained within the factors

CY(Ly, Ly, Mpy, Mry)

/
Lj+Mpy+1 My 5+1 .
<( . (2£j+1;E2LJ“F3§J )> 5MLJ’MLI(5LI7LJ+1 if =2
(Lyj—Mps+1) 1/2

/
_ L;j—M 2 .
- <( - (QEjilg(QLJ—iB) > 5MLJ7MLI+15LI7LJ+1 if 5 =+ (523)

/
Ly+Mp+2)(Ly+Mp +1 .
N <( . (2£j+1352i’J+3§J )) 5ML17MLJ+15L17LJ+1 if f=—

CY(Ly, Ly, My, M)

1/2
Li+Mp+1)(Lr—Mp+1 .
<( : (2£§+1§E2£,+3)L1 )> 5ML1,MLJ5LJ,L1+1 if ==z
1/2
_ Li+Mp+2)(Lr+Mp+1 .
) <( I+(2Eilig2ij+3fl+ )> Oy Mpr+10L,, 41 if 8=+ (5.24)
/
Li—Myp+2)(Lr—Mp+1 .
<( : (2£j+1§521{1+3§1 )> 5MLI»MLJ+16LJ,L1+1 if p=-

which include the selection rules for the different transitions. Note that the
selection rules emerge naturally from the derivation and are not included in
a technical fashion. In order to increase the efficiency of the calculations the
following terms are precalculated:

Hy(m, Ky, K, L)

Bynr
~ (K1 —m)![(Ky —m)!(2m + L)!
Hy(m, Ky, K, L)

_ Bim-1)L
(Ky —m + D)I(Ky —m)/(2m + L — 2)!

[F(K1, L+ 1)F(Ky, L) (5.25)

[F(Ky,L)F(Ky, L —1)]7? . (5.26)
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The remaining terms

1

qx = §u§A;§ux with X € {I,J} (5.27)
K
4" By
F(K,L)= 5.28
(K, L) mz:oéLK(K—m)!(K—m)!(L—i—Zm)! (5.28)

originate from the quasi-normalization.

Finally, we perform the back transformations from Egs. (5.16) and (5.17) in
order to obtain the original (z,y, z) Cartesian components

CIB(LJaLfa MLJ7MLI)

_ {%[ONLJ,LI,MLJ,MLI) O Ly, Ly My, Myl i = g o0
51O (Ly, Ly, My, Myr) — Ci (Ly, Ly, Mpy, Myr)] if B =y

Cy(Ly, Ly, My, M)

_ {%[CQ(LI,LJ,ML,MLJ) + O3 (L Ly Mu, M) i B=a oo
51Co (Lr, Ly, My, Mpy) — G5 (Ly, Ly, My, Mpy)] if B=y

This concludes the derivation for the integral expressions for the electric
transition dipole moment. The squared length is then calculated according to
Eqg. (5.5) as the sum of the squared lengths of the allowed transitions among
the degenerate substates of the initial and final state.

5.2.3 Elimination of the Translational Contamination

The contributions from c, to Eq. (5.19) are identified by substituting A and
u with their corresponding expressions in terms of A® and u®) according
to Egs. (2.37) and (2.38). Most of the contributions of ¢, cancel from the
integral expressions due to the quasi-normalization of the basis functions. The
remaining contributions of ¢4 are then eliminated from the integral expres-
sions by subtraction if necessary. There are two terms through which such a
contamination might be introduced in the dipole integrals: G%, Eq. (5.21),
and GY, Eq. (5.22). Performing the substitutions, we find that the results of
Eq. (5.19) are free from any translational contamination if ¢, is zero. This
allows us to evaluate and implement the transition dipole integrals using the
LFCC formalism.

The advantages of performing calculations in LFCC are three-fold. First, one
does not have to choose a set of TICC, which introduces some ambiguity.
Furthermore the physical picture is more intuitive, and most importantly, the
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many-particle integrals are evaluated more easily [27]. An advantage of a
TICC pre-BO framework is that the dimension of A is (N — 1) x (N — 1)
rather than N x N so some of the involved matrix operations become slightly
computationally less expensive. TICCs are also more suited to represent
correlations paths among certain particles [30].

Since the parameters ¢, and ¢, are independent for the specific choice of
the transformation U,, LFCC-TICC hybrid methods can be imagined where
specific correlations paths can be included into the parametrization. This idea
might be investigated in later work.

The numerical implementation of the dipole integrals has been validated for
HT* using the results of Bekbaev and co-workers [216] and Tian and co-
workers [215] as references.

5.3 Numerical Results

In this section we present numerical results for the electric transition dipole
moment calculated for the H, = {p™,p™,e",e”} molecule. Pure rotational
dipole transitions of H, with AL = +1 are not possible because of the al-
ternating ortho (S, = 1) and para (S, = 0) states in the ground electronic
state [229]. There can be however non-vanishing transition moments be-
tween rovibronic levels of different electronic states with the same electron
spin state (S.). Thus, we have considered rovibronic transitions between en-
ergy levels assignable to the two lowest-lying singlet electronic states in the
BO theory, X 12; and B 'YF (Figure 5.1). For these transitions the electronic
dipole transition function has already been calculated [235], but we are not
aware of any calculation of the dipole transition moments using this dipole
transition function in a non-adiabatic framework. In the present work, we
do not rely on any dipole moment function, but evaluate the electric tran-
sition dipole moments by directly evaluating the transition dipole integrals
with the pre-BO wave functions. The wave functions used in this chapter
have been successfully applied for the calculation of resonances in a recent
work [29]. The employed parameter sets corresponding to 2250 basis func-
tions for each state are provided in the supporting information of Ref. [217].
The mass of the proton m, was chosen in terms of the electron mass m. as
my/me = 1836.15267247 [236].

Table 5.1 lists the energies corresponding to the basis functions which we
use for the considered rovibronic states. We use reference values from the
literature to assess the quality of our parameter sets. All parameter sets are
either comparable to the best available reference values (X 12;) or better
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Table 5.1: Energies of the Hy = {p*,pT,e",e”} parameter sets used in this chapter together with references from the literature. The size
of the parameter sets was 2250 in all cases. All results are in atomic units. Only vibrational ground states are considered.

(L,p,Sp,S5e)" E [E,]° n [107°]¢ Ege-E [uE,] Ref.  Assignment?
(0,+1,0,0) -1.164025029 1.451 -0.0014 [237] X HMUM
(1,-1,1,0) -1.163485171 2.217 -0.0014 [237] X HMUM
(0,+1,1,0) -0.753027184 7.714 1.3813 [238] B HMUH
(1,-1,0,0) -0.752850232 1.515 1.4435 [238] B HMUH

a: L: Spatial angular momentum quantum number; p: parity (p = (—1)%); S, and S.: total spin quantum numbers for the protons and

the electrons, respectively.

b: Energy obtained from the parameter set used in a recent work [29]. The parameter sets are available in the supporting information of

Ref. [217].

¢: The virial ratio: n = |1+ (¥|V |¥) /(2(¥|T|¥))| where (¥|7T|¥) and (¥|V |¥) are the kinetic and the potential energies respectively.

In the case of the exact wave function we find n = 0.

d: Born—-Oppenheimer electronic state label. Each energy level given here can be assigned to the lowest-energy vibrational level of the

electronic state.
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Figure 5.1: Schematic visualization of the spectrum of Hy = {p*,pT,e",e"} for the lowest
two rovibronic states involved in this chapter. All states are illustrated in terms of the
BO and the pre-BO framework. The individual electronic states are designated by their
electronic state labels X '¥f and B 'S and the relevant quantum numbers (L: spatial
angular momentum state; p: parity (—1)L; S.: electronic spin state; S,: proton spin state).
Furthermore, all potential transitions are listed and it is designated whether the transitions
are allowed or forbidden with respect to electric dipole transitions. Note that the pre-BO
energy levels are generally higher than the corresponding BO energy levels.

(B '¥1) and therefore suited for the calculation of electric transition dipole
moments.

The calculated electric transition dipole moments are listed in table 5.2. The
transition dipole moments are presented with a precision that shows the
first differing digit. We recognize that the values for |p,i(§)] and ],ul(fv )| have

converged.

5.4 Summary

In this chapter, we presented the expressions for the integrals of the electric
transition dipole moments and its squared length. We exploited the simple
form of the electric transition dipole operators in LFCC. Integral expressions
were presented for the components of the transition dipole in the length
and the velocity representation. These two representations are only truly
equivalent in the case of the exact wave functions.

We have then calculated the electric transition dipole moments for the H,
molecule for transitions between the lowest two rovibronic levels of the ortho-
and para-H,. Some sensitivity to the approximation of the wave functions
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was observed. Yet this was negligible and we obtained converged results for
the electric transition dipole moments.

Furthermore we illustrated the strength of our scheme for the elimination of
the translational contribution to any internal molecular property. This scheme
was presented in our previous work [81] and allows us to perform pre-BO
calculations in LFCC. Previously, a linear combination of the LFCC into a set
of TICC, which separates the center-of-mass Cartesian coordinate, had to be
performed in order to eliminate any contribution from the overall motion of
the system.
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Ensuring Variational Stability

In this chapter, we focus on the issue of variational stability. Four-component
calculations rely on the kinetic-balance condition for variational stability. This
condition is well-defined for single fermions [14-22] and has therefore been
solely applied to orbital-based methods such as the Dirac-Hartree-Fock ap-
proach and relativistic variants of electron-correlation methods [99-101,106—
108,113,114,116,119,125-127]. A first solution to the problem of kinetic-
balance for explicitly correlated trial wave functions was only recently pre-
sented by Pestka and co-workers who have published a series of papers inves-
tigating the relativistic helium isotropic series treated as a two-electron system
in a central potential [58,72,182,189,192,193]. Their solution is an infinite
series of transformations of the individual components of the two-electron
16-spinor which is truncated in order to obtain an approximately kinetically
balanced trial wave function. Unfortunately, little technical information was
provided in Refs. [58,72,182,189,192,193] and it remains unclear how
such an approximate kinetic-balance condition can be extended to systems
containing more than two fermions. Other work focusing on explicitly corre-
lated four-component methods was recently presented by Ten-no and Yamaki
who have formulated an explicitly correlated four-component second-order
Mgller-Plesset perturbation theory using positive-energy-states projection op-
erators in combination with the one-electron kinetic-balance condition [239].
Li and co-workers have studied coalescence conditions for explicitly corre-
lated four-component wave functions [240] but without addressing the issue
of kinetic-balance.

As an alternative to the kinetic-balance condition, we investigate a numerical
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solution to the problem of variational stability. A modified matrix form of
the o - p was proposed by Schwarz and Mark [129].

6.1 Modified Matrix Form of the Dirac Hamiltonian

Mark and Schwarz have shown that variational collapse is primarily caused
by the incompleteness of a finite basis [129]. The problem is related to the
identity

(T|o-p|T)(¥|o-p|P) < (¥|p*|T) . (6.1)

For an incomplete basis, this relation becomes an inequality and the kinetic
energy of the non-relativistic limit is underestimated. Therefore is the total
energy underestimated which results in an energy, lower than the ground
state, i.e., variational collapse occurs. This problem becomes less severe for
a large number of basis functions and the energy obtained for the Dirac
hydrogen atom from a calculation using 1000 basis functions is accurate to
at least 9 significant digits.

If the basis functions for a one-fermion system have the form

([ .l
[(f)] if i<n/2

&, = (6.2)

0
if i>n/2
\[(ﬁf] i>n/

then the matrix form of the a-p operator exhibits a particular super structure:

0] [o-p]
o - p| = : (6.3)
[o-p] [0]

where the off-diagonal matrices are the matrix representation of the o - p
operator with the entries

o plis = (¢:l0 - plo;) - (6.4)

Schwarz and Mark [129] have proposed a modified matrix form of the [o - p|
operator based on the super structure of the matrix form of the «-p operator in
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Modified Matrix Form of the Dirac Hamiltonian 6.1

Eq. (6.3). The purpose of this transformation is to correct the non-relativistic
limit such that the relation

o 'p]zlod [0 - Plmod = [p2] (6.5)

is fulfilled even in a finite basis. For simplicity, only the one-fermion case is
considered here.

Their modified form reads as

[0 Pluoar = [0 - 1] (jo - p] ' [p)lo - p] )" (6.6)

where the square braces indicate that all operations are performed with the
matrix representations of the operators. Eq. (6.6) minimizes the relative
difference between [o - p]moa1 and [o - p]. In a footnote, Mark and Schwarz
[129] present another transformation which minimizes the absolute difference
between [o - p|moaz and [o - pl:

—-1/2

[0 Pluoaz = [p*]lo - p] ([0 - pl[p*][o - ) (6.7)

In principle, is is also possible to form the matrix form of o - p as the
matrix square-root of the matrix form of p?:

[0- : p]modS = [p2}1/2 . (68)

While this form is calculated most easily, it does not contain information from
the unmodified o - p operator.

The modified [o - p] matrix can then be used to form the modified [« - p]
matrix as

[0] [0 - Plinod
[ Plmod = . (6.9)
[0 - Plmod 0]

The first two transformations involve the inverse of the [o - p] matrix. This
step is prone to severe numerical instabilities and requires great care when
generating a parameter set. This problem can partially be solved using an
increased numerical precision, e.g., using the GMP library [241].

The square root of a matrix X can be calculated from the diagonal eigen-
value matrix  and ortho-normal eigenvectors @ as

X2 =QT0'2Q (6.10)
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where Q2 is a diagonal matrix containing the square-root of the eigenvalues
as elements. However, the evaluation of @ is another source of numerical
problems. This issue is not so easily solved. Extremely high numerical pre-
cision is required to ensure numerical stability. This is not a problem of the
implementation or the algorithm. We have tested the MPACK library [242]
(an implementation of LAPACK and BLAS based on GMP) and the eigen pack-
age [241] using MPFR [243] for increased numerical accuracy. They rely on
the same eigensolver (QR algorithm [244-246]) and yield identical results.

Furthermore, we implemented a custom eigensolver based on the divide
and conquer algorithm according to Gu and Eisenstat [247] using the MPFR
library and the eigen package. It yields identical results as the QR algorithm.
In addition to the increased numerical precision, a simple test

max |[X] — [X]V2X]Y? <€, (6.11)

where ¢ is some threshold to be specified by the user, is performed and
parameter sets where Eq. (6.11) is not fulfilled are discarded in the process
of stochastic sampling.

Calculations using the numerically stabilized framework still exhibit pro-
lapse. This is independent from the modified form of the o -p operator. All of
them yield results for the Dirac hydrogen atom with relativistic effects about
ten times as high as compared to the analytical solution.

6.2 Derivation of the One-Electron Kinetic-Balance Condi-
tion

An effective means of dealing with the problem of variational collapse is
the kinetic-balance condition [14-22] which relates the large and the small
component of the one-fermion eigenfunction:

i)~ T Polr) (6.12)

2me

The derivation of this relation is straightforward. The Dirac eigenvalue prob-
lem

(hp — E)(r) =0 (6.13)
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One-Electron Kinetic-Balance Condition 6.2

leads to a set of two linear equations for the two-component parts of the
4-spinor of Eq. (3.4). After the energy spectrum has been shifted by —mc?,
this system of equations reads

(V- E)!(r) +co-p9'(r) =0, (6.14)
(V — E—=2mc*)ps(r) +co-p d'(r) =0 . (6.15)

We only need one of the two equations to relate the small component to the
large one. Since the o - p has no multiplicative inverse, it is more convenient
to choose the second equation in order to obtain an expression for °(r).
After rearranging the terms, we obtain the exact relation for Eq. (6.15)
s co-p 1

r)= r) . 6.16
wi(r) (E—V+2m02)¢() (6.16)

This relation depends on the energy of the system which is not known a priori
but is one of the desired results of the problem. Eq. (6.16) can therefore not
be applied to our problem. However, due to the large value of mc? and the
fact that we are interested in systems for which £ and V are comparatively
small, we can introduce the approximation

E—V +2mc® ~ 2mc? . (6.17)

Inserting this relation into Eq. (6.16) yields the kinetic-balance condition in
Eq. (6.12).

Obeying Eq. (6.12) for basis-set expansions yields a variational stable pa-
rametrization of the trial wave function. For convenience, we denote the
kinetically balanced components as

l 1
wir) =~ ] - [a_p] /(o) (6.18)
2mc

Eq. (6.12) may also be formulated in terms of the one-fermion model spaces
[18,71,72]

) e H' and |s) € (o-p)H C H® . (6.19)

The kinetic-balance condition in Eq. (6.12) also ensures the correct non-
relativistic (NR) limit for ¢ — oo. Forming the Rayleigh coefficient according to
Eq. (3.29) and taking the limit ¢ — oo leads to the non-relativistic Schrodinger
energy:
2
p
Ll—+ V]l
_ (¥]hp |¥) < ‘Qm ‘ >
ENR = lim = . (620)
oo (W |W) N
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Chapter 6 Ensuring Variational Stability
For our purposes here, it is important to realize that the small component is
imaginary

|s) = — (s (6.21)

if |I) is chosen to be real, since the momentum operator in the kinetic-balance
condition is imaginary.

6.3 Partitioning of the Wave Function

The wave function for N non-interacting fermions can be constructed as the
direct product of one-fermion 4-spinors ,(r;),

U(r)=19,(r)®...0¢Y;(r) ®...0Yy(ry) , (6.22)

where we leave aside the antisymmetrization for the sake of brevity. Now,
r = (ry,...,7y)T collects all N one-fermion coordinates. In the case of two
fermions, we have the direct product of two basis states

F(r1)yh (r2)

L (r)ys (r2)

i'(r1) 5 (ra) i(ﬁ)?/}%;("“z)
wimewir= |0 o L0 - | | - €

) 2(ra)] | )2 ()

| V5% (1) Y53 (rs) |

The superscript indicates the element of the one-fermion four-spinor: The
letters [ and s indicate the large or the small 2-spinor as before. The number
attached to these letters indicates the element of a 2-spinor. For instance, the
elements of the large-component 2-spinor are then

Wi(r) = { ;EZS] : (6.24)

An N-fermion wave function for arbitrary fermions may be constructed to be
consistent with the model space

HN =Hl g oHMY @ H (6.25)
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where each H*+*~ is constructed from the one fermion model spaces
HMW = HN @@ B (6.26)

with Ay,..., Ay € {l,s}. The highlighted vector components in Eq. (6.23)
are those contained within the model space H!. We recognize that the wave
function in Eq. (6.22) and the model space in Eq. (6.25) are not compatible
since it is not possible to partition Eq. (6.22) in terms of the one-fermion
model spaces. However, we can reorder the spinor elements of the wave
function as

PTO(r) =4, (r)X... Kap,(r;) X...Kpy(ry) (6.27)

where X is the Tracy-Singh product and P is a permutation matrix (see
Eq. (B.4) and further detaills in the appendix B.1). Then, our two-spinor
example reads

L)y (rs)
L) (rs)
Pl (r1) ® Ph(ry) E(ry)yh ()
_ | () @ 93(r) _ 2(r) 2 (ra)
1(r1) Kby (ro : 1 2 (6.28)
1/) ( ) 1/) ( ) ¢i(7'1) ®’l,b2(’l"2) 111(T1)w§1(T2)
Pi(ri) @ P5(ra) Lp s (ry)
()0 (rs)

The vector components highlighted in Eq. (6.28) are those contained within
the H" model space as in Eq. (6.23). We see that the wave function in
Eq. (6.28) can be partitioned such that the individual components are part
of the different model spaces in Eq. (6.25),

[PTO ()" = )i (r) @ ... @) (r) @ ... @ PN (ry) (6.29)

where \;,..., Ay € {l,s} as in Eq. (6.26).
The Hamiltonian is transformed accordingly (cf. Eq. (B.3) in the appendix)
HY = PTHY P
N N
= P (hp(i)+ W)P = hprs(i) + PTWP (6.30)
i=1

=1
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with

hprs(i) = PThp(i)P

where all matrices are partitioned into 2 x 2 blocks. The potential-energy
operator

N
W => g(ij) , (6.32)

i<j

which describes the pairwise interaction among the fermions, will be invariant
under this transformation if the instantaneous Coulomb interaction only is
considered as it is a diagonal matrix with identical entries. The situation
is more complicated when magnetic interactions are taken into account. An
N-fermion wave function for 1/2-fermions can then be partitioned in terms
of the model space into 2" components each of dimension 2%,

Wl...l(,,,)

O(r) = [ohv)| (6.33)

| iy

Note that a related reordering of the Hamiltonian similar to Eq. (6.30) is
key for the quaternion formulation of four-component self-consistent filed
algorithms [248].

6.4 Exact Two-Particle Kinetic-Balance Condition

In this section, we derive the kinetic-balance condition for explicitly correlated
basis functions for a system of two fermions. According to Eq. (6.25) the
model space takes the form

HO = H M @ 1 @ H (6.34)

where the four model spaces

H' =H @ H (6.35)
H =H @ H (6.36)
H' =H @ H (6.37)
H* = H @ H (6.38)
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Exact Two-Particle Kinetic-Balance Condition 6.4

are formed from the single-fermion model spaces H' and H°. Each model
space in Egs. (6.35) — (6.38) is assigned to one of the four components in the
wave function. The Dirac Hamiltonian has to respect the Tracy-Singh product
(see Eq. (B.1) in the appendix) to match the partition of the wave function
according to Eq. (6.33). We then obtain the following block structure for the
two-fermion Hamiltonian defined in Eq. (6.30):

\V4 cloy-py)  clor-py) 0
. V — 2muc? 0 c(o1-py)
HY _ |cloz-py) ’ o | €3
prs(T1,72) c(or - py) 0 V —2mic®  c(oy-p,y) (-39
0 clorp) o2 py) V- 2mid

where we have introduced an energy shift of the whole spectrum by a factor
of —mysc? with mys = my + my and introduced V = V(r)) + V(ry) + W
as the total potential-energy operator. Also, we absorbed the direct products
into o; as

01:<Uz®12;ay®12702®12)T ; (6.40)
and

0'2:(12®0'x,12®0'y,12®0'2)T . (641)

The idea of kinetic-balance is to relate the small-component one-fermion
model spaces to their large-component one-fermion model spaces in the eigen-
value problem

(HE?TS _ E) W(r, ) =0 . (6.42)

This leads to a system of four equations, according to the Egs. (6.14) and
(6.15):

0= (V —E)¥" + c(oy-py)¥" + c(oy - p,) P (6.43)
0=c(oy py)P" + (V — E — 2my®) ¥ + ¢(oy - p,) T (6.44)
0=c(o -p))¥"+(V — E —2m;*)¥* + c(oy - p,) T (6.45)
0=c(oy-p)P" + c(oy - py) T + (V — E — 2mpc?) U (6.46)

where we have suppressed the coordinate dependence of the 4-spinors and
will continue to do so where appropriate for the sake of brevity. We have to
eliminate one of these four equations because we search for relation between
the four components of the wave function which we can then apply as a
constraint for choosing explicitly correlated basis functions. As in the case of
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a single fermion, we eliminate the energy E from the equations using the
approximate relation

om;t + E —V =~ 2m;c? (6.47)

where m; € {my, ma, m; + my}. We eliminate the first equation, Eq. (6.43),
from the system of equations since it is the only equation where 2m;c*> does
not occur so that Eq. (6.47) cannot be applied. After applying Eq. (6.47) to
Egs. (6.44) — (6.46), we find the following relations among the four compo-
nents of the two-fermion wave function:

~ c(og -p2)\I’” — 2my P+ cloy-p,)¥* (6.48)
0~ c(oy-p) " — 2m, 2O + c(oy - py) T (6.49)
0~ cloy p)T" + c(oy - py) T — 2my 2T (6.50)

The matrix form of this under-determined system of linear equations can be
interpreted as the augmented form of a linear system with a unique solution:

(2:py)  —2mac 0 —(o1-py)] {1}
A= |(o1-py) 0 —2myc | —(o2-py) | {2} (6.51)
0 (01-p1) (02-Pp,) 2myac {3}

The augmented form of linear systems and row reduction are explained in
more detail in section B.2 in the appendix. The number in curly brackets on
the right-hand side of every row indicates the line number. It will be used
to express the manipulations in the row reduction below.

There is no row-reduced echelon form for the augmented form in Eq. (6.51).
The lack of a multiplicative inverse of the differential operator prohibits us
from setting the leading element of each row of the row-reduced echelon
form to 1 (see Eq. (B.8) in the appendix) and therefore to relate ¥!(ry,r,),
Uis(py,ry) and Usl(ry,ry) to U*(ry,ry). However, we are able to find a
similar form with pairwise relations between V**(r;,7,) and the other three
components. We now present the individual steps necessary to obtain this
modified row-reduced echelon form:

1. Insert (o1 - py){1} — (o2 - py){2} into {2}:

(o2 py) —2mgc 0 —(o1-py)] {1}
0 —2mac(or - py) 2muc(oz-py) | p3—pi | {2}
0 (o1 py) (02 ps) 2mize | {3}
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2. Insert {2} + 2mqc{3} into {3}:

(0'2 ‘Pz) —2mgac 0 —(0'1 'Pl) {1}
0 —2myc(oy-py)  2mic(oy - p,) p3 — D} {2}
0 0 2miac(oy - py) | P2 — P? + dmamyac?] {3}

mq9 mq .
3. Insert ———{2 —13} into {2}:
{2} (3} into {2}

(o2 py) —2mgac 0 —(o1-py) {1}
0 2771126(0'1 . pl) 0 p? — p% + 4m1m1262 {2}
0 0 2m120(0'2 . pQ) p% — p% -+ 4m2m1202 {3}

4. Insert (o - p;)mia{1l} +mo{2} into {1}:

miz(os - py)(01 - Py) 0 0 —mupi — maps + dmimiac®] {1}
0 2mysc(oy - py) 0 p? — p3 + dmymyac? {2}
0 0 2miac(oy - Py) p3 — p? + dmamyac? {3}

We instantly recognize that we have now a set of simple pairwise relations
between W*(ry,ry) and the other three components

—(o1 - py) (03 - py)my P = (mlpf + mayps — 4m1m2m1202) s (6.52)
—2¢(oy -pl)mlg\IllS = (pg —p? — 4m1m1202) Pos (6.53)
—20(0'2 . pQ)mlg\IJSZ = (p% — pg — 4m2m1202) pee (654)

and note the similarity of the operators acting on the components on the left
hand sides of the equations. Forming the least common multiple from these
operators, we can introduce a 4-spinor ©(r,r,) related to the W*(ry,ry)
component

W (ry,1r9) = —2cmya(o - py) (02 - Py)O(T1,732) (6.55)

insert it into Egs. (6.52) — (6.54) and eliminate identical terms on both sides.
Instead of relating the upper component to the lower component, we relate
all four component to some spinor ®(r;,r;) having the same dimension as
a single component:

|ll> = Ull@(rlv 7"2) = (mﬂ?? + mgpg — 4m1m2m1202) @(’I"l, ’l"g) (656)

|ls) = Ujs®(ry, 72) % (P3 — P — 4mimaac®) O (71, 12) (6.57)

(o1-p1)
2c
|ss) = Uss®(r1,1m2) = —maa(o1 - py) (02 - Py)O(11,72) . (6.59)

|sly = Ug®(11,72) (pf —p5 — 4m2m1202) O(ry,72) (6.58)
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Here, we have introduced the short-hand notation for balanced components
equivalent to the one-fermion case. The physical role of @(ry, ry) will become
clear when we study the non-relativistic limit (see below).

W*(ry,ry) is for any type of function uniquely defined by ©(ry,r3) up to
a constant factor, i.e., the constant of integration, due to the differential
operators involved. For square-integrable functions, this constant factor is
zero. Hence, cancellation of differential operators is not a problem and all
components are uniquely determined by ©(rq, ;).

Egs. (6.56) — (6.59) show that there is some connection to the one-fermion
kinetic-balance condition. The highest-order terms in ¢ in each of the four
relations are those one would obtain from the one-fermion kinetic-balance
condition applied for both fermions subsequently.

We can now analyze the real and imaginary parts of the four components.
Because of the odd number of (o - p,) and (o2 - p,) operators acting on |sl)
and |l/s), respectively, we find that these two components are imaginary and
because of the even number of (o, -p,) and (o5 - p,) operators acting on |ll)
and |ss), respectively, we find that these two components are real.

Last, we consider fermion exchange symmetry for the two identical fermions
leading to the relations [58]

\I’”<'f’1, ’I’Q) = —\I’”(T’Q, 7’1) (660)
'I’ZS<7"17 Ty) = —‘I’Sl("“2, 1) (6.61)
U (ry,12) = =W (ra, 1) (6.62)

which have to be fulfilled in addition to the relations in Egs. (6.56) — (6.59).
©(ry,ry) is antisymmetrized before the components are constructed according
to Egs. (6.56) — (6.59) because the operators (o - p;) and (o2 - p,) do not
commute with the permutation operator which exchanges fermions 1 and 2.

6.5 The Non-Relativistic Limit

The one-fermion kinetic-balance condition yields the correct non-relativistic
limit for ¢ — oo. This is a key requirement ensuring variational stability. We
therefore require any kinetic-balance condition for more than one fermion to
yield the correct non-relativistic limit.

Finding the non-relativistic limit for the one-fermion case is fairly trivial. For
the two-fermion kinetic-balance condition, this is somewhat more involved.
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In order to find the correct limit, we rely on I'Hopital’s rule for limits,

lim f(x) = lim I'(z)

ay g(x) o= g'(2)

(6.63)

where f’(z) and ¢'(x) are the derivatives of f(z) and ¢(z) with respect to x
and y is the limiting value of z.

The non-relativistic limit of the two-fermion total energy for an kinetically
balanced wave function according to Egs. (6.56) — (6.59), can be taken as a
limiting case of the Rayleigh coefficient

(2)
(2) 1 <‘I’|HDTS|‘I’>
Bl Hprs, O] = lim ~— 55 g3

We now apply I'Hopital’s rule to Eq. (6.64) by taking the fourth-order deriva-
tive with respect to ¢ of both the nominator and denominator:

84
@) _ galllelor-pi)|ls) + (] c(oz - po) |sl) + (T| V)
Engr[H prg, ©] = lim

c—00 ot
90t (U |P)
— tim (©]192m2,mim3p? + 192mi,m3myp3 |©)
=00 384mi,mim3 (© |O®)

(©]384m2,m*m3V + O(c?)|O®)
384mi,mim3 (O |O)

(6.65)

Only the potential-energy term still contains contributions depending on c.
These contributions are of order ¢~ and higher. When taking the limit, they
are all zero and we find the limit to be a simpler Rayleigh factor depending
on O(ry,rsy)

Exg = ; (6.66)

which is clearly the Schrodinger energy and therefore the correct non-relativis-
tic limit is obtained. The limit also identifies ®(r;,r5) as the non-relativistic
two-fermion Schrédinger wave function.
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From Eq. (6.65) we see that different components define the non-relativistic
limit for the kinetic-energy part and the potential-energy part. For the kinetic
energy, the non-relativistic limit is defined by the components |il), |ls), and
|sl). The non-relativistic limit of the potential-energy is only defined by the
|ll) component. The |ss) component is not directly involved in defining the
non-relativistic limit.

Only the leading terms in c¢ of the three components define the non-relativistic
limit since we have used I'HoOpital’s rule. The leading terms are

i) (¢*) = —d4mimamiac® (6.67)
IIs) (¢) = —2mymqac(oy - Py) (6.68)

and
|sl) (¢) = —2mamysc(oy - py) - (6.69)

We note the similarity to Eq. (6.12) and realize that the non-relativistic limit
is determined by the one-fermion kinetic-balance condition. The one-fermion
kinetic-balance condition may not be sufficient to ensure variational stability
[18,71,72]. Then, the non-relativistic limit will not be a sufficient, albeit
necessary condition for variational stability.

6.6 Kinetic-Balance Condition for more than Two Fermions

The derivation presented in section 6.4 can also be applied to systems with
more than two fermions. How this can be achieved for the result obtained
by Pestka and co-workers [18,71,72] is not obvious and was not discussed
in their papers. In our ansatz, we obtain rather lengthy expressions for three
fermions, which we refrain from presenting explicitly for the sake of brevity.
The resulting expressions can, however, be expanded into a polynomial with

respect to ¢. The individual terms dEB)(c) feature an important property
A (c) = ki(ma, ma, ms) x O (@) - )" (- py) (075 ps)” (6.70)

where the positive semi-definite exponents u,v and w obey the constraints
0<(u+v+w) <7 and we have

0'12(0'x®14,0'y®14,0'z®14)T ; (6.71)
0y =(1,00,015,1,00,01,, 1,00, ®1,)" | (6.72)
o3=L®0,14®0,1,00,) . (6.73)
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The multiplicative prefactors k;(m;, ms,m3) depend on the masses of the
individual fermions and the kinetic-balance condition expressions simplify
significantly if all three fermions have equal masses.

From Eq. (6.70), we recognize that the explicitly correlated kinetic-balance
condition for three particles features the momentum operator to the power
of seven, which is most unfortunate from a computational point of view.
However, we also see that the power of the momentum operators decreases
with increasing orders of c¢. The leading terms with respect to ¢ are again
the one-fermion kinetic-balance terms and ensure the non-relativistic limit.

Also the two-fermion kinetic-balance condition can be expanded in terms of
the type in Eq. (6.70) as

di?(c) = ki(ma,ma) x 7@y py) (o - py)" (6.74)

The multiplicative prefactors k;(mq, ms) again depend on the masses of the two
fermions. The positive semi-definite exponents v and v obey the constraints
0<(u+v)<3.

Comparing the results for two and three fermions listed in Egs. (6.70) and
(6.74), we can conclude that the power of ¢ and the power of the o; - p,
operators behaves as follows for the different terms in the exact solution

N
dEN)(c) = ki(my,...,my) x 2V H(o'j p;)" (6.75)
j=1
where
N
0<u=)» u;<2N+1, (6.76)
j=1
and where the multiplicative prefactors k;(m,...,my) depend on the masses

of the different fermions and all exponents are positive semi-definite. In con-
trast to the approach by Pestka and co-workers [18,71,72], it is now possible
to systematically formulate approximate forms for the explicitly correlated
kinetic-balance conditions with respect to the order in ¢, in order to reduce
the computational cost associated with high powers of the o; - p, operator.
As an example, we present the approximate kinetic-balance condition for an
electronic system of three particles where only the first few leading terms of
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c are included:

1) = (48" = 14((o1 - p1)* + (02 - Py)* + (05 - p5)°)c*) © (6.77)
lls) = (o5-ps) ((—(o1-p1)* = (02-py)° — T(o3 - p3)°) +24¢°) © (6.78)
Isl) = (05 py) ((—(o1 - py)? = T(02-py)* — (03 - P3)*)® +24¢°) © (6.79)
llss) = 12(oy - py)(o3 - pg)c C] (6.80)
sil)y = (o1-py) ((=7(c — (02 py)° — (05 -p3)°)’ +24¢°) © (6.81)
|sls) = 12(c1 - p1)(0os ) (6.82)
|ssl)y  =12(oy - p,)(02 - py)c'O (6.83)
|sss) = —6(01-p,) (02 py)(03-p3)C°O . (6.84)

Here, we have used the definitions in Egs. (6.71) — (6.73) for the o, - p;
operators. O(r) with r = (ry, 7y, 73)T is the non-relativistic limit of ¥(r).
We see that the lowest order of ¢ that we need to consider is 3 due to the
|sss) component. Egs. (6.77) — (6.84) can be considered a minimal explicitly
correlated kinetic-balance condition for an electronic three-fermion system.

6.7 Basis-Set Expansion and Numerical Results

Until now, we have only considered state functions. In practice, the state
function is approximated in terms of a basis set expansion

where ¢; are the expansion coefficients and ®;(r) are the basis functions used
in the expansion.

The one-fermion kinetic-balance condition can be imposed by a transformation
[48] of the basis functions,

Uvll=1, o'p (6.86)

where p = |p|. The model spaces for the large and the small components are
generated in terms of this transformation and the advantage of this form of the
kinetic-balance condition is that the large-component and small-component
model spaces are normalized. This is equivalent to the transformation of the
state function in terms of the transformation matrix in Eq. (6.86). Yet, it
is also possible to transform the Dirac Hamiltonian and then form identical
model spaces for the large and small components. The transformed Dirac
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Hamiltonian is the so-called “modified Dirac Hamiltonian” and is the basis of
exact decoupling methods [48].

A similar transformation can be formulated for the explicitly correlated kinetic-
balance condition as

U i
i 0 0
| Ul -
0 ﬁ 0 0
Ul = . Ols v, (6.87)
’Usl| U
0 0 0 5
L |Uss|

in the notation introduced in Egs. (6.56) — (6.59). The N-fermion trial wave
function is then expressed in terms of the transformation as

)= ¢ (U;@@i(r)) . (6.88)

(2

6.7.1 Numerical Results

As an example, we present numerical results for a simple two-electron system:
the helium atom treated as two electrons in a central potential in the BO
approximation. Since we consider only the ground state, we can generate a
trial wave function according to Eq. (6.88) using ECGs [2,3,27,29-31,34—
36,79-81,217,249-257],

1
O(ry,7r5) = exp (—é’rT (A®13) ’r) , (6.89)
where A is a 2 x 2 positive definite matrix and r = (ry,7,)" collects the
Cartesian coordinates of the two fermions. Insertion of the trial wave function
of Eq. (6.88) into the Rayleigh coefficient

(uilem)| HE s [uiilem)
(6.90)

ElHrs O(r)] = (uiew |uilem)

and minimization with respect to the expansion coefficients ¢; yields the
generalized eigenproblem

HC =ESC . (6.91)
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The Hamiltonian and overlap matrices are defined as

H, = (U0 Hs |Ui () (6.92)

and

N N
S = (U 6s(r) )U;B>@J(r)> (6.93)
for n basis functions, respectively. They are of dimension n xn. C isanxn
matrix containing the expansions coefficients ¢; and E is a n x n diagonal-
matrix with the energies as its entries.

Table 6.1 lists the energies we obtained for the ground state of the helium
atom for various sizes of the parameter sets together with the non-relativistic
limit of each parameter set. We recognize that both the relativistic energy and
the non-relativistic energy continuously approach the ground state energy of
the reference, forming an upper limit to the actual energy.

Table 6.1: Energies of the He= {¢7,e”} atom for different parameter sets. AEgR
and AEyg are the differences between the calculated relativistic and non-relativistic
energies in comparison to the reference values, respectively. With increasing size of
the parameter set, the energy gradually converges towards the reference values in
a variationally stable fashion.
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n Er [E)] AER [E}] Exr [Ex] AExr [E]
50 -2.90377913 0.00007771 -2.90364752 0.00007686
100 -2.90385291 0.00000393 -2.90372249 0.00000189
500 -2.90385512 0.00000172 -2.90372403 0.00000035
1000 -2.90385650 0.00000034 -2.90372431 0.00000007
Ref. [72] -2.90385684 Ref. [258] -2.90372438




Dirac—Coulomb Fine-Structure of
Hydrogen-Like lons

In this chapter, we extend our non-relativistic pre-BO framework [29, 30, 81,
217] to a relativistic first-quantized formulation employing the Dirac Hamil-
tonian [55,259], which is the basis of most of relativistic quantum chem-
istry [7-13]. Here, only the matter field is quantized, while the radiation
field is described classically.

Despite the popularity and importance of the Dirac Hamiltonian in relativistic
quantum chemistry, there exist few explicitly correlated methods due to vari-
ational problems caused by the unboundedness of the energy spectrum of the
Dirac Hamiltonian. For so-called four-component methods, variational stabil-
ity is ensured through the kinetic-balance condition [15]. For orbital-based
methods, the one-fermion kinetic-balance is a reliable means of avoiding vari-
ational collapse. Pestka and co-workers have presented an approximate form
of explicitly correlated kinetic-balance without explaining the means for gen-
eralization for more than two particles [58,72,182,189,192,193]. The exact
explicitly correlated variant was presented in chapter 6.

We treat all particles on equal footing and therefore do not invoke the BO
approximation. Hence, our framework represents a pre-BO theory (note that
the term "non-Born-Oppenheimer” may refer to various theoretical improve-
ments that go beyond the BO approximation while we want to stress by
”pre-BO” that the "ubiquitous” BO approximation is not applied at all). As a
basic problem is related to the overall motion of the system we have to elim-
inate translational effects in order to be able to formulate a translationally
invariant theory.
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Chapter 7 Dirac—Coulomb Fine-Structure

7.1 Relativistic Trial Wave Function

The trial wave function employed in this work is partitioned according to
Eq. (6.22) with the components labeled according to Eq. (6.33) and approx-
imates the eigenfunction W(r;,rs) of the Dirac Hamiltonian in Eq. (3.7) as
a linear combination of explicitly correlated basis functions ®;(ry,rs)

W(ry,ry) = Z Z cg\CI’g\(rl, rs) . (7.1)
i AeA
Here, ®)(r,, ;) are the components of the individual basis functions where
A e A={llls,sl,ss} indicates the component. Each basis function is related
to its non-relativistic limit ©;(ry,r;) as [260]

(DZ‘(T'l,’I"Q) = U%?])g)@i('f’l,’l’g) . (72)

The trial wave function, is therefore generated from its non-relativistic limit
and the linear expansion in Eq. (7.1) can then be formulated as

‘IJ(’I"l, Tz) = Z ZCZ)\ <U£<2])3®Z(T1, ’I"Q))A . (73)

1 AEA

We now need to choose proper basis functions for the ©;(r;,ry) part of the
basis functions ®;(r;, 7). Since pre-BO theories are well established for the
non-relativistic theory, we follow recipes given in previous work [29,30,81,
217] as a guide for choosing efficient basis functions.

The spatial part of ©;(r;,r;) will be represented by ECGs in the original
LFCC

Gi(r; A;) = exp <—%’PT(AZ' ® 13)7') (7.4)

where A; is a positive definite 2 x 2 matrix and » = (r;,ry) collects the
Cartesian coordinates of the two fermions. ECGs were originally introduced by
Boys [79] and Singer [80] and have been successfully used in our previous
non-relativistic work [29, 30,81, 217]. ECGs are also commonly used by
Adamowicz and co-workers for their non-relativistic work [3,27,31,34,249-
257] and by Suzuki and Varga [2,35,36].

In a series of papers, Marsch has derived an analytical solution for the two-
fermion Dirac Hamiltonian [261-264]. In a first step, angular and radial
degrees of freedom are separated. This leads to the total angular momentum
operator

J=L+8 (7.5)

82



Relativistic Trial Wave Function 7.1

where L is the total spatial angular momentum operator and S is the total
spin operator. Its square

J =L +2L-S+ S (7.6)

and projection onto the z-axis

~

J.=L.+8. (7.7)

commute with the two-fermion Dirac Hamiltonian and the angular part of
©,(ry, ) is constructed from the GVR [2,35,36]

1" (0) = [0 () (7.8)
with the global vector
v=(u®1l3)r, (7.9)

and the strictly non-negative integer I, as the eigenfunction of operators J>
and J,. In this work, we focus on the case where K = 0. The GVR is an
eigenfunction of the total spatial angular momentum operators L? and L,
in non-relativistic theory describing the spatial angular momentum state in
terms of the quantum numbers L and M;. The GVR has been previously
used in our non-relativistic work [29,30,81,217]. For the spin-triplet state,
we find two possible representations. The first one, where k = J = L + 1, is

Mg -1
LEK/[ALJL L (v)

My | (L+1)2—M? Vi (v)

o1 (v) = \/2(L 1)L 1) Mz () : (7.10)
Ve ()

and the second one, where k = —/ and j =1 —1, is

v @)
L2 — M? 2 (v)
0" (v) = | e L . 7.11
L =\t M () (7.11)
_ ] in\/[]@jlyiwL-ﬁ-l(v)
Here, we have introduced the auxiliary quantum number k.

The well known fine-structure of the hydrogen atom only shows up in the
spin-triplet state. The spin-singlet state lacks the spin-orbit splitting. We do
only consider triplet hydrogen in this work.
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The ECGs and the total angular momentum function formulated in terms of
the GVR can then be combined to form

Oi(ri,r2) = @X@ (T, s u, Ay)

VL ()
B L+41)2 - M? ME (v;)
SV 20L+1)(2L+1) M (;)

— My +1
LEM]\filyL P (vy)

—~

exp (—%’I"T(Ai ® 13)r> (7.12)

for states with J = L + 1. The matrix A; and the global vector u; are the
two non-linear variational parameters of basis function i. Their structure is
discussed in chapter 4.

The linear factors ¢} in Eq. (7.3) are determined such that they minimize the
Rayleigh quotient in Eq. (3.29). This leads to the generalized eigenproblem

HC =ESC (7.13)

which is solved for the diagonal (n x 2V) x (n x 2V) matrix E containing the
energies of the different eigenstates and the (n x 2V) x (n x 2V) matrix C
which contains the expansion coefficients from Eq. (7.1). H and S are the
matrix representations of the Hamiltonian and the overlap with the elements
defined as

N
Honin nnn) = (U0 ()

H |Uie,m)”) 714
and

N
Swensanening = ((ULIO ()

URe.r)™) . (7.15)

respectively. The two matrices are of dimension (n x 2V) x (n x 2V). We use
the indices I, J, A\; and )\; which run from zero in order to obtain simpler
relations.

The generalized eigenvalue problem corresponding to the matrix representa-
tion of the Hamiltonian is solved using the standard linear algebra library
routines of LAPACK (Version 3.2.1) [265] through the Armadillo framework
(Version 3.4.0) [266].

7.2 Integrals over Cartesian Explicitly Correlated Gaussians

The kinetic-balance condition presented in Egs. (6.56) — (6.59) requires the
action of the o - p operator on the function ©y; ,(ri,72;u;, A;) defined in
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Eq. (7.12). Unfortunately, the basis function does not maintain its general
form due to the GVR. We therefore have to recast the GVR in a form which
is invariant under the action of the o - p operator. The simplest form are
explicitly correlated Gaussians with Cartesian polynomial prefactors (CECGs):

Gr; A =T] [ rlrc:a (7.16)

where [ is a vector containing the exponents for the different factors in the
polynomial and where we have omitted the basis function index for the sake
of brevity. For K = 0, the GVR can be expressed as a linear combination of
Cartesian polynomials [2] according to

=

Me () — \/2L -y Y

My, —2p,,L+My5,—2p
2 v,

— |
i p=max(0,Mr) (L + ML 2]7)
p p—Mg atb/; 2p—a—b— M,
-1 Mp+b Yz (Z'Uy) ' 1
Xaz:% I;( B — )l — M, — ) (7.17)

Our ansatz for @]{/[J ;(r1,ro;u;, A;) in Eq. (7.12) can then be written as a
linear combination of CECGs,

@}{/[J i('l”l,Tg;Ui,Ai) = ZC]‘(’U,Z')GJ‘('I"; A)[l]] s (718)

J=1

where the expansion coefficients ¢;(u;) and the polynomial exponents I; are
determined according to Eq. (7.17).

Expressions for integrals over CECGs were presented by Boys [79], Singer
[80], Kozlowski and Adamowicz [254], and Cencek and Rychlewski [213]. As
an alternative, Saito and Suzuki [267] have presented recursion relations for
integrals over CECGs involving the Fourier kernel. This approach is far less
involved, especially for CECGs centered at the origin. The Fourier kernel limits
the applicability of this approach when integrals for inverse-law potentials

Ve(A) = le'r| ™ (7.19)

are involved. e is an N-vector defining the linear combination of one-particle
coordinates. For a single particle j, e has the elements e, = ¢;; and the
potential becomes

Ve(A) = |ry) ™ (7.20)

85



Chapter 7 Dirac—Coulomb Fine-Structure

while for a potential depending on the distance of two particles p and ¢, e
becomes e; = d;, — d;,. Since there will be no Fourier transform for Eq. (7.19)
if A > 1, it can only be applied to Coulomb-type interactions but not for
Breit-type interactions which contain terms with A\ = 3. An alternative to
the Fourier kernel is the modified Laplace kernel. The integral transform of
Eq. (7.19) then reads

|eT'r'|_A:/OO du 20t exp (—u’(e'r)?) (7.21)
o T2 | |

This Laplace kernel has been exploited by Obara and Saika [268,269] for
the four-center electron repulsion integrals and also by Shiozaki for the Breit
interaction [270]. Their work, however, is based on orbitals, not ECGs. We
therefore have to adjust the derivation for origin-centered CECGs.

The integrals involve the product of two origin-centered CECGs multiplied
with the modified Laplace kernel. The product of the two CECGs conveniently
leads to a new CECG also centered at the origin

G(r)[l] =Gl = G(r; Ap)[L)G(r; Ay)[L] exp (— 2(eT7°)2)

= exp (—%r (A® 1) ) H [ riwexp (—u?(e"r)?)

n=1pe{z,y,z}

=G(r; A)l]exp (—u*(e'r)?) (7.22)
where
A=A+A; (7.23)
and
l=1;+1;. (7.24)

First, the primitive integral

0
U :/ dr Gl (7.25)
—o0
is used to derive the basic recurrence relation. All further integral expressions
can then be obtained through reduction operators acting on the primitive
integral and its recurrence relation. The recurrence relation is obtained from
the derivative of Eq. (7.22) with respect to 7,

0

8'rw

Mz

Gl =1,, —2uee’| Gl +1,] . (7.26)

m:l
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Note, that we follow the notation of Ref. [267] and only print those exponents
l; which change in the manipulation for the sake of brevity. Integrating both
sides over r leads to

0=1, — 2u’ee” [li +1,]n (7.27)

iM2

since

/oo ar 2 au—o. (7.28)

0o (9'rw

We can now from a vector equation according to Eq. (7.27)

0 Ll — 10N [+ 1]y
0 _ lQu[lZ - 1u]N o [A . 2u2’va} [l2 + 1M]N (7.29)
O lN,u[lN_]-,u,]N [lN—F].#]N

which can be rearranged into

[ll + lﬂ]N ll,u[ll - 1,u]N

lLb+1 | Ll —1

L2 ) ulw = [A — 2u2eeT} | Lol ) b ) (7.30)
v+ 1N Inu[ln — 1N

The inverse of [A —2u?ee”] is problematic in its current form, since it depends
directly on u over which we will later integrate. The factor 2u’ee? is a rank-
one correction to the inverse of A and we can use the Sherman-Morrison
formula [271-273] to obtain a more convenient form

[A — QUQeeT} . T 2u2221A16AleeTAl
= A -2 quZ (7.31)
where we have introduced the factors
1/p= 2¢eTA e (7.32)
and
Z=A"ee"A7". (7.33)
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Based on Egs. (7.30) and (7.31) we find the primitive recurrence relation

N 2
u
with the initial integral

[0]n = /oo dr exp (—%'I”‘TAT _ u2(eTr)2>

o0

B (27T)N 3/2
B (det (A+ QUQeeT)) ' (7.35)

Again, we would like to separate u in this expression since we will integrate
over it later. Using the matrix determinant lemma [274] we find

det (A + 2u’ee’) = det (A) (1 +2u’e" A 'e) =det (A) (1 +u’/p) (7.36)

where we have again exploited that 2ee” has rank one. The primitive initial
integral then becomes

B (2m)N 8/2
o= (e rrm) 737

7.2.1 Overlap and (Non-)Relativistic Kinetic-Energy Integral

Acting with the reduction operator

Rg = lim (7.38)

u—0

on the primitive recursion relation in Eq. (7.34) and the primitive initial
integral in Eq. (7.37) leads to the overlap integrals of CECGs S[l]y:

N
Slli+ 1y =Y A il Sl — 1,]5 (7.39)
m=1
B (27]_)]\[ 3/2
st - (&) 740

We can avoid the formulation of reduction operators for both the non-
relativistic kinetic-energy operator and the o - p operator by exploiting the
fact the CECGs maintain their general form when these operators act on them
and then use the expressions for the overlap integral after the transformation.
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7.2.2 Inverse Law Potential Integral

The general reduction operator for inverse law potentials described in Eq. (7.19)

is
B 0 w2\ Ml
Ry [m; A = 2/0 du (p n u2> T2 (7.41)

where m is an auxiliary index. Reduction to the inverse law potential integral
VIL;m; A = Ry [m, \|[l]n (7.42)

leads to the recursion relation

N
VIL+1,;,m AN = Z A;ﬁlm“V[lm —1,;m; AN

m=1

N
—2p Z Zil, Vil — 1m+ 15 Ay (7.43)
m=1

with the initial integral

viosmily =2 [ an (5 g (e s u?/p>>3/2 740

x 2 m
:T‘z(i[g)/o du (piqﬂ) (L) (7.45)

The integral over u can be simplified by introducing the substitution

u? 9 t

so that

1 o\ V2 )
du=—| p— 1—1t)""dt . .
u 2<p1_t) ( ) (7.47)

The initial integral then takes a new form as
2510]

A e — (A-1)/2

1 £\ D2 N
dt t™ | —— 1+— 1—6)72. 48
x/o (1_t> (+1_t) (1-1) (7.48)

Partial fraction decomposition allows us to reformulate the term

—=—-1 (7.49)
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which simplifies Eq. (7.48) as
251[0]

VI[0;m: Ny = ——p?B A2,1.5 —\/2 .50
in terms of the beta function
1
B (x,y) :/ dt t* 11—t (7.51)
0

The ratio

B(m+ (A—1)/2,3—)/2)
I'(A/2)

depends on two non-negative integers m and A. Calculations can therefore

be performed more efficiently by precalculating K[m, \] for a suitable range
of m values for a specific choice of ), i.e., a specific type of interaction.

K[m; A\ = (7.52)

The Breit term in Eq. (3.10) is rarely included in relativistic electronic-
structure calculations. This is due to the »—® term present in the operator,
which leads to expensive two-electron four-center integrals. The results pre-
sented by Shiozaki, however, show that it is possible to evaluate this integral
at a similar computational cost, as the Coulomb integral. Our derivation is
based on the same strategy and, not surprisingly, we find that the computa-
tional cost for our integrals is nearly independent of .

7.2.3 Translationally Invariant Integrals

To identify contributions from ¢, to some function F'(A,u) we use the sub-
stitution

F(Au)=FUTADU, UTu®) . (7.53)

We illustrate this procedure for the inverse of the sum of two matrices A;
and A; which is important for the integrals in Egs. (7.39) and (7.43). We
start with the substitution and form the inverse

—1
(A + Ay~ = (Uj(A}"’f) + Af]x))Ux) U Y(AY + A UT | (7.54)

Studying the block structure of the general form of the transformation matrix
in Eq. (2.6) and A®

U, (AP + AP0 = [M €]

(4™ + 4l 0 ] [M’T}

* 0 1/(2c4)| | €"
1
=M' (2" + a4 5o€e (7.55)
A
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This leads to the tranlationally invariant inverse
—1 —1 1 T
(A[+AJ)TI = (A["‘AJ) — 2—66 (756)

where ee! evaluates to a N x N matrix filled with ones. So we can sim-
ply subtract 1/2¢4 from each element in the inverse in order to obtain its
translationally invariant form.

Following this procedure, it becomes clear that the initial integrals in Egs. (7.39)
and (7.43) are free from translational effects as long as ¢, is zero and the
only contribution of ¢4 is eliminated by using the translationally invariant
inverse in Eq. (7.56).

7.3 Results

We first focus on the results for atomic hydrogen and compare them to the
analytical results obtained by Marsch [261]. Note that the analytical expres-
sions for the energy given in Refs. [261-264] are not identical. Unfortunately
the reason for these inconsistencies remain unknown [275].

The trial wave functions contained 100 basis functions for all calculations.
The non-linear parameters A; and w; in Eq. (7.12) are generated using a
system adapted random number generator according to Ref. [30] following the
variational stochastic sampling method [2,41,42]. The mass of the proton m,
was chosen in terms of the electron mass m. as m,/m. = 1836.15267247 [236].
Table 7.1 lists the non-relativistic energies in the first half and the Dirac-
Coulomb results in the second half. We obtain results converged to at least
7 significant digits.

Next, we study the non-relativistic limit for ¢ — oo and the BO limit for
m, — oo. Table 7.2 collects results for large values of ¢ (10° a.u.) and m,
(102 a.u.). Clearly, the correct limits are obtained.

Finally, we present the ground-state energies for hydrogen-like ions with
nuclear charges between 2 and 10. We have selected isotopes with nuclear
spin 1/2. The elements for which no isotope with nuclear spin 1/2 exists were
not considered. Table 7.3 presents both the relativistic and non-relativistic
ground state energies of seven isotopes. We should note that Marsch [261]
did not include the nuclear charge into the derivation. However, following the
original derivation, we find that the energy expression can easily be expanded
as

mimes

(m1 + m2)2

E(n, k) = (my + ma)? \/ 142 (e, k)—=1)  (7.57)
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Table 7.1: Results for atomic hydrogen and values from the literature. We used 100 basis functions in each calculation. All results
are in Hartree atomic units and relativistic results are printed to the first differing digit compared to the reference value. The
non-relativistic parameter sets of non-linear variational parameters was used to generate the relativistic parameter sets.

Non-relativistic Results

Dirac—Coulomb Results

(v,L,p)*  E. [En] Analyt. B, [Ep1° | (v,L,k = J,p)* Epc [Eul Analyt. Epc [En]¢
(0,0,+1) —0.499727839 —0.499727839 (0,0,1,+1) —0.49973446  —0.49973449
(1,0,41) —0.124931959 —0.124931959 (1,0,1,41)  —0.12493403  —0.12493404
(2,0,41) —0.055525315 —0.055525315 (2,0,1,+1) —0.055526053 —0.055526054
(0,1,—1) —0.124931959 —0.124931959 (0,1,2,—1)  —0.124932374 —0.124932375
(1,1,—1) —0.055525315 —0.055525315 (1,1,2,-1) —0.055525561 —0.055525562

a : v: vibrational quantum number, L: total spatial angular momentum, p: parity, J: total angular momentum, k: auxiliary

quantum number.

b: The reference energy of non-relativistic pre-BO hydrogen-like atoms are calculated as E = —1/2 myme/(my, + me) Z2/n?
where m,, is the nuclear mass, Z is the nuclear charge number and n = v + L is the principal quantum number.
¢ : The reference energies are taken from Ref. [261].
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with

Z2 ~1/2
e .58
e(n, k) ( +Cz(\/k2_22/02—|k|+”)2> e

where n is the principal quantum number in this context. The estimated
accuracy of our results is at least six significant digits. The nuclear masses
were taken from Ref. [276] and expressed in terms of the electron mass.
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Improvements of Computational
Efficiency and Scaling Behavior

In this chapter, we present further work focusing on improvements of the
computational efficiency and the scaling behavior with respect to the number
of particles. Also alternatives for ensuring variational stability in relativistic
calculations were investigated.

8.1 Matrix Form of the (Anti-)Symmetrization Operator

The computational cost of imposing the correct particle exchange symme-
try scales factorially with respect to the number of particles involved. It is
the factor which prohibits the study of systems containing more than a few
particles.

The (anti-)symmetrization with respect to some type of particle is presented
in Eq. (2.29). It can be recast in product form as

A:(1—P1,2)(1—P173—P273)...<1—P1,N—...—PN,LN) . (8.1)

To show that the two formulations are identical is rather straightforward and
can be done by expansion of Eq. (8.1).

Another way of looking at Eq. (8.1) is illustrated in Figure 8.1. Here a
particle is added to a system containing N particles with the proper particle
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exchange symmetry already imposed. The new N + 1 wave function is then
symmetrized trough the operator

AN:(l—P1N+1—...—PNN+1) (82)
which performs all exchanges of the N particles with the (N + 1) particle.

Insertion of the resolution of the identity
1=|¥) (| (8.3)

into Eq. (8.1) can be used to form a matrix representation of the (anti-)-
symmetrization operator as

A= ([ (1 - Pr2) [) (P[ (1 — Py — Pp3) |T) . ..
X...<‘I”(1—P1N—...—PN_1N)|\II> . (84)

This form scales much more favorable than Eq. (2.29) since it only involves
N? matrices. The main problem with the matrix form is the resolution of the
identity. Treated as an approximation in terms of an auxiliary basis set leads
to the obvious problem: How to find the auxiliary basis set? An incomplete
auxiliary basis set leads to a false normalization of the state function as

1> W) (¥ (8.5)
and therefore

where H,, S, are the matrix representations of the Hamiltonian and the
metric where the particle exchange symmetry is not enforced, and A is the
matrix representation of (anti-)symmetrization operator. Thus, this approx-
imate matrix representation of the (anti-)symmetrization operator leads to
variationally unstable calculations because the energy depends on the inverse
of S.

8.2 Analytical Gradients

Kinghorn has presented a convenient mathematical framework for the deriva-
tion of analytical energy gradients [38]. This form of matrix differential calcu-
lus was introduced by Magnus and Neudecker [39,40]. It has the advantage
of having a well-defined chain rule which is not present in other forms of
matrix differential calculus. The derivatives of the energy integral presented
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Ay = (1 — 1512)

2 particles

Az = Ay x (1—]513—1523>

3 particles

A4=A3><(1—1514—1524—P34)

4 particles

Figure 8.1: Imposing particle exchange symmetry for a system with an increased number
of particles. The symmetrization only involves exchanges with the new particle if the
original system is already properly symmetrized.

by Kinghorn is not directly applicable to our work, since they use a different
parametrization of the correlation matrix A and also do not employ the GVR.

Based on the mathematical framework formulated by Magnus and Neudecker
and presented by Kinghorn, we have derived new gradient expressions for
the basis functions in Eq. (2.30). These gradients are not included into our
computer program BlueBerry, since they are computationally too expensive
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to be practical and do not provide us with an advantage over our stochastic
sampling routines. Numerical gradients are more efficient than analytical
gradients, but do also not provide us with any advantage compared to our
stochastic sampling routines.

8.2.1 Matrix Derivative

The general matrix derivative of some function F'(A) : R™*" — RP*? relies
on the vec function for a general n x m matrix

T

vee A=[Ay Ap .. Awmo1 Apm] (8.7)
and takes the form
F'(A) = % : (8.8)
The gradient is
VAF(A) =F'(A)" . (8.9)

Similarly, for square symmetric n x n matrices, a vech function can be defined
as

vech A = [All A12 Ce Ai,i Ai,i+1 . Amm}T . (810)

8.2.2 General Method for the Derivation of Gradients

The derivative in Eq. (8.8) is obtained in three steps. The first step is to form
dF(X) using the product rule

dUXxV)=dU xV 4+ U xdV where x € {-,®}, (8.11)

and the following relations for the trace, transpose, inverse and determinant

dTr (U) = Tr (dU) (8.12)
dU" = (dU)" | (8.13)
ddet (U) = det (U) (vec(U™™))" dvec U | (8.14)
dvec U ' =— (U " ®@U ") dvec U . (8.15)

For the derivation of these relations, we refer the reader to either the work
by Kinghorn [38] or to the original work by Magnus and Neudecker [39,40].
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The next step in the derivation is to form
vec (dF(A)) = dvec (F(A)) = F'(A)dvec(A) . (8.16)
If F(A) is a vector or a scalar, then it is not affected by the vec operation.

The most important relations for this step are

vec ab’ =b®a , (8.17)
Tr (A"B) = (vec A)" vec B , (8.18)
(A" @ B) vec C = vec (ABC) . (8.19)

In the last step we form the derivative of Eq. (8.8) from Eq. (8.16).
8.2.2.1 Structured Matrices

The matrix A is required to be positive-definite. Therefore, a variety of special
parametrization schemes for A exist which lead to special structures of this
matrix. An important parametrization of A is the Cholesky decomposition:

A=LL" (8.20)

in terms of the lower triangular matrix L. In order to respect the special
structure imposed onto A by Eq. (8.20), the matrix £ is introduced. It is
defined by the relation

vec A = Lvec L . (8.21)

Using the chain rule, we can relate any derivative in terms of the original
matrix A to L as

_ OF(A)0A(L)
- 0A 0L

F'(A(L)) — F'(A)L . (8.22)

Similar to Eq. (8.20) the vec and the vech operations can be related in terms
of the duplication matrix
vech A =D,vec A (8.23)

and the « parameters in Eq. (2.42) as

vec v = Qvec A . (8.24)
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8.2.3 Matrix Derivative of the Energy

The derivation of the total energy with respect to A is given as [38]

Ovech H Ovech S
E = - F
VA (8(Vec A)T J(vec A)T

T
) vech (QCCT—diag (ccT)) , (8.25)

if the basis functions are ortho-normal, where H and S are the matrix forms
of the Hamiltonian and the overlap operators and c is a vector containing
the expansion coefficients of the state of the system. We continue now with
the derivatives for the overlap, the kinetic-energy and the potential-energy
operators.

8.2.4 Matrix Derivative of the Overlap Integral

The integral expression for the overlap of two ECGs with the GVR is [30]

min(K7,K )
~K;—-L/2 —K;—L/2 m -m K;—m
Sty = D3/4q1 =t a; "’ / Z p%, +Lp§(11 pff Hy gy rym  (8.26)

m

with
det(2A;) det(2A)
= 8.2
det(AU)Q ’ ( 7)
pxy = uk A7 juyx where XY €{I,J}, (8.28)
1
qx = §u)T(A;(1uX where X € {I,J} . (8.29)

The derivative of the first term is obtained through the product rule in
Eq. (8.11) and the derivative of the determinant in Eq. (8.14). The resulting
expression reads as:

dvei?AI) =DI[V(A;) —2V(A;;)] with V(A)= (Vec(A—T))T (8.30)

and the derivative of the quadratic terms read as

dpxy

Uy = — XY
xr dvec(Ax)

=— (uxy A @ uyALy) (8.31)

where we have used Eq. (8.15) for the derivative of the inverse and then
applied the vec operation. Since pyy is a scalar it is not affected by the vec
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operation. Accordingly the derivative of the term of the quasi-normalization
is
1 dqr

1 _ _
_éQ[ - dvec(Ar) T2 (U?AI '® U?AI 1) ' (8.32)

Trivially, the derivative of ¢, is

dq;
e 8.33
dvec(Ay) ( )
From relations in Egs. (8.30) — (8.32) we find the derivative of the overlap
integral as

dSr (K;+ L/2) L

— =5 V(A;) —2V(A - —U
dvec(Aj) 1 ( (A1) (A1) + 2qr @ Py 1

K K m
— LUy - —"UJJ) + 5 ( Un + Uy, - —Uu) (8.34)

Pir DJjJ Prr byJ PrJ

with
S}T;) — D3/ ;K[*L/Qq;KJfL/Q
min(Kr,Ky)
x Z m p TS T H ke ey - (8.35)

8.2.5 Derivative of the Kinetic-Energy Operator

The integral expression for the kinetic energy reads as [30]

min(Kr,Ky)
T[J — D3/4 —KI L/Qq;KJ L/2 Z [RIJ + (KI B m)PII
+(K] — m)PJJ + (L =+ Qm)P]J] <pIJpIJ) HKI,KJ,L,m (836)
PripyJ
with
3 -1
RIJ = ETI'(AIJ AIMA[) s (837)
PJJ = —u?A[_JlAIMAIAI_}uJ N (838)
P[] = — TAilAJMAJA;Jl’U,[ s (839)
P[J—UIA AJMA[AIJUJ . (840)
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The derivative of Eq. (8.37) is obtained through Eq. (8.12) for the trace and
Eq. (8.15) for the inverse. It reads as

, dR 3 _
L= W(Ijh) = Svec(A; TAMA;A;;) . (8.41)

The derivatives of Egs. (8.38) — (8.40) are

/ dPy,
Usilrr = dvec(Ay)
=U; [(1® AIMA;A7}) + (AIMA;A;; ®1)] (8.42)
dPr;
dvec(Ay)

=Un(1® AJMA;A}) +U; (AJMAJA;; 1)) (8.43)

Uil =

and

dPry
P, =2
Unit, dvec(Ay)

=U;,; (19 AJMAAL]) — (AIMAA[}®1)) . (8.44)

They are derived using the product rule in Eq. (8.11) and the derivative of
the inverse in Eq. (8.15).

In order to facilitate the derivation of the final expression, we continue with
the derivatives of the following products

d(Ryspp ™" prf 03] ")

= |F F
dvec(Ay) Fsy o+ Fon ]

X Rpgprr2mpl—mply—m (8.45)

d(Prpr " pry " 05"

dvec(Ay)

:[FPII_I_mem]

x Prppkfamplr—m=tpli=m (8.46)

d(Prypy > ol " ™)
dvec(Ay)

:[FPJJ+mem]
X Pryprfampl—mphy et (8.47)

and

d(Prypy 2 ol " ™)

dvec(Ay)

= [FPIJC + FPIJm X m]

X Ppyprram=tpl—mplim (8.48)
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where

R, LU, KU KUy,

Fri = Ry Prs Prr B P (8.49)

Fp, = Ul LUy (K -10)Unp KUy, | (8.50)
Prr PrJ prr g

Fp = " UypPy, LUy KUp (K,-1Uy | (8.51)
Py, P1J P11 s

Fp, = UyPy, (L-0U,, KU KU, | 8.52)
‘ Pry PrJ Prr Pyg

F = Ui n Uy 2UL . (8.53)

Prr PyJ Pry

We can then use Egs. (8.45) — (8.48) to obtain the following derivative

d Prr Py
Riy+ (K; —m) =L + (K; —m)=—2L
dvecAj [ Y +( ! m) prr +( / m) by
P m m
o ™) (Y ) (122) s
PrJ PiipyJ PiipyJ
with
P P P
Fo= Ry Fg,, + K Fp,~2 + K;Fp,, ~2 + LFp - (8.55)
Prr DPiJ PrJ
P P P
F, :RIJFm‘i‘KIle_FPHl‘i‘KJFmi
Pir Pir Py
P P P
—Fp,, Y+ LF, L yoF, (8.56)
Dy PrJ PrJ
P P P
Fy= |22 14 g (8.57)

We are now ready to derive the final expression for the derivative of the
kinetic-energy integral. By combining Egs. (8.30) — (8.32) from the derivative
of overlap integral together with Eq. (8.54) leads to the final expression for
the derivative of the kinetic-energy integral:

K[ + L/2 —Kr—L/2
— T, =T1;|V(A;) - 2V(A Ty j—————— D3/ =L/
dvoo(Ap) 1J [V (Ar) (Ar)] + 11y 20 Q;+ dr
min(K7,K, m
—K;—LJ2 oL 21 ( PrjPrJ
X4y E [F0—|—F1m+F2m ] E— HKI,KJ,L,m . (858)
PripyJ

m

105



Chapter 8 Improvements of Efficiency

8.2.6 Derivative of the Coulomb Interaction Integral

Since the Coulomb potential only depends on the distance between particles
i and 7, it is advantageous to introduce the transformed coordinates [30]
U=1-1,; where I,;=1 if j>1i andelse 0 (8.59)

which substitutes the coordinate of the i** particle which the distance of
particles ¢ and j. After the transformation, the integral expression of the
Coulomb integral reads as [30]

2 / / L+Ki+K; m m—i

3/4 —K;—L/2 —K;—L/2 —1—mym+i—j ym—i+j

IR S 90 3) e
m 7 7 n

X TﬁFnJFKI TJ_j —ntKy TI_JerHj el g igf’ (8.60)
with
det(2A7) det(2A
B (detllz det(l" : ’ (8.61)
tx = (ux) —y'I'''wy with X e {l,J}, (8.62)
xy = wi T 'wy with X, Y €{I,J}, (8.63)
cry = Ajg — '7TI‘_1'7 . (8.64)

I', 4, and A, are defined as in terms of A;;. T is obtained by eliminating
the " row and column from A;;. ~ is the j** column of A;; with the i
element removed. Last, A, is the i element of the j** column in A;;.

wy and (uy); are defined in terms of uyx where wx is uy with the i

element eliminated and (uy), is the /" element of wux.

Before we can continue with the derivation of the derivative of the Coulomb
interaction integral, we need to formulate matrix expressions for I, ~, Ao,
wyx and (uy);. For this, we introduce the N x (N — 1) matrix R; which is
defined as the N x N identity matrix with the ** column eliminated. We
then find

I'=R AR, . (8.65)

Furthermore, we introduce the N vector s; with the element at position ¢
defined as (s;), = d;;. The remaining terms are then defined as

Y= R;TFAIJSi , (8.66)
A =s] Apysi | (8.67)
w= RZ»Tu , (8.68)
(u); = siu . (8.69)
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Eq. (8.60) contains the inverse of I' and since R; has no inverse, it is not
possible to rearrange Eq. (8.65) in terms of the inverse of the individual
matrices. Therefore, we have to use the chain rule to obtain the derivative
of the inverse of I':

dl''' = -T'R'dA;RT! . (8.70)

The derivative of ¢;; then reads

dC[J _

/ T T 1 pT T
= ——" _=(8 ® s;) + I R: R 8;

Cry / ec( 4[) ( i ) ( ) () % )

~(¥'T 'R @ 'T 'R + (sl @ v'T'R]) . (8.71)

The derivatives of Egs. (8.62) and (8.63) are

. = dt—X =
X dvec(A))
= (WAT 'R @ 4'T'R]) — (WiT'R] ®s]) with X € {I,J} (8.72)
and

XY .
Thy = dvec(A)) ~ (WiTR] @ wyT'R]) with XY e{l,J} . (8.73)

The final expression for the derivative of the Coulomb interaction is

dvi

K;+L/2
dvec(Ay)

=V;[V(A;) —2V(RT'R])] -V, %
1

203/4 —K;—L/2 —Kj—L/2 AR 1+m ,
EC R S 3) 3 B Elt
m % i n

Q;

Crj

m-+i—9 Kr—1—n
+ S £+~
tr J TII

K;—j—n , L—m+i+j+2n ,}X

m—1i+7

+ —TJJ+ TrJ
TjJ T1J
—i—n+K; _—j—n+K;_ — i+j+2n+L 7L, K1, K
K K A L LKL (g 74

—1—mym+i—j m—i+tj
U Ly Tr1 JJ 1J m,i,j,mn

107



Chapter 8 Improvements of Efficiency

108



Conclusion and Outlook

9.1 Conclusion

Explicitly correlated methods have proven to be highly successful in theoreti-
cal physics and chemistry for the study of many-body systems. The accuracy
of variational non-relativistic pre-BO calculations employing ECGs are unpar-
alleled regarding both the energy and molecular properties. The relativistic
descriptions of such systems using similar variational approaches has long been
under-developed and relativity was primarily included through perturbation-
based approaches. In this work, we discussed the main obstacles arising
when one aims at developing a variational first-quantized relativistic many-
1/2-fermion framework: ensuring both variational stability and translational
invariance. Furthermore, we have presented solutions to these problems and
illustrated their effectiveness in terms of numerical examples.

In chapter 6, we focused on variational collapse in variational Dirac—-Coulomb
calculations. Variational collapse occurs due to the unboundedness of the
Dirac Hamiltonian and the finite size of the basis set [129]. In this work, it
is avoided by an explicitly correlated kinetic-balance condition. In order to
evaluate the integrals, we had to recast the explicitly correlated basis functions
from ECGs with the GVR to CECGs. This is necessary because the ECGs do not
maintain their general form after enforcing the kinetic-balance condition. The
integral expressions for CECGs are derived according to the work presented
by Saito and Suzuki [267] and the work presented by Shiozaki [270].

The problem of translational invariance is not solved by the introduction of a
TICC transformed Hamiltonian as it is generally done for the non-relativistic

109



Chapter 9 Conclusion and Outlook

Schrédinger Hamiltonian. The relativistic equivalent to the center-of-mass
frame is the center-of-momentum frame and an accordingly transformed
Hamiltonian can be formulated. Also, the transformation of the kinetic bal-
ance condition is, in principle, not an issue.

In chapter 4, we showed how translational effects can be eliminated from
integral expressions using a special parametrization. This leads to our frame-
work of translationally invariant integrals which allows us to perform calcu-
lations in LFCCs. This framework can be applied equally to relativistic and
non-relativistic calculations of energies and also to calculations of molecular
properties. We have therefore developed a common description of transla-
tional invariance for both the relativistic and non-relativistic framework. This
facilitated the implementation of our code immensely and allowed us to use
non-relativistic parameter sets in the relativistic calculations as they are related
to the non-relativistic limit through our explicitly correlated kinetic-balance
condition.

We have applied our findings to calculate transition dipole moments for the
hydrogen molecule using our non-relativistic framework, presented in chap-
ter 5. Furthermore, we illustrated in chapter 7 that we can formulate a
translationally invariant and variationally stable many-1/2-fermion theory by
reproducing the fine-structure spectrum of atomic hydrogen and accurate
ground-state energies for hydrogen-like ions. Since the Lamb shift is not
an inherent part of the Dirac-Coulomb Hamiltonian, it was not part of our
fine-structure calculations.

9.2 Outlook

Future work should primarily focus on the extension of our framework for
systems of more than two particles. This requires the derivation of an ap-
propriate kinetic balance for each system size. While the basic framework is
completed, there is still work left regarding extensions of both the relativistic
and non-relativistic framework. In this section we present ideas for further
projects.

9.2.1 Visualization of pre-Born—Oppenheimer Particle Densities

The visualization of electron densities is an important tool in quantum chem-
istry. They help us to understand chemical behavior and physical properties.
For pre-BO wave functions, there currently exists no method which visual-
izes many-particle densities. The main issues are the rotational properties of
the wave function. While the molecular structure exists in a pre-BO wave
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function, its features need to be individually extracted [82] unlike in BO
frameworks, where the structure is an explicit part of the theory. Combin-
ing these individually extracted features into one particle density should be
studied.

Only the translationally invariant degrees of freedom are of interest for
chemists. Translational and rotational degrees of freedom therefore need
to be eliminated from the particle densities. The Z-Matrix [277] is a means
of storing BO structures independent of their position in space and angle of
rotation. It encodes all relevant information in terms of bond length, bond
angles, and dihedral angles.

The concept of the Z-Matrix can be used to develop a similar formalism
for pre-BO particle densities. The density of a two-particle system is then
one-dimensional and defined by the distance between the two particles. If a
third particle is added to the system, then the next particle density is two-
dimensional, defined by the distance to the second particle, and the angle
with the first and second particle. For any further particle which is added
to the system, the particle density is three-dimensional. Figure 9.1 illustrates
the process how a particle density for pre-BO systems is constructed based
on the concept of the Z-Matrix for two and three particles.

The one-particle density of the first particle, p,(r;), is simply a Dirac delta
function,

,01(7’) = (S(’l“) ) (91)

located at the origin. The two-particle density, p2(R), of the first and second
particle only depends in the inter-particle distance,

p2(r) = (¥|o(rip —r) |T) . (9.2)
The three-particle density, p3(R), of the first three particles is then,

p3(r, @) = (¥|5(r13 — 1)0(Pz12 — &) |¥) | (9.3)

where ri3 is the distance between the first and third particle, and ¢35 is the
angle between the third and second particle around the first particle.

The resulting particle densities can be interpreted as the densities as-seen from
the first particle using the second an third particles as a spatial reference.
Thus, the density distribution of the first particle is a Dirac-delta function.
The density distribution of the second particle is a linear distribution since it
uses the first particle as a reference and the particle-particle distance is the
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Figure 9.1: Generation of pre-BO particle densities for two and three particle. The top
part illustrates a particle density distribution for two particles. The middle part illustrates
the particle density distributions for a three-particle system.

only relevant information remaining. The density distribution of the third
particle then uses the second particle as the angular reference which leads
to a two-dimensional density distribution.
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The main challenge is the derivation of computationally feasible integral
expressions for the angular and dihedral particle densities. For ECGs with the
GVR, the angular integral expressions are computationally expensive. CECGs
might provide a basis for more computationally feasible integral expressions.

9.2.2 Hybrid Cartesian-Coordinates Sampling Method

A TICC-parametrized matrix A can be transformed to LFCC and vice verse
using Egs. (2.37) and (2.38). This can be exploited to form a framework
where any TICC can be used for the stochastic sampling. Different TICC
might accentuate different correlation paths and increase sampling efficiency.
For the calculation of the integrals, the convenient LFCC framework can be
used to eliminate the translational effects.

9.2.3 Matrix Form of the (Anti-)Symmetrization Operator

In section 8.1, we have presented an alternative scheme for enforcing the
particle-exchange symmetry, based on a matrix representation of the (anti-)-
symmetrization operator. The operator exhibits polynomial scaling with re-
spect to the number of particles. However, as it involves the resolution of the
identity approximation, variational collapse occurs. Another approach for the
formulation of a matrix form of the (anti-)symmetrization operator is based
on the relation:

S=ATS,A 9.4)

where S is the matrix representation of the metric with the correct particle
exchange symmetry imposed, S is the matrix of the metric with no particle
exchange symmetry imposed and .A is the matrix representation of the (anti-
)symmetrization operator. An expression for .4 can be obtained by starting
from

S=A"S,A=(S/2A)"S*A . (9.5)
Taking the square root of both sides leads to

S2=5/"A . (9.6)

Acting with the inverse of Sé/ ? from the left on both sides of the equation
leads to the final expressions

A=S;*812 9.7)
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This method exhibits factorial scaling with respect to the number of particles
since S is calculated using the exact (anti-)symmetrization operator. How-
ever, only (computationally cheap) overlap integrals have to be evaluated
to determine A and the number of integrals of the Hamiltonian becomes
independent of the number of particles. Furthermore, this will simplify the
problem of finding an auxiliary basis set for the matrix form of the (anti-)-
symmetrization operator presented in section 8.1 if Eq. (8.4) is applied to
Eq. (9.5).

An important question regarding the matrix representation of the (anti-)-
symmetrization operator is whether different operators have different .A.

9.2.4 Hyperfine-Structure of Atoms and Molecules

So far, we have only studied the fine-structure spectrum of 1/2-fermion-
binaries in terms of the Dirac-Coulomb Hamiltonian. Further steps, should
focus on the extension to many-1/2-fermion systems. This requires the imple-
mentation of the kinetic-balance condition for more than two 1/2-fermions
either complete or in an approximate way.

Furthermore, future developments should focus on the inclusion of magnetic
and retardation terms. This can be achieved in terms of the Breit interaction
as presented in Chapter 7.
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List of Abbreviations

BO Born-Oppenheimer approximation

CC Coupled cluster

CCR Complex-coordinate rotation

CECG Explicitly Correlated Gaussian with Cartesian polynomial prefactors
CI Configuration interaction

CMCC Center-of-mass Cartesian coordinate
DHF Dirac-Hartree—Fock

DKH Douglas—Kroll-Hess

ECG Explicitly correlated Gaussian function
GTO Gaussian-type orbital

GVR Global vector representation

IPM Independent particle model

LFCC Laboratory-fixed Cartesian coordinates
MCSCF Multi-configuration self-consisting field
MP Mgller-Plesset perturbation theory

pre-BO pre-Born—-Oppenheimer
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QED Quantum electrodynamics

SCF Self-consisting field

STO Slater-type orbital

TICC Translationally invariant Cartesian coordinates

TICMCC Translationally invariant and center-of-mass Cartesian coordinates

TII Translationally invariant integrals
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B.1 Tracy-Singh Product

In this part, we introduce the Tracy-Singh product [278] and present its
relation to the Kronecker product. The Tracy-Singh product is defined as

(Bll 0%y Cuv) e (Bln ® Cuv)
Ay =BXC=[B;®Cy)| = : (B.1)

where B = [B;;] and C = [C,,] are two matrices of dimension m x n and
pxgq, respectively. They are partitioned block-wise in terms of the matrices B;;
and C,,. A, is a matrix of dimension mp x ng. It is partitioned block-wise
with the elements being the matrices (B;; ® C,,). The Tracy-Singh product
may be considered a more general form of the Kronecker product

buC --- b,C
Akp =B & C = [(bijcuv)] = : (B.Z)

b1 C -+ by, C

where b;; and ¢,, are the matrix elements of B and C, respectively. Ay, is a
matrix of dimension mp x ng. The two matrices Ay, and Ay, are identical in
the case that B and C' are not partitioned (or partitioned into 1 x 1 blocks).
Generally the two products are related through a permutation of the row and
column space of either matrix [279-281]

P'B,®...®B,)Q=BKX..XB, (B.3)
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where P and Q are the permutation matrices for the row and the column
space and n is the number of matrices involved. For vectors we find the
relation

Pllv®..®v,)=vX... Ko, (B.4)

where v and t are two vectors of arbitrary dimension. The partitioning of
the matrices and vectors depends on the permutation matrices P and Q. If
all matrices are square and symmetrically partitioned, we find that the two
permutation matrices are identical [279]

P=Q (B.5)

and the two products are related through a unitary transformation.

B.2 Row Reduction and Row Reduced Echelon Form

Systems of linear equations are conveniently solved by first representing them
in matrix form

Axz—-b=0, (B.6)

where A is a matrix containing the linear factors. x is a vector and contains
the values which are to be determined and b is a vector containing the
constant factors of the linear system.

A reliable method of solving such a linear system is row reduction, i.e.,
Gaussian elimination. It involves performing a series of operations on the
augmented form

A, = [A|b] (B.7)
until it is in row-reduced echelon form. The row-reduced echelon form is
Ao = [1|b/} (B.8)

for systems with a unique solution. Possible operations are permutation of
two rows, multiplication of individual rows with a constant scalar factor and
evaluating the difference of two rows.
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In this chapter, we present the principal ideas behind the implementation
of our pre-BO framework called BlueBerry. It is implemented in C++ and
heavily relies on third-party libraries in order to provide reliability and to
minimize maintenance of the code.

C.1 YAML File Format

All input and output is standardized using the YAML file format [282]. It
was developed for the purpose of data serialization and third-party libraries
exist for a variety of programming languages. It is based on the idea, that
all information can either be stored as lists or associative arrays or as combi-
nations of the two. Listing C.1 shows a simple example for a list. It contains
three elements, each starts with a ”-”. Also, note that each YAML file starts
with a --- as the first line.

Listing C.1: A simple example for a YAML formatted list containing three elements.

- first element

- second element

- third element

Listing C.2 shows an example for an associative array. Here, each entry
consists of a key and a value, separated by a ”: ”. The space is important
and cannot be omitted. One of the peculiarities of YAML is that the order
of elements in an associative array is not fixed and any permutation of the
entries is considered identical.
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Listing C.2: A simple example for a YAML formatted associative array containing three
elements. The key and value are separated by ”: ” .

first key: first value

second key: second value
third key: third value

Each element of an array or a list can again be an array or a list. Sublists and
Subarrays are organized in terms of their indentation. Listing C.3 presents
an example for a simple BlueBerry input file.

Listing C.3: A simple example for a YAML formatted BlueBerry input file. The sublists
and subarrays are defined through their indentation.

composition:
particles:
- type: E
number: 1
s: 1
ms: 1
type: H1
number: 1
s: 1
ms: 1
angular momentum:
j: O
mj: O
cA: 1
born oppenheimer: false
size: 100
relativistic: true

polynomials: true
loewdin: 1.0e-12
potential:

- BBCCoulomb
kinetic: BBCKinetic
overlap: BBCOverlap

Here, we see how the indentation leads to an easily readable structure.
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C.1.1 XML vs. YAML

The XML file format is widely employed for data serialization. In quantum
chemistry, its CML variant [283-289] serves as a basis of large scale automa-
tion of calculations and big-data evaluation. But since XML was developed
for a different purpose, namely as a markup language, it has certain draw-
backs. The main issue associated with XML is its verbosity. Earlier versions
of BlueBerry employed XML. But its hard-to-read style made the generation
of input files tedious and its verbosity led to large files for storing basis set
information. We will therefore not present any technical information about
XML. Information about the standard can be found on the website of the
W3C [290].

The same information presented in Listing C.3 can also be formatted according
to the XML standard. Yet, this form is much more verbose as it can be seen
from Listing C.4.
Listing C.4: An XML formatted BlueBerry input file. The tag structure leads to a lot of
noise
<?xml version="1.0"7>
<input >
<composition>
<particles>
<particle>
<type>E</type>
<number >1</number >
<s>1</s>
<ms>1</ms>
<particle>
<particle>
<type>H1</type>
<number >1</number >
<s>1</s>
<ms>1</ms>
<particle>
</particles>
<angular_momentum >
<j>0</3>
<mj>0</mj>

</angular_momentum >
<cA>1</cA>
<born-oppenheimer >false</born-oppenheimer >

121



Appendix C BlueBerry Reference Manual

</composition>
<size>100</size>
<relativistic>true</relativistic>
<polynomials>true</polynomials>
<loewdin>1.0e-12</loewdin>
<potentials>

<potential >

BBCCoulomb

</potential>
</potentials>
<kinetic>BBCKinetic</kinetic>

<overlap>BBCOverlap</overlap>
</input>

In XML, all information is organized through a tag structure. This tag structure
leads to a large amount of noise. This noise is responsible for the large file
size and its hard-to-read structure.

C.2 External Resources

BlueBerry depends on externally stored data. This includes particle specific
parameters such as the mass, charge and spin of the different isotopes and
particles. Furthermore, precalculated values are stored to facilitate the integral
evaluation and polynomial generation. All files are stored in the resources di-
rectory and in the YAML file format. The files containing resource information
are

particleData.yml: Stores particle specific parameters such as mass, charge
and spin.

F2Values.yml: Precalculated values of F; in Eq. (4.3). Order of keys is L,
K.

HValues.yml: Precalculated values of Hyk,x,n in Eq. (4.2). Order of keys
is L, KJ, K[, m.

H1Values.yml: Precalculated values of H;(m, K1, K5, L) in Eq. (5.25). Order
of keys is L, K;, K;, m.

H2Values.yml: Precalculated values of Hy(m, Ky, Ks, L) in Eq. (5.26). Order
of keys is L, K;, K;, m.
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GValues2.yml: Precalculated values of K(m,\) in Eq. (7.52). Order of keys
is m, A

Factorials.yml: Precalculated Factorials.

Binomials.yml: Precalculated Binomials.

C.3 Dependencies

BlueBerry relies on a number of third-part libraries in order to increase stability
and performance while reducing the effort of maintenance. The libraries are:

Armadillo: C++ linear algebra library, capable of interfacing to BLAS im-
plementations [266]. It provides a number of convenient classes for
handling vectors, matrices and cubes and contains many routines for
most important linear algebra functions such as inverse, eigensolvers
etc. It will be highly efficient if the appropriate BLAS implementations
are linked.

BLAS: Basic Linear Algebra Subprograms for which a variety of implemen-
tations exist such as OpenBlas [291,292] (based on GotoBLAS2 1.13
BSD version — freely available under Ref. [293]) or the MKL library
distributed by intel [294].

yaml-cpp: A library capable of parsing and emitting yaml files. Freely avail-
able under Ref. [295].

gsl: GNU Scientific Library [296]. Used for the efficient calculation of Clebsh-
Gordan coefficients.

libb64: A library providing the functionality of base64 two-way text-to-binary
conversion [297]. This makes it possible for BlueBerry to store parameter
set information in binary. Freely available under Ref. [298].

C.4 BBAIlphaOperator Class Reference

BBAlphaOperator is an implementation of a component of the «;(j) three-
vector (cf. Eq. (3.2)) as part of the many-fermion Dirac Hamiltonian where
j is the particle index. It acts on the BBRBasisFunction class to generate
a spin-transformed instance of the BBRBasisFunction. The matrix is formed
using the BBSigmaOperator class. It is used in the integral expressions for
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the Breit and the Gaunt operators. It also contains operators for the coupling
of several BBAlphaOperator instances.

#include <BBAlphaOperator.h>

Public Member Functions

BBAlphaOperator(BBComposition& composition, int axis, unsigned
int index)

Constructor specifying the particle index and the azis (0=x,1=y,2=2z).

* BBAlphaOperator(const BBAlphaOperator& c)

Copy constructor.

* virtual ~BBAlphaOperator()

Deconstructor.

* unsigned int key(unsigned int index) const

Returns the component index (or key) on which the component index acts.

* BBAlphaOperator& operatorx=(const BBAlphaOperator& alpha)

Multiplication assignment operator for two BBAlphaOperator. instances.

* BBAlphaOperator& operator=(const BBAlphaOperator& c)

Assignment operator.

Private Attributes

* int m_axis
Axial component index: x=0, y=1, z=2.
* unsigned int m particleIndex

Particle index.

vector<BBAlphaOperator> m_alpha

Coupling BBAlphaOperator instances.

BBComposition m_composition

BBComposition instance of the system for which this BBAlphaOperator is
valid.

BBSigmaOperator m _sigma

BBSigmaOperator to form the « matrix.
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Friends

* BBRBasisFunction operatorx(const BBAlphaOperator& alpha, const
BBRBasisFunction& function)

Multiplication operator for an BBAlphaOperator instance alpha and an
BBRBasisFunction instance function. Returns a spin-transformed instance
of BBRBasisFunction.

* BBAlphaOperator operatorx(const BBAlphaOperator& alphal, const
BBAlphaOperator& alphar)

Multiplication operator for two BBAlphaOperator instances. alphal is the
left term and alphar is the right term in the multiplication.

C.5 BBAntisymmetrizer Class Reference

BBAntisymmetrizer is a class which can generate permutation matrices needed
for imposing the correct spin symmetry onto a basis function. It can be used
to cycle through the permutation matrices in lexical order.

#include <BBAntisymmetrizer.h>
Public Member Functions

* BBAntisymmetrizer()

Standard constructor.

* BBAntisymmetrizer (BBComposition& composition)
Constructor taking the composition of the system.

* ~BBAntisymmetrizer()
Deconstructor.

* bool next(BBComposition& composition)

Loads next matrix and returns true if a cycle was completed. It requires
the composition of the system.

* double sign(BBComposition& composition)

Returns the sign of the permutation. This is always positive for bosons,
but each odd permutation of fermions changes the total sign.

* void matrix(BBComposition& composition)

Determines the new matrix. Requires the composition of the system.
* Mat<int>& matrix()

Returns the current permutation matrix.
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* unsigned int permutations()

Returns the number of total permutations. This is equal to the number
steps in a full cycle.

* void reset(BBComposition& composition)

Resets the matrix to the identity matrix. This will restart the cycle from
the beginning.

Private Attributes

vector<BBPermutationMatrix> m_permutationMatrices

Stores the permutations matrices for the particle types.

Mat<int> m_matrix

Current permutation matrix.
* unsigned int m_dimension

The dimension of the permutation matrix.
* unsigned int m_permutations

Number of total permutations.

C.6 BBCache Class Reference

BBCache is a class which stores precalculated values for easy access. The
files are read in form a YAML file and can also be stored as a YAML file
using the BBDataFile class. The number of keys, i.e., the dimension of the
data array can vary and is not limited by the implementation. For example,
precalculated binomial coefficients can be stored as a two-dimensional array.
The number of keys is then two. The data itself is stored in a one-dimensional
array. Thus, the key are internally transformed from an n-dimensional key
to a single values key corresponding to the internal data storage.

#include <BBCache.h>
Public Member Functions

e BBCache()

Standard constructor.
* BBCache(YAML::Node node, string& filename)

Constructor reading values from YAML structure node. The filename will
be used for error messages.
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BBCache(const BBCache& c)

Copy constructor.
virtual ~BBCache()

Deconstructor.

void data(YAML::Node& node, string& filename)

Loading the YAML formatted data from node The filename will be used
for error messages.

unsigned int dimension()

Returns the number of keys.
double& at(unsigned int i[ ])

Returns a value from a multi-dimensional key i.
double& at(unsigned int i)

Returns a value from a one-dimensional key i.

void keys(YAML::Node node)

Loads the number of legal values for each key element from the original
YAML structure node.

doublex load(YAML::Node node, unsigned int &N)

Parses a YAML structure node and returns all the data. The number of
entries will be stored in N.

BBCache& operator=(const BBCache& c)

Assignment operator.

Private Attributes

vector<unsigned int> m keys

Range of different key elements.

unsigned int m_size

Number of stored values.

doublex m_data

Pointer storing values in an allocated array.

string m fileName

File name for error messages.
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C.7 BBComposition Class Reference

BBComposition stores the parameters of a calculation. This includes parti-
cle information, physical parameters, sampling parameters and characteristic
quantum numbers. Particle information is stored as a list of types and a list
of according numbers, rather than a list of individual particles. The spin
quantum numbers for non-relativistic calculations are stored accordingly. The
angular momentum quantum number denominators J and M, store the or-
bital angular momentum for non-relativistic calculations and the total angular
momentum for relativistic calculations. The speed of light is also stored and
set to 137.0359895 a.u. as a default but can be changed to a different value.
Sampling parameters involve the standard deviations and means for both the
matrices containing the « values in Eq. (2.42) and u global vectors by particle
type. The ¢4 parameter in Eq. (2.42) will be set to 1 by default but can be
changed. Also factorials are stored as an instance of BBCache. The according
instance of BBCache has to be generated and stored after initialization.

C.7.1 Description
#include <BBComposition.h>
Public Member Functions

* BBComposition()

Standard constructor.

* BBComposition(const BBComposition& c)

Copy constructor.
* BBComposition(YAML::Node node, YAML::Node particles)

Constructor loading YAML input from node and YAML resource file particles
containing particle parameters.

e virtual ~BBComposition()

Deconstructor.

* unsigned int size() const

Returns the number of particles.

* unsigned int size(unsigned int i)

Returns the number of particles of type i.
* unsigned int types()

Returns the number of particle types.
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vector<BBParticle>& particles()
Returns a reference to the particle vector.
BBParticleType type(unsigned int i)
Returns the i** type of the stored particles.
double mass()

Returns the total mass of all particles.

double mass(unsigned int i)
Returns the mass of particle i.

int charge(unsigned int i)
Returns the charge of particle i.

double& charge()

Returns a reference to the value of the charge of the central Coulomb
potential.

int spin(unsigned int i)
Returns the value of the spin of particle i.
int& s(unsigned int i)
Returns the value of the S quantum number of particle type ensemble i.
int& ms(unsigned int i)
Returns the value of the Mg quantum number of particle group i.
int& jO)
Returns the value of the J quantum number of the system.
int& mj()
Returns the value of the M; quantum number of the system.

int& 10

Returns the value of the L quantum number of the system in case of LS
coupling. Returns -1 otherwise.

int& s()
Returns the value of the S quantum number of the system in case of LS
coupling. Returns -1 otherwise.

bool& bo()

Returns true if a BO calculation, false if pre-BO.

BBParticle& at(unsigned int i)

t

Returns a reference to the i** particle.

unsigned int offset(unsigned int i)

Returns the first particle index of i*" particle type.
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130

double factor(unsigned int i, unsigned int j)

Returns the mass factor for ' and j** mass factor (m(i)m(j)/m?).

void load(YAML::Node node, YAML::Node particles)
Loads system composition from a YAML structure node and YAML resource
file particles containing particle parameters.

YAML::Node node()

Returns a YAML node containing all information of the current composition.

double& cA()
Returns a reference to the c4 factor.
double& sdA(int i, int j)

Returns a reference to the standard-deviation value for the « sampling-
parameter for particles 7 and j.

mat& sdA()
Returns a reference to the standard-deviation matrix.

void sdA(double a, int i, int j)
Sets the standard-deviation value for the o sampling-parameter for particles
7 and 7.

double& meanA(int i, int j)

Returns a reference to the mean value for the o sampling-parameter for
particles ¢ and j.

mat& meanA ()
Returns a reference to the mean value matrix.
void meanA (double a, int i, int j)
Sets the mean value for the o sampling-parameter for particles i and j.

double& sdU (int i)

Returns a reference to the standard-deviation value for the w sampling-
parameter for particle i.

vec& sdU ()
Returns a reference to the standard-deviation vector.
double& meanU (int i)

Returns a reference to the mean value for the u sampling-parameter for
particle 4.

vec& meanU()

Returns a reference to the mean vector.
double& alphaMin()
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Returns a reference to minimal sample-value for the o parameters.
* double& alphaMax()
Returns a reference to maximal sample-value for the a parameters.
* void factorials(BBCache cache)
Stores the factorial values stored in cache.
* double factorials (unsigned int i)
Returns the factorial for the value i.
* void binomials (BBCache cache)
Stores the binomial coefficients stored in cache.
* double binomials (unsigned int i, unsigned int j)
Returns the binomial coefficient for the pair of values (i, 7).
* double& c()
Returns a reference to the value of the speed of light.
* void update()

Calculates the mass factors, total mass, total number of particles and the
particle indices for direct particle access.

void calculateMassFactors()

Calculates the mass factors for generating A matrices from the « parameters.

void calculateTotalMass()

Calculates the total mass of the system.

void calculateNumberOfParticles()

Calculates the total number of particles of system.

void calculateParticleIndices()

Calculates the particle indices for direct particle access.

BBComposition& operator=(const BBComposition& c)

Assignment operator.

Private Attributes

* int m_j
Total/Orbital angular momentum .J/L quantum number.
* int m mj
Total/Orbital angular momentum M ;/M; quantum number.

¢ int m_totalL
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Spatial angular momentum quantum number L used for generating total
angular momentum state .J.

* int m_totalS

Spin quantum number S used for generating total angular momentum state
J.

* vector<BBParticle> m particles

Particle types contained in the system.

* vector<int> m particleNumbers

Number of each particle type.

* vector<int> m.s

Vector for the S? quantum numbers in the non-relativistic theory.

* vector<int> m_ms

Vector for the Mg quantum numbers in the non-relativistic theory.

* double m_totalMass

Total mass.

* unsigned int m numberParticles

Total number of particles.

* vector<unsigned int> m_particleIndex

Stores information for the direct access of i*" particle in m_particles.

* double m centralCharge

Nuclear charge for atomic BO calculations.

* bool m_bo

True if it is a BO calculation, false if pre-BO.

e double m_ca

ca factor for the Gaussian A matrix

e mat m_massFactors

Matrix containing the mass factors: m(i)/my * m(j)/m;.

e mat m_sdA

Standard-deviation values for the sampling of the a parameters.

e mat m_meanA

Mean values for the sampling of the « parameters.

e vec m_sdU

Standard-deviation values for the sampling of the u parameters.

¢ vec m_meanU
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Mean values for the sampling of the u parameters.

BBCache m _factorials

Storing precalculated factorial values.

BBCache m_binomials

Storing binomial precalculated coefficients values.

double m alphaMin

Minimal value for the sampling of the o parameters.

double m_alphaMax

Maximal value for the sampling of the o parameters.

double m speedOfLight
Stores speed of light.

C.8 BBDataFile Class Reference

A class for YAML file i/o. Only reads/writes from/to disk. It does not interpret

or parse data. Only YAML type files are supported.

#include <BBDataFile.h>
Public Member Functions

* BBDataFile()
Standard constructor.
e virtual ~BBDataFile()
Deconstructor.
* BBDataFile(const BBDataFile& c)
Copy constructor.
* BBDataFile(string file, BBDFMode mode)
Constructor taking filename and i/o mode.
e void read()
Reads in YAML file.
e void write()
Writes YAML file to disk.
* void write(string s)

Writes string s to disk.
* BBDFMode& mode()
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Returns i/o mode.

string& file()

Returns the file name.

YAML::Node node()

Returns the stored YAML node.
void load(YAML::Node node)
Loads YAML file from node.
* void append(YAML::Node node)

Appends node to already stored YAML structure.

Private Attributes

* string m_fileName

File name.
e YAML::Node m file

YAML file.
e BBDFMode m_mode

/0 mode

C.9 BBEnumMap Class Reference

Interconverts particle/integral enums and strings. All functions are static.
C.9.1 Description

#include <BBEnumMap.h>

Public Member Functions

* BBEnumMap()

Standard constructor.

e virtual ~BBEnumMap()

Deconstructor.
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Static Public Member Functions

static void initialise()

Initializes the maps storing enum and string associations.
static string toString(BBParticleType p)

Returns the name of the particle type p as a string.

static string toString(BBIntegralType p)

Returns the name of the integral type p as a string.

static string toString(BBKineticBalance p)

Returns the name of the kinetic balance type p as a string.

static BBIntegralType tolntegral(string s)

Returns integral type parsed from string s.
static BBParticleType toParticle(string s)

Returns particle type parsed from string s.

static BBKineticBalance toKineticBalance(string s)

Returns kinetic balance type parsed from string s.

Static Private Attributes

static map<string, BBParticleType> m particleToString

Map with particle strings as keys.
static map<BBParticleType, string> m stringToParticle

Map with particle types as keys.
static map<string, BBIntegralType> m integralToString

Map with integral strings as keys.
static map<BBIntegralType, string> m stringToIntegral

Map with integral types as keys.
static map<string, BBKineticBalance> m kineticBalanceToString

Map with integral strings as keys.
static map<BBKineticBalance, string> m_stringToKineticBalance

Map with integral types as keys.

C.10 BBErrorHandler Class Reference

A class for error handling.
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C.10.1 Description

A class which can handle errors and warnings. In case of a severe error, the
program will be automatically terminated after printing an error message.

#include <BBErrorHandler.h>
Public Member Functions

e BBErrorHandler()

Standard constructor.
e virtual ~BBErrorHandler()

Deconstructor.
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* void checkErrorValue(BBError e, string s1="", string s2="")

Checks error values. Two stings s1 and s2 can be used for adding additional
information.

C.11 BBGaussian Class Reference

BBGaussian represents the radial Gaussian part of an ECG. It contains the «
parameters and the correlation matrix A. It performs appropriate sampling
of the o parameters. The sampling distinguishes between the BO and pre-BO
descriptions through the BBComposition class. BBComposition also provides
the sampling parameters. The factor for the quasi-normalization is stored
numerically for the integral evaluation using CECG.

#include <BBGaussian.h>

Public Member Functions

BBGaussian()

Standard constructor.
BBGaussian(const BBGaussian& c)

Copy constructor.

BBGaussian(BBComposition& composition)

Constructor taking the composition of the system.

BBGaussian(YAML::Node node, BBComposition& composition)

Constructor loading values from YAML structure node.

virtual ~BBGaussian()
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Deconstructor.
e mat& a()

Returns a reference to the correlation matrix A.
* void a(BBComposition& composition)

Generates the correlation matrix A from stored « values.
* mat& alpha()

Returns a reference to the matrix containing the « values.

* void alpha(BBComposition& composition)

Samples a set of « values according to the sampling parameters stored in

composition.
* double& norm()
Returns a reference to the numerical quasinormalization factor.
e void norm(int 1, int k, vec u)
Calculates the normalization factor for non-relativistic ECGs using the pa-

rameters of a GVR: [ is the L quantum number, % is the K value and
is the global vector.

* void symmetry(Mat<int>& p)
Transforms A and the a parameters according to the Permutation matrix
p.

* YAML::Node node(BBDataFormat format, bool minimal=true)

Returns a YAML structure of the instance. All information will be saved if
minimal is set to false. Otherwise only the o parameters will be saved. The
A matrix can be reconstructed from the a parameters. Numerical values
will be stored as text if format is set to BBAscii and as b64 represented
binary if format is set to BBBinary.

* void load(YAML::Node node, BBComposition& composition)

Loads a YAML structure node of the instance.

* BBGaussian& operator=(const BBGaussian& c)

Assignment operator.

Private Attributes

* mat m.a

Correlation matrix A.

* mat m_alpha

Matrix containing the « parameters.
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double m_norm

Numerical value for the quasi-normalization.

C.12 BBintegral Class Reference

BBIntegral is responsible for the evaluation of the integrals. Integrals can
be evaluated at different levels such as at ECG and CECG level or at basis
function level. The type of integral is specified in the constructor and does
not need to be specified during the evaluation process.

C.12.1 Description

#include <BBIntegral.h>

Public Member Functions
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BBIntegral()

Standard constructor.

BBIntegral(const BBIntegral& c)

Copy constructor.

BBIntegral (BBComposition& composition, BBIntegralType type)
Constructor defining the integral type. Loads externally stored precalculated
values.

virtual ~BBIntegral()

Deconstructor.

BBIntegralType type()
Returns the type of the integral.

complex<double> Evaluate(BBComposition& composition, BBGaus-

sian& gbra, BBGaussian& gket, BBPolynomial& pbra, BBPolynomial&

pket, Mat<int> P, unsigned int pl1=-1, unsigned int p2=-1)
Evaluates the integral at ECG and CECG level. gbra and bket are the
BBGaussian of the bra and the ket. The pbra and the pket are the
BBPolynomial of the bra and the ket. P is a permutation matrix, and pl
and p2 are particle indices which are required by one and two particle
operators.

double Evaluate(BBComposition& composition, BBNRBasisFunction&

bra, BBNRBasisFunction& ket, unsigned int p1=0)
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Evaluates the integral at the BBNRBasisFunction level for the non-relativistic
case. bra and ket are the according BBNRBasisFunction instances. pl is
required by one particle operators.
* double Evaluate(BBComposition& composition, BBRBasisFunction&
bra, BBRBasisFunction& ket, unsigned int p1=0)

Evaluates the integral at the BBRBasisFunction level for the relativistic
case. bra and ket are the according BBRBasisFunction instances. pl is
required by one particle operators.

* double Evaluate(BBComposition& composition, BBNRBasisFunction&
bra, BBNRBasisFunction& ket, Mat<int> p, unsigned int p1=0, un-
signed int p2=0)

Evaluates the integral at the BBNRBasisFunction level for the non-relativistic
case or at component level in the relativistic case for a specific permutation
P. bra and ket are the according BBNRBasisFunction instances. pl and p2
are particle indices which are required by one and two particle operators.

* double EvaluateSigmaP(BBComposition& composition, BBRBasisFunc-
tion& bra, BBRBasisFunction& ket, BBSigmaPOperator& o, unsigned
int p1l)

Evaluates the integral for the o-p operator at BBRBasisFunction level. bra
and ket are the according BBRBasisFunction instances. o is the BBSigma-
POperator instance for particle pl.

* double EvaluateGaunt(BBComposition& composition, BBRBasisFunc-

tion& bra, BBRBasisFunction& ket)

Evaluates the Gaunt integral at BBRBasisFunction level. bra and ket are
the according BBRBasisFunction instances.

* double EvaluateGaunt(BBComposition& composition, BBNRBasisFunc-
tion& bra, BBNRBasisFunction& ket, Mat<int> p, unsigned int pl,
unsigned int p2, unsigned int axis)

Evaluates the Gaunt integral at BBNRBasisFunction level for two particles
along a certain axis and for a specific permutation bra and ket are the
according BBRBasisFunction instances. p is the permutation matrix and
pl and p2 are the particle indices. axis is O for the x-axis, 1 for the y-axis
and 2 for the z-axis.

* double EvaluateBreitR3(BBComposition& composition, BBRBasisFunc-
tion& bra, BBRBasisFunction& ket)

Evaluates the Breit integral at BBRBasisFunction level. bra and ket are
the according BBRBasisFunction instances.
* double COverlap(Mat<int>& indices, mat& inverse, int size, double
s0)
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Evaluates the recursive CECG Overlap integral. indices contains the power
indices of the current term in the polynomial. inverse contains the inverse
of the bra and ket correlation matrix A; + A . size contains the number
of particles. s0 is the integral value at the end of the recursion.

* double CCoulomb(Mat<int>& indices, mat& inverse, int size, double
s0, Col<int>& n, double& Z, unsigned int& pl, unsigned int& p2)

Evaluates the recursive CECG Coulomb integral. indices contains the power
indices of the current term in the polynomial. inverse contains the inverse
of the bra and ket correlation matrix A; + A ;. size contains the number
of particles. s0 is the integral value at the end of the recursion. n is the
auxiliary factor in the recursion. pl and p2 are the indices of the two
particles for which the interaction will be calculated. The integral will be
evaluated according to the derivation scheme presented by Saito [267].

* double CCoulomb2(Mat<int>& indices, mat& inverse, int size, double
s0, double m, double& rho, unsigned int& p1l, unsigned int& p2)

Evaluates the recursive CECG Coulomb and Central Potential integral.
indices contains the power indices of the current term in the polyno-
mial. inverse contains the inverse of the bra and ket correlation matrix
Aj+ Aj. size contains the number of particles. sO is the integral value
at the end of the recursion. m is the auxiliary index and rho is the p
factor in the recursion relation. pl and p2 are the indices of the two
particles for which the interaction will be calculated. The integral will be
evaluated according to the derivation scheme presented by Shiozaki [270]
(see Section 7.2).

* double CLambda3(Mat<int>& indices, mat& inverse, int size, double
s0, double m, double& rho, unsigned int& pl, unsigned int& p2)

Evaluates the recursive CECG Lambda3 inverse distance potential( 73)
integral. indices contains the power indices of the current term in the
polynomial. inverse contains the inverse of the bra and ket correlation
matrix A; + Aj. size contains the number of particles. sO is the integral
value at the end of the recursion. m is the auxiliary index and rho is the
p factor in the recursion relation. pl and p2 are the indices of the two
particles for which the interaction will be calculated. The integral will be
evaluated according to the derivation scheme presented by Shiozaki [270]
(see Section 7.2).

* double CCentralPotential(Cube<int>& indices, mat& inverse, int size,
doublex s0, Col<int>& n, double& Z, unsigned int& p1)

Evaluates the recursive CECG Central Potential integral. indices contains
the power indices of the current term in the polynomial. inverse contains
the inverse of the bra and ket correlation matrix A; + A;. size contains
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the number of particles. s0 is the integral value at the end of the recursion.
n is the auxiliary factor in the recursion. pl and p2 are the indices of the
two particles for which the interaction will be calculated. The integral will
be evaluated according to the derivation scheme presented by Saito [267].

double Wx(Col<int>& n, double& Z, int M)

Evaluates the auxilliary recursion relation for the index n according to
Saito [267]. Z is the according factor in the recursion relation and M is
the auxiliary index.

double Overlap(BBComposition& composition, BBGaussian& gbra,
BBGaussian& gket, BBPolynomial& pbra, BBPolynomial& pket,
Mat<int> P)

Evaluates the ECG/GVR integrals for the overlap. gbra and gket are the
BBGaussian of the bra and the ket. pbra and pket are the BBPolynomial
for the bra and the ket. P is the permutation matrix.

double Kinetic(BBComposition& composition, BBGaussian& gbra,
BBGaussian& gket, BBPolynomial& pbra, BBPolynomial& pket,
Mat<int> P)

Evaluates the ECG/GVR integrals for the kinetic energy. g¢gbra and gket
are the BBGaussian of the bra and the ket. pbra and pket are the
BBPolynomial for the bra and the ket. P is the permutation matrix.

double Coulomb(BBComposition& composition, BBGaussian& gbra,
BBGaussian& gket, BBPolynomial& pbra, BBPolynomial& pket,
Mat<int> P)

Evaluates the ECG/GVR integrals for the Coulomb energy. gbra and gket
are the BBGaussian of the bra and the ket. pbra and pket are the
BBPolynomial for the bra and the ket. P is the permutation matrix.

double CentralPotential(BBComposition& composition, BBGaussian&
gbra, BBGaussian& gket, BBPolynomial& pbra, BBPolynomial& pket,
Mat<int> P)

Evaluates the ECG/GVR integrals for the central spherical Coulomb poten-
tial. gbra and gket are the BBGaussian of the bra and the ket. pbra and
pket are the BBPolynomial for the bra and the ket. P is the permutation
matrix.

double Momentum(BBComposition& composition, BBGaussian& gbra,
BBGaussian& gket, BBPolynomial& pbra, BBPolynomial& pket,
Mat<int> P, unsigned int i)

Evaluates the ECG/GVR integrals for the one-particle momentum. gbra and
gket are the BBGaussian of the bra and the ket. pbra and pket are the
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BBPolynomial for the bra and the ket. P is the permutation matrix. ¢ is
the particle index.

* double Dipole(BBComposition& composition, BBGaussian& gbra,
BBGaussian& gket, BBPolynomial& pbra, BBPolynomial& pket,
Mat<int> P, unsigned int i)

Evaluates the ECG/GVR integrals for the transition dipole integral for one
particle. gbra and gket are the BBGaussian of the bra and the ket. pbra and
pket are the BBPolynomial for the bra and the ket. P is the permutation
matrix. ¢ is the particle index.

* BBIntegral& operator=(const BBIntegral& c)

Assignment operator.

Private Attributes

* BBIntegralType m_type

Integral type.
¢ vector<BBCache> m_caches

Vector of BBCache storing the precalculated values.

* vector<BBAntisymmetrizer> m_symmetry

Vector of BBAntisymmetrizer. Size will be defined by the number of OMP
nodes.

C.13 BBNRBasis Class Reference

BBNRBasis is a non-relativistic basis set. It contains a list of BBNRBasis-
Function. The class contains functions for calculating the matrix representa-
tion of the Hamiltonian and for solving the generalized eigenproblem. Before
an initial calculation can be performed, the matrices have to be reset. Fur-
thermore, it contains functions for the optimization of the parameter set. It
requires an instance of BBComposition in order to specify the system which
will be described by the basis set.

#include <BBNRBasis.h>
Public Member Functions

* BBNRBasis()

Standard constructor.
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BBNRBasis(const BBNRBasis& c)

Copy constructor.
BBNRBasis(BBComposition& composition, int size, int j, int mj, int S,
int L, int maxK, bool polynomials)

Constructor using the composition to generate a non-relativistic basis for a
total angular momentum state. The number of basis functions is defined
by size. The total angular momentum state is defined by j and mj. The
total spin state is defined by S. The largest value for K is set by maxK
and if polynomials is set true, then the polynomial representation of the
GVR will be generated.

BBNRBasis(BBComposition& composition, int size, vector<int> S,

vector<int> MS, int 1, int ml, int maxK, bool polynomials)

Constructor using the composition to generate a non-relativistic basis for
a total spatial angular momentum state and elementary spin states. The
number of basis functions is defined by size. The total spatial angular
momentum state is defined by / and mi. The elementary spins states are
stored in S and MS. The largest value for K is set by mazK and if
polynomials is set true, then the polynomial representation of the GVR
will be generated.

BBNRBasis(YAML::Node node, BBComposition& composition, bool poly-

nomials)

Constructor loading YAML input from node. If polynomials is true, then
the polynomial representation of the GVR will be generated.

virtual ~BBNRBasis()

Deconstructor.

BBComposition& composition()

Returns a reference to the composition of the basis set.

void reset()

Resets the matrices for the integral matrices.
void resize(BBComposition& composition, int size, int j, int mj, int S,
int L, int maxK, bool polynomials)

Changes the size of the basis for total angular momentum basis functions.
The new number of basis functions will be size. The angular momentum
state is j and myj. S is the total spin state. max K is the largest sample value
for K in the GVR. If polynomials is true, then the polynomial representation
of the GVR will be generated.

void resize(BBComposition& composition, int size, vector<int> S,
vector<int>MS, int |, int ml, int maxK, bool polynomials)
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Changes the size of the basis for total spatial angular momentum basis
functions and elementary spin states. The new number of basis functions
will be size. the angular momentum state is ;7 and mj. The elementary
spins states are stored in S and MS. maxK is the largest sample value for
K in the GVR. If polynomials is true, then the polynomial representation
of the GVR will be generated.

unsigned int size()

Returns the number of basis functions.
BBNRBasisFunction& at(unsigned int i)

Returns a reference to the " basis function.
vector<BBIntegral >& potentials()

Returns a reference to the vector containing the potential integrals.
void potentials(unsigned int i, unsigned int j=0)
Calculates the integrals for the potential operators. The i column and

row of the integrals matrices are calculated starting from the ;' element.
By default the whole column and row are calculated.

mat potentialMat(unsigned int i)

t

Returns a the matrix of the ‘" potential in the Hamiltonian.

BBIntegral& metric()

Returns a reference to the overlap integral.
void metric(unsigned int i, unsigned int j=0)
Calculates the integrals for the overlap. The i** column and row of the

integrals matrices are calculated starting from the j'" element. By default
the whole column and row are calculated.

mat metricMat()
Returns the overlap matrix.
BBIntegral& kinetic()
Returns a reference to the kinetic-energy integral.
void kinetic(unsigned int i, unsigned int j=0)
Calculates the integrals for the kinetic energy. The i*” column and row

of the integrals matrices are calculated starting from the j** element. By
default the whole column and row are calculated.

mat kineticMat()
Returns the kinetic-energy matrix.

void loewdin(double t=1.0e-12)

Performs the Lowdin ortho-normalization. The threshold for selecting ortho-
normal basis functions is ¢. It is by default le-12.
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mat loewdinMat()
Returns the matrix representation of the Léwdin ortho-normalization trans-
formation.
double evaluate(BBIntegral integral, int v, unsigned int p1=0,
unsigned int p2=0)
Evaluates the expectation values for the operator specified by integral. pl
and p2 specify the particles for one- and two-particle operators.

void calculate()

Calculates all integral matrices.

void update(unsigned int i)

Updates column and row i of all integral matrices.

void solve(double t=1.0e-12)
Solves the generalized eigenproblem. It performs a Lowdin ortho-normalization
with the threshold ¢. it is 1e-12 by default.

cx_vec solveCCR(double angle, double t=1.0e-12)
Solves the generalized eigenproblem for the Complex Coordinate Rotation
method using the current integral matrices. The rotation is defined by

angle. It performs a Lowdin ortho-normalization with the threshold ¢. It
is le-12 by default.

cx_vec solveCAP(double angle, double t=1.0e-12)
Solves the generalized eigenproblem for the Complex Absorption Potential
method using the current integral matrices. The rotation is defined by

angle. It performs a Lowdin ortho-normalization with the threshold ¢. It
is le-12 by default.

mat states()
Returns the eigenvectors of the solution of the generalized eigenproblem.
vec energies()
Returns the energies obtained from the solution of the generalized eigen-
problem.
void sample(int rounds, double t, unsigned int k, bool polynomials,
int v)

Optimizes the basis set by sampling of the correlation matrices A. The
number of sampling steps is defined by rounds. t is the threshold for the
Lowdin ortho-normalization. £ is the largest value for K in the GVR. The
polynomial representation of the GVR will be generated if polynomials is
true. v is the vibrational quantum number.

void sampleU(int rounds, double t, int v)
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Optimizes the basis set by sampling of the global vector w. The number
of sampling steps is defined by rounds. t is the threshold for the Lowdin
ortho-normalization. % is the largest value for K in the GVR. v is the
vibrational quantum number.

void parameters(unsigned int i, unsigned int j)
Performs a statistical analysis of the o parameters in A for types i and j
and changes the sampling parameters accordingly.

void parametersU(unsigned int i)
Performs a statistical analysis of the parameters in u for type i and changes
the sampling parameters accordingly.

void parameters()
Performs a statistical analysis of the « parameters in A for all pairs of
types and changes the sampling parameters accordingly.

void parametersU()
Performs a statistical analysis of the parameters in u for types and changes
the sampling parameters accordingly.

void randomStepUniform(unsigned int steps, double t, double range,

int v)

Optimizes the basis by performing random steps of the o parameters. The
number of sampling steps is defined by rounds. t is the threshold for the
Lowdin ortho-normalization. range specifies the maximal step size. k is
the largest value for K in the GVR. v is the vibrational quantum number.

mat lengthTransitionP(BBNRBasis& final)

Calculates the integral matrix for the length representation of the transition
dipole operator ,1@. final specifies the final state of the transition.

mat lengthTransitionM(BBNRBasis& final)
Calculates the integral matrix for the length representation of the transition
dipole operator ﬂ(j). final specifies the final state of the transition.

mat lengthTransitionZ(BBNRBasis& final)
Calculates the integral matrix for the length representation of the transition
dipole operator [Lgl). final specifies the final state of the transition.

mat velocityTransitionM(BBNRBasis& final)
Calculates the integral matrix for the velocity representation of the transition
dipole operator ;l(f). final specifies the final state of the transition.

mat velocityTransitionZ(BBNRBasis& final)

Calculates the integral matrix for the velocity representation of the transition
dipole operator /lg). final specifies the final state of the transition.
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mat velocityTransitionP(BBNRBasis& final)

Calculates the integral matrix for the velocity representation of the transition
dipole operator p(j). final specifies the final state of the transition.

mat hamiltonian()

Returns the matrix representation of the Hamiltonian.

double virial(int v)

Returns the virial for the vibrational state v.

double metricError()

Returns the maximal error of the Lowdin ortho-normalization.
void load (YAML::Node node, BBComposition& composition, bool poly-
nomials)

Loads the basis from node. It requires the composition of the system and
the polynomial representation of the GVR will be generated if polynomial
is true.

YAML::Node node(BBDataFormat format, bool minial=true)
Returns a YAML representation of the basis. format specifies if the nu-

merical values are stored as plain text ASCII of Binary. If minimal is set
to false, all information will be stored. minimal is by default true.

void publication(YAML::Emitter& node)
Stores a YAML representation of the basis suited for publication in node.
void analyze(int v)

Prints the energy contributions from the different terms of the Hamiltonian
to the total energy for state v.

void writeIntegrals(string fileName)

Writes integrals to file fileName.
void loadIntegrals(string fileName)

Loads integrals from file fileName.
BBNRBasis& operator=(const BBNRBasis& c)

Assignment operator.

Private Attributes

¢ vector<BBNRBasisFunction> m_basisFunctions

Vector storing the basis functions.

* vector<BBIntegral> m potentiallntegrals

Vector storing the potential integrals of the Hamiltonian.
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C.14 BBNRBasisFunction Class Reference

BBNRBasisFunction represents a non-relativistic ECG with the GVR or a
CECG. The Gaussian part is represented by a BBGaussian instance and the
angular momentum part is represented by a list of spin states and spatial
angular momentum state which is described by an instance of BBPolyno-
mial. Each spin state is associated with the according spatial angular mo-
If the basis function is an eigenfunction of the total spa-
tial angular momentum operator, then the basis function will contains only
one spin state/BBPolynomial pair. If the basis function is an eigenfunction
of the total angular momentum operator, then it can contain several spin
state/BBPolynomial pairs depending on the Clebsh-Gordan expansion.

mentum part.

BBIntegral m_overlapIntegral

Overlap integral.
BBIntegral m kineticIntegral
Kinetic-energy integral.
vector<mat> m_potentials

Vector of potential-energy integral matrices.

mat m_potential

Total potential-energy matrix.

mat m_metric

Integral matrix of the overlap.

mat m _kinetic

Integral matrix of the kinetic energy.

BBComposition m_composition

Composition of the system.

mat m_state

Eigenvectors of the generalized eigenproblem.

vec m_energies

Energies of the generalized eigenproblem.

mat m_loewdin

Lowdin ortho-normalization matrix.

#include <BBNRBasisFunction.h>
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Public Member Functions

* BBNRBasisFunction()

Standard constructor.
¢ ~BBNRBasisFunction()

Deconstructor.
* BBNRBasisFunction(const BBNRBasisFunction& c)

Copy constructor.
* BBNRBasisFunction(BBComposition& composition, int j, int mj, int S,
int L, int maxK, bool polynomials)

Constructor using the composition to generate a non-relativistic basis func-
tion for a total angular momentum state. The total angular momentum
state is defined by j; and mj. The total spin state is defined by S and
the total spatial angular momentum is defined by L. The angular part is
then generated according to the LS coupling scheme. The largest value
for K is set by maxK and if polynomials is set true, then the polynomial
representation of the GVR will be generated.

* BBNRBasisFunction(BBComposition& composition, vector<int> §,

vector<int> MS, int 1, int ml, int maxK, bool polynomials)

Constructor using the composition to generate a non-relativistic basis func-
tion for a total spatial angular momentum state and elementary spin states.
The total spatial angular momentum state is defined by [ and mli. The
elementary spins states are stored in S and MS. The largest value for
K is set by maxK and if polynomials is set true, then the polynomial
representation of the GVR will be generated.

* BBNRBasisFunction(YAML::Node node, BBComposition& composition,
bool polynomials)

Constructor loading YAML input from node. If polynomials is true, then
the polynomial representation of the GVR will be generated.

* BBGaussian& gaussian()
Returns a reference to the Gaussian.
* BBPolynomial& polynomial(unsigned int i)

Returns a reference to the i*" term in the polynomial representation of the
GVR.

* vector<BBPolynomial >& polynomials()

Returns a reference to the vector of polynomials.

* Col<int> spinPattern(BBComposition& composition, Mat<int> p,
unsigned int i, unsigned int j=0)
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Returns a the spin pattern for a permutation p of element i of spin state j.
The spin pattern is a vector of integers, where the each element represents
a spin of a single particle and the value of the element represent its state.

complex<double>& factor(unsigned int i, unsigned int j=0)
Returns a reference to the factor of a spin state at position i for the spin
state j.

complex<double>& factor(BBComposition& composition, Col<int>

pattern, unsigned int j=0)
Returns a reference to the factor of a spin state at the position specified
by the spin pattern stored in pattern for the spin state j.

cx vec factorVec(unsigned int i)

Returns the spin state i.
cx_vec factorVec(BBComposition composition, unsigned int i, Mat<int>
P)

Returns the spin state i for a permutation P.

vector<cx_vec>& factors()

Returns the vector of all spin states.

double& norm()

Returns the numerical quasi-normalization factor.

void normalize()

Calculates the numerical quasi-normalization factor.
void convertToTotal(BBComposition& composition, int j, int mj, int 1,
int S, bool polynomials)

Returns a reference to the composition of the basis set.
void convertToSpatial(BBComposition& composition, vector<int> S,
vector<int> MS, int 1, int ml, bool polynomials)

Converts the basis function to a total spatial angular momentum form. S
and M S contain the elementary spin states and | and ml specify the total
spatial angular momentum state. If polynomial is true, then the polynomial
representation of the GVR will be generated.

unsigned int size()
Returns the number of polynomials.

BBNRBasisFunction at(unsigned int i)

Returns a basis function only containing the i*" spin state and the according
polynomial.

void push back(BBPolynomial polynomial, cx vec spin)
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Adds a pair of spin state and polynomial to the basis function.

void resample(BBComposition& composition)

Generates a new guess for A.

void resampleU(BBComposition& composition)

Generates a new guess for u.
void resampleK(BBComposition& composition, unsigned int k, bool
polynomials)

Generates a new guess for K.

void symmetry(BBComposition& composition, Mat<int>& p, int sign)

Performs a particle permutation p and a sign change on the basis function.
void correctSpinSign()

Reorders the signs and imaginary factors between a spin state and its

polynomial such that the first element of the spin state is real and positive.
void contract()

Contracts redundant spin states and polynomials to shorter forms.
BBNRBasisFunction braket(BBComposition& composition, BBNRBasis-
Function& ket, Mat<int> p)

Forms a new basis functions from the product of two basis functions bra

and ket for a particle permutation p of the ket.

YAML::Node node(BBDataFormat format, bool minimal=true)

Returns a YAML representation of the basis function. format specifies if the

numerical values will be stored as plain text ASCII of Binary. If minimal
is set to false, all information will be stored. minimal is by default true.

void load (YAML::Node node, BBComposition& composition, bool poly-
nomials)

Loads the basis from node. It requires the composition of the system and
the polynomial representation of the GVR will be generated if polynomial
is true.

BBNRBasisFunction& operator+ =(const BBNRBasisFunction& rhs)

Assignment addition operator.

BBNRBasisFunction& operator-=(const BBNRBasisFunction& rhs)

Assignment subtraction operator.

BBNRBasisFunction& operatorx=(const double rhs)

Assignment multiplication operator.

BBNRBasisFunction& operator/=(const double rhs)

Assignment division operator.
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BBNRBasisFunction& operatorx=(const BBPolynomial rhs)

Assignment multiplication operator.

* const BBNRBasisFunction operator+ (const BBNRBasisFunction& rhs)
const

Addition operator.

* const BBNRBasisFunction operator-(const BBNRBasisFunction& rhs)
const

Subtraction operator.

* const BBNRBasisFunction operatorx(const double rhs) const

Multiplication operator.

* const BBNRBasisFunction operator/(const double rhs) const

Division operator.

* BBNRBasisFunction& operator=(const BBNRBasisFunction& c)

Assignment operator.

Private Attributes

* BBGaussian m_gaussian

Gaussian part.

* vector<BBPolynomial> m_polynomials

Polynomial part.
* vector<cx_vec> m_spinStates

Vector of spin states.

Friends

* const BBNRBasisFunction operatorx(const double lhs, const BBNR-
BasisFunction& rhs)

Multiplication operator.

* const BBNRBasisFunction operatorx(const BBPolynomial& lhs, const
BBNRBasisFunction& rhs)

Multiplication operator.

* const BBNRBasisFunction operator/(const double lhs, const BBNR-
BasisFunction& rhs)

Division operator.
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* BBNRBasisFunction operatorx(const BBSigmaPOperator& lhs, const
BBNRBasisFunction& rhs)

Multiplication operator.

* BBNRBasisFunction operators(const BBSigmaOperator& lhs, const
BBNRBasisFunction& rhs)

Multiplication operator.

C.15 BBNRSpinOperator Class Reference

BBNRSpinOperator is a class which contains functions for generating the
matrix representation of spin operators and the vector eigenstates. The op-
erators can be generated for any number of particles with any spin. The 5.,
S, and S_ operators have simple matrix form and can thus be generated
directly. All other operators, such as S, Sy and S2, are generated from the
initial three operators. The eigenvectors are generated recursively through
angular momentum recoupling.

#include <BBNRSpinOperator.h>
Public Member Functions

* BBNRSpinOperator()

Standard constructor.
* BBNRSpinOperator(const BBNRSpinOperator& c)

Copy constructor.
* virtual ~BBNRSpinOperator()

Deconstructor.

* Col<int> z(BBComposition& composition)

Returns the S, operator for the system described by composition.
* Mat<int> total(BBComposition& composition)

Returns the $2 operator for the system described by composition.
* Mat<int> raising(BBComposition& composition)

Returns the S, operator for the system described by composition.
* Mat<int> lowering(BBComposition& composition)

Returns the S_ operator for the system described by composition.
* Mat<int> y(BBComposition& composition)

Returns the Sy operator for the system described by composition.
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Mat<int> x(BBComposition& composition)

Returns the S, operator for the system described by composition.
unsigned int dimension(BBComposition& composition)

Returns the matrix dimension of the spin operators.
unsigned int dimension(vector<BBParticle>& particles)

Returns the matrix dimension of the spin operators for the vector particles.

vec state(int S, int MS, BBComposition& composition)

Returns the total spin state for a system described by composition for the
state S, Mg.

vec state(vector<int> S, vector<int> MS, BBComposition& composi-
tion)

Returns the spin state for a system described by composition for the ele-
mentary spin states listed in S and Msg.

vec state(int S, int MS, BBComposition& composition, vector<BBPar-
ticle>& particles)

Returns the spin state for a list of particles for the elementary spin states
listed in S and MS.

Mat<int> spinStructure(BBComposition& composition)

Calculates all spin patterns.

Private Member Functions

int maxS(vector<BBParticle> particles)

Calculates the largest possible value for S for a list of particles.

C.16 BBParticle Class Reference

BBParticle contains the physical parameters of a particle type. The parame-
ters include the mass, charge, spin and a type specifier. The values for the
parameters have to be provided and are not stored internally.

#include <BBParticle.h>
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Public Member Functions

e BBParticle()

Standard constructor.

BBParticle(const BBParticle& c)
Copy constructor.

BBParticle(BBParticleType type, int spin, int mass, int charge)
Constructor specifying the type, spin, mass and charge of the particle.

BBParticle(BBParticleType type)

Constructor using only the type. The other parameters are to be specified
later.

BBParticle(YAML::Node node)

Constructor loading parameters from a YAML node.
virtual ~BBParticle()

Deconstructor.
BBParticleType& type()

Returns the type of the particle.
int& spin()

Returns the spin of the particle.
double& mass()

Returns the mass of the particle.

int& charge()

Returns the charge of the particle.
void load(YAML::Node node)

Loads parameters from a YAML node.

BBParticle& operator=(const BBParticle& c)

Assignment Operator.

Private Attributes

* BBParticleType m_type
Type identifyer of the particle.
* int m_spin

Spin of the particle.

* double m_mass
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Mass of the particle.
* int m_charge

Charge of the particle.

Friends

* bool operator==(const BBParticle& a, const BBParticle& b)

Equal to operator.
* bool operator!=(const BBParticle& a, const BBParticle& b)

Not equal to operator.

C.17 BBPermutationMatrix Class Reference

BBPermutationMatrix is an implementation of a particle-permutation matrix.
It contains one permutational state at each time. It is possible to cycle
through all permutations of a set of particles. A cycle starts at the identity
matrix and all further matrices are generated in lexical order. An instance of
BBPermutationMatrix only requires the number of particles to be permutated.

#include <BBPermutationMatrix.h>
Public Member Functions

* BBPermutationMatrix()

Standard constructor.

* BBPermutationMatrix(unsigned int n)

Constructor for n particles.
* BBPermutationMatrix(const BBPermutationMatrix& c)

Copy constructor.
e virtual ~BBPermutationMatrix()

Deconstructor.

* void next()

Loads next permutation.

* Mat<int>& matrix()

Returns matrix of current permutations.

* unsigned int dimension()

Returns dimension of permutation matrix.
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int parity()
Returns the sign of the current permutation.

bool last()

Returns true if the former permutation was the last permutation.

void reset(unsigned int n)

Resets the permutation to the initial state for n particles.

BBPermutationMatrix& operator=(const BBPermutationMatrix& c)

Assignment operator.

Private Attributes

e Mat<int> m_matrix

Permutation matrix.

* vector<unsigned int> m_currentPermutation

Vector or permuted particle indices.

* bool m last

True if the former permutation was the last, false otherwise.

C.18 BBPolynomial Class Reference

BBPolynomial is an implementation of the angular part of an ECG. It can
represent a GVR or Cartesian polynomials. The Cartesian polynomials are not
automatically generated. If they are generated, the according the current GVR
(see Eq. (2.24)) is formed. K is always assumed to be zero if the polynomial
representation is generated. It contains routines which generate a guess for
the global vector u and it distinguishes between BO and pre-BO calculations.
In pre-BO calculations, ¢, is zero, if not otherwise specified. If the polynomial
form is generated, then it is possible to use the multiplication operators. The
GVR is ignored for all operators except the assignment operator. Polynomials
can be multiplied with each other and can be multiplied and divided by scalar
factors. Polynomials can also be added and subtracted from each other.

#include <BBPolynomial.h>
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Public Member Functions
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BBPolynomial ()

Standard constructor.
BBPolynomial(const BBPolynomial& c)

Copy constructor.
BBPolynomial (YAML::Node node, BBComposition& composition, bool
polynomials)
Constructor loading YAML input. If polynomials is true, then the polynomial
representation of the GVR will be generated.
BBPolynomial (BBComposition& composition, int 1, int ml, int k, bool
polynomials)
Constructor using GVR parameters. | and ml are the spatial angular mo-

mentum quantum numbers and k is the K factor in the GVR. If polynomials
is true, then the polynomial representation of the GVR will be generated.

virtual ~BBPolynomial()
Deconstructor.
void u(BBComposition& composition)
Samples a new global vector u.
vec& u()
Returns a reference to the global vector u.
int& 10)
Returns a reference to the I quantum number.
int& ml()
Returns a reference to the M; quantum number.
int& k()

Returns a reference to the K factor in the GVR.
void polynomials(BBComposition& composition)
Generates polynomial representation of the GVR.
void indices(Mat<int>& indices, cx_vec& prefactors, int k, BBCompo-

sition& composition, bool pref=true)

Generates the polynomial terms recursively for the expanded form of a
polynomial of type (x1 +...+xx)¥. In indices are the calculated exponents
returned and in prefactors are the calculated multiplicative factors of each
polynomial term returned. k is the order of the polynomial. If pref is set
true, the factors of the entries of the global vectors will be included in the
calculation. Otherwise the elements will be assumed to be 1.
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Col<int> indices(unsigned int c, unsigned int i)

Returns exponentials of term ¢ for axis i.
Mat<int> indices(unsigned int i, Mat<int> P)
Returns exponentials for axis i for the permutation P.
Mat<int> indices(unsigned int i)
Returns exponentials for axis i.

Cube<int>& indices()

Returns all exponentials. Each slice in the returned Cube<int> represents
an axis and each row represents a term.

BBPolynomial conj()

Returns the complex conjugated polynomial.

complex<double>& factors(unsigned int i)

Returns a reference to the multiplicative prefactor of term i in the poly-
nomial.

cx_vec& factors()
Returns a reference to all multiplicative prefactors in the polynomial.
int size()
Returns the number of terms in the polynomial.
void symmetry(Mat<int>& p, int sign)
Performs a particle permutation where p is the permutation matrix and
sign specifies the sign change on the polynomial.
void contract()
Contracts terms which appear multiple times in the polynomial.
YAML::Node node(BBDataFormat format, bool minimal=true)

Returns a YAML representation of the polynomial. If minimal is set to false,
all information will be stored. minimal is by default true. Numerical values
will be stored as text if format is set to BBAscii and as b64 represented
binary if format is set to BBBinary.

void load(YAML::Node node, BBComposition& composition)

Loads the polynomial from node.

BBPolynomial& operator+ = (const BBPolynomial& c)

Assignment addition operator.

BBPolynomial& operator-=(const BBPolynomial& c)

Assignment subtraction operator.

BBPolynomial& operator+=(const double& c)
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Assignment multiplication operator.

BBPolynomial& operator/=(const double& c)

Assignment division operator.

BBPolynomial& operatorx=(const BBPolynomial& c)

Assignment multiplication operator.

const BBPolynomial operator+ (const BBPolynomial& c)

Addition operator.

const BBPolynomial operator-(const BBPolynomial& c)

Subtraction operator.

const BBPolynomial operator:(const double& c)

Multiplication operator.

const BBPolynomial operator/(const double& c)

Division operator.

const BBPolynomial operatorx(const BBPolynomial& c¢) const

Multiplication operator.

BBPolynomial& operator=(const BBPolynomial& c)

Assignment operator.

Private Attributes
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vec m_u

Global vector.
int m1

L quantum number
int m_ml

M}, quantum number
int m k

K factor in the GVR.
Cube<int> m_indices

Exponentials ordered as: slices=terms, row=axis, column=particle.
cx_vec m_prefactors

Multiplicative prefactors for each term in the polynomial.
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* const BBNRBasisFunction operatorx(const BBPolynomial& lhs, const
BBNRBasisFunction& rhs)

Multiplication operator.

C.19 BBRBasis Class Reference

BBRBasis is a relativistic basis set. It contains a list of BBRBasisFunctions.
The class contains functions for calculating the matrix representation of the
Hamiltonian and solve the generalized eigenproblem. Before an initial cal-

culation

can be performed, the matrices have to be reset. Furthermore, it

contains functions for the optimization of the parameter set. It requires an

instance

of BBComposition in order to specify the system which is described

by the basis set.

#include <BBRBasis.h>

Public Member Functions

* BBRBasis()

Standard constructor.

* BBRBasis(BBRBasis& ¢)

Copy constructor.

* BBRBasis(BBComposition& composition, int size, int j, int mj, int S,
int L, int maxK, BBKineticBalance balance)

Constructor generating a relativistic basis for a total angular momentum
state. composition specifies the system which is represented by the basis.
The number of basis functions is defined by size. The total angular mo-
mentum state is defined by j and mj. The total spin state is defined by
S. The largest value for K is set by maxK and if polynomials is set true,
then the polynomial representation of the GVR will be generated. balance
states which kind of kinetic-balance condition will be used.

* BBRBasis(BBComposition& composition, int size, vector<int> S,
vector<int> MS, int 1, int ml, int maxK, BBKineticBalance balance)

Constructor generating a non-relativistic basis for a total spatial angular
momentum state and elementary spin states. composition specifies the
system which is represented by the basis. The number of basis functions
is defined by size. The total spatial angular momentum state is defined
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by [ and mli. The elementary spins states are stored in S and MS. The
largest value for K is set by maxK and if polynomials is set true, then
the polynomial representation of the GVR will be generated. balance states
which kind of kinetic-balance condition will be used.

BBRBasis(YAML::Node node, BBComposition& composition)

Constructor loading YAML input.
virtual ~BBRBasis()

Deconstructor.

BBComposition& composition()

Returns a reference to the composition of the basis set.

void reset()

Resets the integral matrices.

unsigned int size()

Returns the number of basis functions.
BBRBasisFunction& at(unsigned int i)

Returns a reference to the " basis function.

vector<BBIntegral >& potentials()

Returns a reference to the vector containing the potential-energy integrals.
void potentials(unsigned int i, unsigned int j=0)

Calculates the integrals for the potential operators. The i** column and

row of the integrals matrices are calculated starting from the j** element.
By default the whole column and row are calculated.

mat potentialMat(unsigned int i)

Returns a the matrix of the i*" potential-energy operator in the Hamiltonian.
void metric(unsigned int i, unsigned int j=0)

Calculates the integrals for the overlap. The i** column and row of the

integrals matrices are calculated starting from the j'* element. By default
the whole column and row are calculated.

mat metricMat()

Returns the overlap matrix.
void kinetic(unsigned int i, unsigned int j=0)

Calculates the integrals for the kinetic-energy. The ‘" column and row

of the integrals matrices are calculated starting from the j** element. By
default the whole column and row are calculated.

mat kineticMat()

Returns the kinetic-energy matrix.
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void resting(unsigned int i, unsigned int j=0)

Calculates the integrals for the rest energy. The i*" column and row of the
integrals matrices are calculated starting from the j!* element. By default
the whole column and row are calculated.

mat restingMat()

Returns the rest-energy matrix.

void loewdin(double t=1.0e-12)
Performs the Lowdin ortho-normalization. The threshold for selecting ortho-
normal basis functions is t. It is by default le-12.

mat loewdinMat()
Returns the matrix representation of the Léwdin ortho-normalization trans-
formation.

void calculate()

Calculates all integral matrices.

void update(unsigned int i)

Updates column and row i of all integral matrices.
void normalize()

Normalizes the components of all basis functions.
bool normalize(unsigned int i, bool del=true)
Normalizes the components of the i*" basis function. If del is true, then

the basis function will be resampled if numerical problems occur. del is
by default true.

void solve(double t=1.0e-12)
Solves the generalized eigenproblem. It performs a Lowdin ortho-normalization
with the threshold ¢. It is 1le-12 by default.

cx_vec solveCCR(double angle, double t=1.0e-12)
Solves the generalized eigenproblem for the Complex Coordinate Rotation
method using the current integral matrices. The rotation is defined by

angle. It performs a Lowdin ortho-normalization with the threshold ¢. It
is le-12 by default.

cx_vec solveCAP(double angle, double t=1.0e-12)

Solves the generalized eigenproblem for the Complex Absorption Potential
method using the current integral matrices. The rotation is defined by
angle. It performs a Léwdin ortho-normalization with the threshold ¢. It
is le-12 by default.

mat states()

Returns the eigenvectors of the solution of the generalized eigenproblem.
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vec energies()
Returns the energies obtained from the solution of the generalized eigen-
problem.

void sample(int rounds, double t)
Optimizes the basis set by sampling of the A correlation matrices. The
number of sampling steps is defined by rounds. t is the threshold for the
Lowdin ortho-normalization. % is the largest value for K in the GVR. The

polynomial representation of the GVR will be generated if polynomials is
true. v is the vibrational quantum number.

void randomStepUniform(unsigned int steps, double t, double range)
Optimizes the basis by performing random steps of the o parameters. The
number of sampling steps is defined by rounds. t is the threshold for the

Lowdin ortho-normalization. range specifies the maximal step size. k is
the largest value for K in the GVR. v is the vibrational quantum number.

void parameters()
Performs a statistical analysis of the « parameters in A for all pairs of
types and changes the sampling parameters accordingly.

void balanceTest()
Performs a test if the kinetic-balance condition is correctly imposed. It
prints the results to screen.

void symmetryTest()

Performs a test if the particle exchange symmetry is correctly imposed. It
prints the results to screen.

int groundstate()
Returns the index of the ground state in the energy vector.
void writeIntegrals(string fileName)
Writes integrals to the file with the name fileName.
void loadIntegrals(string fileName)
Loads integrals from the file with the name fileName.
void remove(unsigned int i)
Removes i*" basis function.
void load(YAML::Node node, BBComposition& composition)
Loads the basis from node.

YAML::Node node(BBDataFormat format)

Returns a YAML representation of the basis. Numerical values will be
stored as text if format is set to BBAscii and as b64 represented binary
if format is set to BBBinary.
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double metricError()

Returns the maximal error of the Lowdin ortho-normalization.
mat hamiltonian()

Returns the matrix representation of the Hamiltonian.
void analyze(int v)

Prints the energy contributions from the different terms of the Hamiltonian
to the total energy for state v.

BBRBasis& operator=(const BBRBasis& c)

Assignment operator.

Private Attributes

BBRBasisFunction* m_basisFunctions

Array storing the basis functions.

unsigned int m_size

Number of basis functions.

vector<BBIntegral> m_potentiallntegrals

Vector storing the potential-energy integrals of the Hamiltonian.
vector<BBSigmaPOperator> m sigmaP

Vector storing BBSigmaPOperator for each particle.

BBIntegral m_overlapIntegral

Overlap integral.
BBIntegral m SPIntegral
Kinetic-energy integral.
BBIntegral m_restingIntegral

Rest-energy integral.

vector<mat> m_potentials

Vector of potential-energy integral matrices.
mat m_potential

Total potential-energy matrix.

mat m_metric

Integral matrix of overlap.

mat m_kinetic

Integral matrix of kinetic-energy.

mat m resting
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Integral matrix of rest energy.

* BBComposition m_composition

Composition of the system.

* mat m_state

Eigenvectors of the generalized eigenproblem.

* vec m_energies

Energies of the generalized eigenproblem.

* mat m_loewdin

Lowdin ortho-normalization matrix.

* int m groundstate

Index for the ground-state energy.

C.20 BBRBasisFunction Class Reference

BBRBasisFunction represents a relativistic many-fermion spinor. The spinor
is partitioned according to Eq. (6.22). Each component is represented by
an instance of BBNRBasisFunction. The components can be accesses by the
index which is a single number specifying the vector element. Alternatively, it
is possible to access a component through the A key according to Eq. (6.22).
Here, [ is represented by 0 and s is represented by 1. Thus the /s component
of a two-fermion spinor is represented as a Col<int> with the elements (0,1).
The quasi-normalization factor is generally not generated by itself. This is
done by the BBRBasis class which allows for more flexibility BBRBasis-
Function contains the functions to impose the kinetic-balance condition on
the non-relativistic limit. It supports both the explicitly correlated kinetic-
balance condition and the one-fermion kinetic-balance condition.

#include <BBRBasisFunction.h>
Public Member Functions

* BBRBasisFunction()
Standard constructor.
¢ BBRBasisFunction(const BBRBasisFunction& c)

Copy constructor.

* BBRBasisFunction(BBComposition& composition, vector<int> S,
vector<int> MS, int 1, int ml, int k, BBKineticBalance balance)
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Constructor generating a relativistic basis function for a total spatial angular
momentum state and elementary spin states. composition specifies which
system is represented. The total spatial angular momentum state is defined
by I and ml. The elementary spin states are stored in S and M S. k currently
ignored. balance specifies the kinetic-balance condition used.
BBRBasisFunction(BBComposition& composition, int j, int mj, int S,
int L, int k, BBKineticBalance balance)
Constructor generating a relativistic basis function for a total angular mo-
mentum state. composition specifies which system is represented. The total
angular momentum state is defined by j and mj. The total spin state is
defined by S and the total spatial angular momentum is defined by L. The
angular part is then generated according to the LS coupling scheme. £ is
currently ignored. balance specifies the kinetic-balance condition used.

BBRBasisFunction(YAML::Node node, BBComposition& composition)

Constructor loading YAML input.
BBRBasisFunction(YAML::Node node, BBComposition& composition,
BBKineticBalance balance)
Constructor loading YAML input and specifying the kinetic-balance condi-
tion.
BBRBasisFunction(BBComposition& composition, BBNRBasisFunction
theta, BBKineticBalance balance)
Constructor loading the non-relativistic limit YAML input and specifying
the kinetic-balance condition.

virtual ~BBRBasisFunction()

Deconstructor.
unsigned int key(Col<int> i)
Calculates the the component index from the A key stored in i. O represents
l, 1 represents s.
BBNRBasisFunction& at(unsigned int component, unsigned int sym-
metry=0)
Returns a reference to the permutation specified by symmetry of a com-
ponent specified by component. By default, the original permutation is
returned.
BBNRBasisFunction& at(Col<int> component, unsigned int symme-
try=0
Returns a reference to the permutation specified by symmetry of a compo-

nent specified by the A key stored in component. By default, the original
permutation is returned.
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BBNRBasisFunction& theta(unsigned int symmetry=0)

Returns a reference to the non-relativistic limit for a permutation specified
by symmetry. By default, the original permutation is returned.
* BBPolynomial& polynomial(unsigned int component, unsigned int
polynomial, unsigned int symmetry=0)
Returns a reference to the polynomial for a component specified by the
index for a permutation specified by symmetry. By default, the original
permutation is returned.
* BBPolynomial& polynomial(Col<int> component, unsigned int poly-
nomial, unsigned int symmetry=0)
Returns a reference to the polynomial for a component specified by the

A key stored in component for a permutation specified by symmetry. By
default, the original permutation is returned.

* BBGaussian& gaussian(unsigned int symmetry=0)

Returns a reference to the Gaussian. The permutation index is specified
by symmetry. By default, the original permutation is returned.

* complex<double>& factor(unsigned int component, unsigned int
spinor, unsigned int spinorelement, unsigned int symmetry=0)

Returns a reference to the factor of a spin state at position spinorelement for
the spin-state spinor for a component specified by the index component for
a permutation specified by symmetry. By default, the original permutation
is returned.

* complex<double>& factor(BBComposition& composition, Col<int>
component, Col<int> spinor, unsigned int spinorelement, unsigned
int symmetry=0)

Returns a reference to the factor of a spin state at position spinorelement for
the spin-state spinor for a component specified by the A key component for

a permutation specified by symmetry. By default, the original permutation
is returned.

* void normalize(double norm)
Sets the numerical quasi-normalization factors to norm for each component.
* Col<int> pattern(BBComposition& composition, unsigned int i)
Returns the A key for the component i.

* Col<int> spinPattern(BBComposition& composition, Mat<int> p,
unsigned int component, unsigned int spinor, unsigned int spinorele-
ment)

Returns a the spin pattern for a permutation matrix p of element spinorelement
of the spin-state spinor for a component specified by the index component.
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The spin pattern is a vector of integers, where each element represents a
spin of a single particle and the value of the element represent its state.

unsigned int size(unsigned int i)

Returns the number of spin states of component i.

unsigned int size(Col<int> i)
Returns the number of spin states of the component specified by the A
key stored in i.

unsigned int size()

Returns the number of components.

unsigned int permutations()

Returns the number of permutations.

void resample(BBComposition& composition)
Generates a new guess for A. kinetic-balance condition and the quasi-
normalization are updated automatically.

void uniformStep(BBComposition& composition, double range)
Change A by performing a uniform step for the a parameters where the

size is specified by range. The kinetic-balance condition and the quasi-
normalization are updated automatically.

void balance(BBComposition& composition, BBKineticBalance balance)

Imposes the kinetic-balance condition specified by balance onto the non-
relativistic limit.

void balance(BBComposition& composition)

Imposes the kinetic-balance condition onto the non-relativistic limit.

void symmetry(BBComposition& composition)

Generates particle-permuted terms of the non-relativistic limit.
YAML::Node node(BBDataFormat format, bool minimal=true)
Returns a YAML representation of the basis function. Numerical values will

be stored as text if format is set to BBAscii and as b64 represented binary
if format is set to BBBinary.

void load(YAML::Node node, BBComposition& composition)
Loads the basis from node.
void loadNR(YAML::Node node, BBComposition& composition, BBKine-
ticBalance balance)
Loads the basis from node for a non-relativistic limit and a kinetic-balance
condition specified by balance.

BBRBasisFunction& operator:=(const BBPolynomial& rhs)
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Assignment multiplication operator.

* BBRBasisFunction& operator=(const BBRBasisFunction& c)

Assignment operator.

Private Attributes

* vector<vector<BBNRBasisFunction>> m_components

Particle exchanged terms of components. First key is component key, second

key is permutation key.

vector<BBNRBasisFunction> m_theta

Particle exchanged terms of non-relativistic limit.

BBKineticBalance m_balance

Kinetic-balance condition type.

vector<BBSigmaPOperator> m_sigmaP

Vector of o - p operators for each particle.

BBAntisymmetrizer m_symmetry

(Anti-) symmetrization operator.

Friends

* BBRBasisFunction operatorx«(const BBAlphaOperator& alpha,

BBRBasisFunction& function)

Multiplication operator.

* BBRBasisFunction operator«(const BBPolynomial& Ilhs,
BBRBasisFunction& function)

Multiplication operator.

C.21 BBSigmaOperator Class Reference

const

const

BBSigmaOperator is an implementation of the o, operator where i € {z,y, 2}
according to Eq. (3.2). It can act on an instance of BBNRBasisFunction and

generate a spin-transformed instance.

#include <BBSigmaOperator.h>
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Public Member Functions

BBSigmaOperator()

Standard constructor.

BBSigmaOperator(BBComposition& composition, int axis, unsigned
int index)

Constructor specifying the particle index and the axis (0=x,1=y,2=z)
BBSigmaOperator(const BBSigmaOperator& c)

Copy constructor.

virtual ~BBSigmaOperator()

Deconstructor.

cx_mat matrix()

Returns o matrix.

BBSigmaOperator& operatorx=(const BBSigmaOperator& sigma)

Assignment multiplication operator.

BBSigmaOperator& operator=(const BBSigmaOperator& c)

Assignement operator.

Private Attributes

int m_axis
Axis key. x=0, y=1, z=2.
unsigned int m particleIndex

Particle index.

cx_mat m_matrix

o matrix

BBComposition m_composition

Composition of the system.

vector<BBSigmaOperator> m_preceeding

Preceding o operators. Used for chaining of several o operators.
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Friends

* BBSigmaOperator operatorx(const BBSigmaOperator& lhs, const
BBSigmaOperator& rhs)

Multiplication operator.

* BBNRBasisFunction operators(const BBSigmaOperator& lhs, const
BBNRBasisFunction& rhs)

Multiplication operator.

C.22 BBSigmaPOperator Class Reference

BBSigmaPOperator is an implementation of the o - p operator according to
Eq. (3.2). It can act on an instance of BBNRBasisFunction to generate a
transformed form if the instance of BBNRBasisFunction is represented in its
CECG form.

#include <BBSigmaPOperator.h>

Public Member Functions

BBSigmaPOperator()

Standard constructor.

* BBSigmaPOperator(const BBSigmaPOperator& c)

Copy constructor.

* BBSigmaPOperator(BBComposition& composition, unsigned int i)

Constructor for the ¥ particle in the system described by composition.

 virtual ~BBSigmaPOperator()

Deconstructor.

* BBPolynomial act(BBPolynomial polynomial, int axis, int particle, dou-
ble prefactor) const

Returns transformed polynomial. The transformation will be performed on
the axial component specified by axis. particle indicates the particle index
of the o - p operator. prefactor multiplies the transformed form by some
factor.

* BBPolynomial act(BBGaussian polynomial, int axis, int particle, dou-
ble prefactor) const
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Returns transformed Gaussian. The transformation will be performed on
the axial component specified by axis. particle indicates the particle index
of the o - p operator. prefactor multiplies the transformed form by some
factor.

BBNRBasisFunction act(BBNRBasisFunction function, int axis, int par-
ticle, double prefactor) const

Returns transformed non-relativistic basis function. The transformation will
be performed on the axial component specified by axis for all particles.
prefactor multiplies the transformed form by some factor.

BBNRBasisFunction act(BBNRBasisFunction function, int axis, double
prefactor) const

Returns transformed non-relativistic basis function. The transformation will
be performed on the axial component axis. particle states the particle of
the o -p operator. prefactor multiplies the transformed form by some factor.

cx_mat matrix(unsigned int i)
Returns the o matrix of the axis specified by ¢ (x=0, y=1, z=2).
cx_cube& matrices()

Returns all o matrices.

vec& particles()

Returns the linear combination of one-particle o - p operators.

BBSigmaPOperator& operatorx=(const BBSigmaPOperator& rhs)

Assignment multiplication operator.

BBSigmaPOperator operatorx(const BBSigmaPOperator& rhs)

Multiplication operator.

BBSigmaPOperator& operator=(const BBSigmaPOperator& c)

Assignment operator.

Private Attributes

unsigned int m index

Particle index.

vec m_particles

Linear combination of particle indices. Used for center-of-momentum frame.

unsigned int m_order

Order of the o - p operator. Facilitates evaluation of (o - p)2.

double m prefactor
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Multiplicative prefactor.

* cx_cube m_spinMatrices

Axial o matrices.

» vector<BBSigmaPOperator> m_preceeding

Preceeding o - p operators. Used for chaining of several o - p operators.

* bool m_bo

True if a BO calculation is performed.

Friends

BBSigmaPOperator pow(const BBSigmaPOperator& arg, unsigned int
i)

Calculates the power of a o - p operator. i is the exponent.
BBNRBasisFunction operatorx(const BBSigmaPOperator& lhs, const
BBNRBasisFunction& rhs)

Multiplication operator.

BBSigmaPOperator operatorx(const BBSigmaPOperator& lhs, const
double& rhs)

Multiplication operator.

BBSigmaPOperator operatorx(const double& lhs, const BBSigmaP-
Operator& rhs)

Multiplication operator.

C.23 Enumerations

Enumerations
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e enum BBError {

BBAttributeWarning, = BBOptionsWarning, BBDataFileOpenWrite,
BBNoError,

BBInputFileLoad, BBParseComposition, BBParseOption, BBOptions-
Fatal,

BBAttributeFatal, BBDataFileOpenRead, BBDataFileMode, BBSpinor-
Misfit,

BBNullAntisym, BBCacheOOB, BBIntNaN, BBIntInf,

BBBasisFktAdd, BBSpinorAdd, BBSpinorInsertOOB, BBSpinorAccess-
OOB,

BBNRSpinorQN, BBParticleNA }
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List of error denominators.

e enum BBParticleType {
E, H1, H2, H3,
He3, He4, Li6, Be9,
B10, C12, Ps, Mu,
Pt195, Nel9, Bel3, C13,
N15, O15, F19 }

List of particle types.
* enum BBDFMode { BBRead, BBWrite }

List of i/0 modes.

* enum BBIntegralType {
BBOverlap, BBKinetic, BBCoulomb, BBMomentumZ,
BBMomentumP, BBMomentumM, BBDipoleZ, BBDipoleP,
BBDipoleM, BBCentralPotential, BBCOverlap, BBCKinetic,
BBCCoulomb, BBCMomentumZ, BBCMomentumX, BBCMomentumY,
BBCRestEnergy, BBCCentralPotential, BBCSigmaP, BBCGaunt,
BBCCoulomb2, BBCBreit, BBCGaunt2, BBCCentralPotential2,
BBCOneParticleKinetic }

List of integrals types.
e enum BBDataFormat { BBBase64, BBAscii }

List of format types.
* enum BBKineticBalance { BBOneParticle, BBExact }

List of kinetic balance types.

175



Appendix C BlueBerry Reference Manual

176



BlueBerry Manual

This is a short manual for the BlueBerry software which implements our
framework for non-relativistic many-particle and relativistic many-1/2-fermion
calculations. Calculations can be performed in a field-free environment as
pre-BO calculations and with a spherical central Coulomb potential as BO
calculations. In order to run BlueBerry, an input file is required. During the
course of a calculation, the parameter set can be stored in different files. Also,
a log file is created at the end of a calculation which saves all user defined
parameters. This log file has the same structure as an input file and can be
stored to perform the calculation again under identical starting conditions at
a later time. All file in and output relies on the YAML file format [282] for
standardization.

D.1 Input File

D.1.1 composition Block

The first part of the input file which has to be present, is the composition
block. It primarily defines which particle types are involved in the calculation
and how many particles of each type are present. Also, it defines the spin
states of each particle type ensemble. Listing D.1 presents an example for
the composition block of the input file for Hj.

particles Contains the information regarding the individual groups of parti-
cles. The label in the type block indicates the elementary particle or the
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Listing D.1: An example for a composition block in a BlueBerry input file.

composition:

particles:

- type: H1
number: 2
s: 2
ms: O
type: E
number: 1
s: 1
ms: 1
angular momentum:
Js 2
mj: O
cA: 1
born oppenheimer: false

isotope of the atomic nucleus. Additional information is stored exter-
nally and does not need to be specified. The currently supported particle
types are: E (electron), H1 (proton), H2 (deuterium), H3 (triton), He3
(helium-3), He4 (helium-4), Nel9 (neon-19), Bel3 (beryllium-13), C13
(carbon-13), N15 (nitrogen-15), O15 (oxygen-15), F19 (fluorine-19),
Pt195 (platinum-195), Ps (positron) and Mu (muon). Note that, if the
particle type represents an atom type, it will always represent the ac-
cording nuclei. Thus Bel3 does not represent the Beryllium-13 isotope
atom but its nucleus.

In the case where the mass or the charge needs to be changed, it is
not necessary to modify the external resources. It is possible to use the
mass (mass in terms of the electron mass), atomic mass (atomic mass
in terms of atomic mass units) and the charge blocks. In this example:

particles:
- type: H1
number: 1
s: 1

ms: 1

the proton will be have charge +1 and mass 1 and therefore have the
same properties as the positron.
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Only one list entry should be present for each type of particle. The
according particle exchange symmetry is only enforced on each block
and the individual list entries in the particles block are not contracted.
In this example:

particles:

- type: E
number: 1
s: 1
ms: 1
type: E
number: 1
s: 1
ms: 1

the particle exchange symmetry will not be imposed since the two elec-
trons have individual blocks.

The number block states the number of particles of this type. If it is
set to zero, the list entry will be skipped when BlueBerry parses the
input file.

The spin quantum numbers are stated in the s and ms blocks. All
spatial and spin angular momentum quantum numbers are multiplied
by a factor of two in order to ensure integer (rather than half integer)
numbers for the spin quantum numbers. Therefore, the system presented
in Listing D.1 is in its ortho state regarding the spins of the protons
(Sp,=1).

angular momentum In the angular momentum block are the total (spatial)
angular momentum quantum numbers specified through the j and mj
blocks. Again, the angular momentum quantum numbers are multiplied
by a factor of two. Thus, the system presented in Listing D.1 is in its first
excited rotational state with I, = 1. If the 1 and s quantum numbers are
listed, instead of forming the total spatial angular momentum state, the
total angular momentum state is constructed in terms of LS-coupling:

angular momentum:
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where the system is in a total angular momentum state with J =1 and
My =0.

cA Defines the value of ¢4 in the parametrization Eq. (2.42). This allows

the user to test that the calculations are translationally invariant by
performing the calculations for a range of ¢4 values.

born oppenheimer Is either set to true or false and defines if the calculation

will be a BO or a pre-BO calculation. This will affect the parametrization
of the basis functions and decide whether translational invariance will
be imposed or not. If this block is set to true, the parametrization of A
will follow Eq. (2.40) and ¢, in Eq. (2.42) will be a random number. If
this block is set to false, the parametrization of A will follow Eq. (2.42)
with ¢4 specified in the cA block. ¢, will then be zero.

central charge Sets the charge of a spherical external Coulomb potential.

This entry is optional. An external Beryllium-like central potential with
Z=4 is included as

central charge: 4

The charge can also be negative and fractional. Note that this only
defines the magnitude of the central charge, but does not introduce the
potential-energy term itself. This has to be done later in the potentials
block.

speed of light Sets the value used for the speed of light to be used in the cal-

culation. This entry is optional and has a default value of 137.0359895
as taken from Ref. [183]. Changing this value to a large value can be
used for reproducing the non-relativistic limit in a relativistic calculation:

speed of light: 1eb

sampling parameters Contains the blocks which define the sampling param-
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eters for the generation of the A matrix and the global vector w. This
parameter is optional and contains two blocks a and u. This is an
example for the sampling parameters block:

sampling parameters:
u:
mean matrix: " 0.0\n 0.0\n"
sd matrix: " 1.0\n 1.0\n"

sd matrix: " 10.0 5.0\n 5.0 2.5\n"
mean matrix: " 0.0 0.0\n 0.0 0.0\n"
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The a block contains two matrices. The mean matrix contains the mean
values and the sd matrix contains the standard deviation values for the
normal distribution of the sampling of the elements of the A matrix.
The matrices are square and the dimension is defined by the number
of particle types used in the calculation. Therefore, the above example
contains the matrices for a system of two types of particles, e.g, Hy.

The u block contains two vectors. The mean matrix contains the mean
values and the sd matrix contains the standard deviation values for the
normal distribution of the sampling of the elements of the global vector.
The dimension of the vectors depends on the number of particle types.

By default, all entries in the two mean matrix blocks are set to 1 and
in the two sd matrix blocks are set to 0.

D.1.2 Further Options

Besides the composition block, there are further options which can be set.

size Sets the number of basis functions to be generated. This value is ignored
if a parameter set is read from file.

size: 100

relativistic Is set to true or false. It defines if a non-relativistic or relativistic
calculation will be performed. This entry is optional and by default
false.

relativistic: true

polynomials Is either set to true or false. It defines if the polynomial rep-
resentation of the GVR will be generated. If it set to true, K will be
taken as zero.

polynomials: true

potentials Lists the potentials which will be contained in the Hamiltonian
and sets which formula will be used for the evaluation. Possible entries
are:

BBCoulomb particle-particle Coulomb interaction evaluated using the
formula for ECGs and the GVR (see Eq. (8.60)).
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BBCCoulomb particle-particle Coulomb interaction evaluated using the
formula for CECGs published by Saito and Suzuki [267]. The
polynomials entry has to be set to true in order to use this formula.

BBCCoulomb2 particle-particle Coulomb interaction evaluated using the
formula for CECGs based on the work of Shiosaki [270] and adapted
for explicitly correlated basis functions (see Section 7.2). The poly-
nomials entry has to be set to be true in order to use this formula.

BBCentralPotential central Coulomb potential evaluated using the for-
mula for ECGs and the GVR (see Eq. (8.60)).

BBCCentralPotential central Coulomb potential evaluated using the for-
mula for CECGs published by Saito and Suzuki [267]. The poly-
nomials entry has to be set to true in order to use this formula.

BBCCentralPotential2 central Coulomb potential evaluated using the
formula for CECGs based on the work of Shiosaki [270] and adapted
for explicitly correlated basis functions (see Section 7.2). The poly-
nomials entry has to be set to true in order to use this formula.

BBCGaunt Gaunt interaction evaluated using the formula for CECGs
published by Saito and Suzuki [267]. The polynomials entry has
to be set to true in order to use this formula. Always returns zero
in non-relativistic calculations.

BBCGaunt2 Gaunt interaction evaluated using the formula for CECGs
based on the work of Shiosaki [270] and adapted for explicitly
correlated basis functions (see Section 7.2). The polynomials entry
has to be set to true in order to use this formula. Always returns
zero in non-relativistic calculations.

BBCBreit Breit interaction evaluated using the formula for CECGs based
on the work of Shiosaki [270] and adapted for explicitly correlated
basis functions (see Section 7.2). The polynomials entry has to
be set to true in order to use this formula. Always returns zero in
non-relativistic calculations.

The potentials block is used as

potentials:
- BBCCoulomb

- BBCCentralPotential

loewdin Sets the threshold for the selection of eigenvalues in the loewdin
ortho-normalization process. This entry is optional and by default 1e—12.
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loewdin: 1e-13

overlap Defines which formula will be used for the evaluation of the overlap
integrals. There are two possible values: BBOverlap which uses ECGs
and the GVR to evaluate the integrals (see Eq. (8.26)), and BBCOverlap
which uses CECGs and uses the formula presented by Saito and Suzuki
[267]. BBCOverlap requires that the polynomials entry is set to true.

overlap: BBOverlap

kinetic Defines which formula will be used for the evaluation of the non-
relativistic kinetic-energy integrals. There are two possible values: BBKi-
netic which uses ECGs and the GVR to evaluate the integrals (see
Eq. (8.36)), and BBCKinetic for CECGs which uses the formula presented
by Saito and Suzuki [267]. BBCKinetic requires that the polynomials
entry is set to true.

kinetic: BBKinetic

kmax Sets the maximal value for K in the GVR to be used when basis
functions are generated. The values for K will be sampled in a range
of 0 to kmax. This entry is optional and the default value is O.
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v Sets the vibrational quantum number. This entry is optional and the default
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write to Sets the name of the file in which the basis parameters will be
stored at the end of the calculation. This entry is optional.

write to: HT+L1Spl.yml

read from Sets the name of the file from which the basis parameters will
be read at the beginning of the calculation. This entry is optional.

read from: HT+L1Spl.yml

seed Sets the seed value for the generation of the random numbers. This
value is optional and a different value is generated by default each time
BlueBerry is started. If this value is set to some value, the sampling
will always produce the same series of random numbers. This allows
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the user to reproduce the results of previous calculations as long they
know the value which was used. The value will be stored in the log.yml
file and displayed on the screen during the calculation.

seed: 5528327

write integrals Sets the name of the file which is used to store the integral
matrices at the end of a calculation. This entry is optional and by default
no integrals are stored.

write integrals: HT+L1Spl_integrals.yml

read integrals Sets the name of the file from which integral matrices will
be read from at the beginning of a calculation. This entry is optional
and by default no integrals are read in but calculated.

read integrals: HT+L1Spl_integrals.yml

D.1.3 procedure Block

The procedure block is optional and specifies what calculations and operations
will be performed after the initial calculation. The following options are
defined for both non-relativistic and relativistic calculations:

sample Optimizes the parameter set by sampling the A matrices.

- sample:
steps: 100

steps sets the number of basis functions which will be individually sam-
pled, and not how many times the complete basis set will be sampled.
The sampling order is back to front, such that new basis functions will
be sampled first.

uniform steps Optimized the parameter set by performing random steps for
the parameters of A. The step sizes are randomly generated from a
uniform distribution. A step will only be performed if the resulting
parameter set has a lower energy compared to the original one.

- uniform steps:
steps: 100

range: le-7
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steps sets the number of basis functions which will be sampled and
range sets the maximum step size.

save Saves the current intermediate parameter set.

- Save

The parameter set is saved in a file which is named through a time-
stamp.

ccr Performs a complex coordinate rotation of the current parameter set. It
uses the precalculated integrals and therefore only involves the solution
of the complex generalized eigenproblem. The resulting points in the
complex spectrum will be written to two files. The first one contains
the real values (file extension .real) and the second one contains the
imaginary values (file extension .imag).

- CCr:

angle: 0.1

write to: results

Here, the results will be written to the files results.real and results.imag.

debug Starts the debug section of the program. This allows the developer
to test parts of the program without major modifications.

These options are only defined for non-relativistic calculations:

resize Changes the size of the parameter set. If the new number of basis
functions is larger than the original one, additional basis functions will
be appended. If the new number of basis functions is lower than the
original one, then basis functions will be removed from the back.

- resize:
size: 500

cap Includes a complex absorption potential for the study of resonances. The
complex absorption potential is a simple 2 type potential. The resulting
points in the complex spectrum will be written to two files. The first
one contains the real values (file extension .real) and the second one
contains the imaginary values (file extension .imag).
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- cap:

angle: 0.4

write to: results
Here, the results will be written to the files results.real and results.imag.

transition dipole Calculates the transition dipole moment to some final state.
The parameter set will be read from an external file.

- transition dipole:
read from: final.yml

The parameter set for the final state will be read from final.yml.

change spin Changes the spin state of the different particle groups. It is
either possible to change the spin state individually for each particle
ensemble as

- change spin:
total: false
particles:

type: E
s: O
ms: O

s:1
ms: 1

or the total spin state for all particles can be generated as

- change spin:
total: true
s: O
ms: O

change angular Changes the angular momentum state of the basis. This al-
lows the user to switch between basis functions which are eigenfunctions
of the total spatial angular momentum L:

- change angular:
total: false
j: O

mj: O

or the total angular momentum J =L 4+ S
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- change angular:

total: true

publication Writes the parameter set to a specific file in a format suitable
for publication.

- publication:

write to: publication.yml

These options are exclusively defined for relativistic calculations:

analyze state Prints the energy contributions of the o - p, mc? and potential-
energy operators to the total energy of a vibrational state.

- analyze state:

state: O

non-relativistic test Performs a non-relativistic calculation and calculates the
relativistic effect from the difference of the non-relativistic energy and
the relativistic energy.

- non-relativistic test

D.1.4 Examples
Here we present some examples for input files.
D.1.4.1 Stochastic Optimization

The first example in Listing D.2 creates and optimizes a parameter set for the
hydrogen molecule in its para proton-spin state. We use 500 basis functions
and calculate the ground-state energy. 500 sampling steps are performed,
i.e., the parameter set is sampled once fully. The final parameter set is saved
in a file. We do not use CECGs, but ECGs with the GVR. Since it is a pre-
BO calculation, the potential-energy only contains the interactions among all
pairs of particles.
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Listing D.2: A BlueBerry input file for the hydrogen Molecule in its para proton-spin
state. The number of basis functions is 500. The quantum numbers are L =0, My =0
and v = 1. The parameter set is stored in the file H2Sp1SeOLOv1.yml at the end of the
calculation.

composition:
particles:
- type: E
number: 2
s: O
ms: O
type: H1
number: 2
s: 2
ms: O

angular momentum:
j: O

mj: O
cA: 1
born oppenheimer:

loewdin: 1.0e-12
potential:

- BBCoulomb
kinetic: BBKinetic
overlap: BBOverlap
write to: H2Sp1SeOLOv1.yml
procedure:

- sample:

steps: 500
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Listing D.3: A BlueBerry input file for the calculation of transition dipole moment between
two rotational states of HT™ The initial state is read from HT+LO.yml and the final state
from HT+L1.yml.

composition:
particles:
- type: E
number: 1
s: 1
ms: 1
type: H1
number: 1
s: 1

ms: 1

type: HS3

number: 1
s: 1
ms: 1
angular momentum:
j: O
mj: O
cA: 1
born oppenheimer:
size: 500
loewdin: 1.0e-12
potential:
- BBCoulomb
kinetic: BBKinetic
overlap: BBOverlap
read from: HT+LO.yml
procedure:
- transition dipole moment:
final state: HT+L1.yml
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D.1.4.2 Transition Dipole Moment

Listing D.3 presents an input file for a calculation of a transition dipole
moment for two rotational states of HT.

D.1.4.3 Relativistic Calculation

Listing D.4 presents an input file for a relativistic calculation of the hydrogen
atom treated as a two-particle system. The number of basis functions is 200.
After the initial calculation, the energy contributions of the different terms in
the Hamiltonian are listed and a non-relativistic calculation is performed in
order to check the non-relativistic limit and calculate the relativistic effect.
Note that the potential block is stored in the parameter set file. Therefore, if
a non-relativistic calculation is used for the generation of the initial parameter
set, it is important to use either BBCCoulomb or BBCCoulomb2.

D.1.5 Starting the Calculation

The calculation is started as
BlueBerry_No0OO12 input.yml 10

where input.yml is the input file and 10 is the number of cores used in the
calculation.
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Listing D.4: A BlueBerry input file for a relativistic calculation of the hydrogen atom in the
total angular momentum state J =1 M; = 1 generated from the L =0 and S =1 states
through LS coupling. 200 basis functions are used in the calculation. It is mandatory
that the polynomial representation is created. After the initial calculation, a non-relativistic
calculation is performed to find the non-relativistic limit. In the end, the parameter set is
written to HJ1_200.yml.

composition:
particles:
- type: E
number: 1
s: 1
ms: 1

type: H1

number: 1
s: 1
ms: 1
angular momentum:

born oppenheimer:
size: 200
loewdin: 1.0e-12
polynomials: true
potential:

- BBCCoulomb
write to: HJ1_200.yml
procedure:

- non-relativistic test
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