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Abstract

Nuclear Hamiltonians constructed within chiral effective field theory provide
an unprecedented opportunity to access nuclear phenomena based on low-energy
quantum chromodynamics and, in combination with sophisticated many-body
methods, allow for an ab initio description of nuclei without resorting to phe-
nomenology.

This work focuses on the inclusion of chiral two-, and in particular three-body
Hamiltonians into many-body calculations, with emphasis on the formal and com-
putational aspects related to the three-body interactions.

Through similarity renormalization group evolutions, the chiral Hamiltonians
are transformed into a form in which strong short-range correlations are tamed in
order to accelerate the convergence in the subsequent many-body calculations.

The many-body method mainly used is an angular-momentum coupled for-
mulation of coupled-cluster theory with an iterative treatment of singly and dou-
bly excited clusters, and two different approaches to non-iteratively include effects
of triply excited clusters. Excited nuclear states are accessed via the equation-of-
motion coupled-cluster framework.

The extension of coupled-cluster theory to three-body Hamiltonians is con-
sidered to verify the approximate treatment of three-nucleon interactions via the
normal-ordering two-body approximation as a highly efficient and accurate way
to include three-nucleon interactions into the many-body calculations, particu-
larly for heavier nuclei.

Using a single chiral Hamiltonian whose low-energy constants are fitted to
three- and four-body systems, a qualitative reproduction of the experimental trend
of nuclear binding energies, from 60O up to 1325n, is achieved, which hints at the
predictive power of chiral Hamiltonians, even in the early state of development
they are at today.



Zusammenfassung

Nukleare Hamiltonoperatoren die aus chiraler effektiver Feldtheorie abgeleitet
werden bieten eine einzigartige Gelegenheit, nukleare Phanomene auf Grundlage
niederenergetischer Quantenchromodynamik zu untersuchen. In Verbindung mit
fortgeschrittenen Vielteilchenmethoden ermoglicht dies eine ab initio Beschrei-
bung von Atomkernen ohne auf Phanomenologie zuriickzugreifen.

Die vorliegende Arbeit beschéftigt sich mit der Inklusion chiraler Zwei-, und
insbesondere Dreinukleonen-Hamiltonoperatoren in Vielteilchenrechnungen, mit
Schwerpunkt auf den formalen und rechnerischen Aspekten der Behandlung der
Dreinukleonenwechselwirkungen.

Durch Evolution mittels der Similarity Renormalization Group werden die
chiralen Hamiltonoperatoren derart transformiert, dass die starken kurzreichwei-
tigen Korrelationen gemildert werden um die Konvergenz in den anschlieffenden
Vielteilchenrechnungen zu beschleunigen.

Die hauptsédchlich eingesetzte Vielteilchenmethode ist eine drehimpulsgekop-
pelte Formulierung von Coupled-Cluster-Theorie mit einer iterativen Behandlung
von ein- und zweifach angeregten Clustern, sowie einer nicht-iterativen Bertick-
sichtigung dreifach angeregter Cluster. Angeregte Kernzustande werden iiber die
Coupled-Cluster Bewegungsgleichungsmethode bestimmt.

Es wird die Erweiterung von Coupled-Cluster-Theorie auf Dreiteilchen-Ha-
miltonoperatoren betrachtet um die Behandlung von Dreinukleonen-Wechselwir-
kungen in der Normalordnungsapproximation zu verifizieren als eine hochef-
tiziente und akkurate Methode diese Wechselwirkungen ndherungsweise in Viel-
teilchenrechnungen einzubeziehen, insbesondere fiir schwere Kerne.

Ein einzelner Hamiltonoperator dessen Niederenergiekonstanten in Drei- und
Vierteilchensystemen bestimmt wurden geniigt, um den experimentellen Trend
nuklearer Bindungsenergien von 60O bis 325n qualitativ zu reproduzieren was,
trotz ihres gegenwirtig frithen Entwicklungsstadiums, auf das Potential chiraler
Wechselwirkungen hinweist Vorhersagen zu ermdoglichen.
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Chapter 1

Introduction




Chapter 1. Introduction

1.1 Ab Initio Nuclear Structure

Nuclear physics is surprisingly complex. Starting around the 1950s, early micro-
scopic models of the atomic nucleus considered it as a compound of elementary
building blocks — the nucleons — where the large mean free path of these nucle-
ons inside the nucleus suggested that they form some sort of weakly interacting
gas. The nuclear interaction itself was quickly identified as being caused by me-
son exchange which helped the understanding of two-nucleon properties. There-
fore, this early picture of nuclear physics gave rise to the hope that the nuclear
many-body problem could be solved using meson-exchange interactions — such
as the one-boson exchange model [1], or the more recent CD-Bonn potential [2]
— in many-nucleon systems, and that, because of the apparent weak interaction
among the nucleons, these many-body problems could eventually be solved us-
ing perturbation-theory based methods.

The discovery of Quantum Chromodynamics (QCD) put the earlier insights into
perspective: Nucleons are not fundamental but are rather composed of quarks
and gluons. However, in retrospect, color confinement at low energies justifies an
approximate treatment of nucleons as being fundamental. Of course, a funda-
mental theory of the nuclear interaction necessarily has to be derived from QCD.
However, the non-perturbative nature of QCD in the low-energy regime relevant
for nuclear physics has defied any attempts of a direct derivation so far. There
are attempts to extract nuclear potentials from QCD calculations on the lattice,
but these calculations do not yet operate at the physical quark masses. Today, the
most promising path towards QCD-based nuclear interactions is via chiral effective
field theory [3-12], an effective theory in terms of low-energy degrees of freedom
constrained by the symmetries of the underlying theory. This leads to a set of con-
sistent QCD-based many-nucleon interactions which can be used in ab initio nu-
clear structure calculations. However, the practical treatment of such many-body
forces is far from trivial.

Once the Hamiltonian is known, the focus is on the solution of the many-
body problem. Here, the early weakly-interacting-gas picture of the nucleus turns
out to be too simplistic. Instead, the nuclear many-body problem has a complex
structure, particularly due to strong short-range correlations induced by the nu-
clear interaction (see [13] for a discussion based on the Argonne V18 [14] poten-
tial). In practice, in order to obtain realistic solutions for the many-body problem,
vast computational resources are required which have simply not been available

2 Coupled-Cluster Theory for Nuclear Structure



1.1. Ab Initio Nuclear Structure

in the past. The former sentiment towards the many-body problem is captured
in a quote by Igal Talmi from 1993 about the task of solving the non-relativistic
Schrodinger equation for a many-body system with strong interactions [15]:

"Such a problem cannot be treated exactly by many-body theory.
Not even useful approximation procedures have been developed.”

Nowadays, considering the impressive advances that many-body theory has made,
this statement seems too pessimistic. By applying renormalization-group tech-
niques to the initial nuclear Hamiltonian, for instance in the framework of the
Similarity Renormalization Group (SRG) [16,17], the troubling short-range correla-
tions can be weakened which then eases the burden on the many-body method.
But also nuclear many-body methods themselves have seen much progress in re-
cent years. For instance, using SRG-transformed interactions, the No-Core Shell
Model (NCSM) [18,19] and its Importance-Truncated extension (IT-NCSM) [20, 21]
provide quasi-exact solutions of the Schrodinger equation for nuclei in the p-shell
and even beyond. For medium-mass and heavy closed-shell nuclei the Coupled-
Cluster Method [22-27] has been established as one of the most powerful approx-
imate schemes and the recently introduced In-Medium Similarity Renormalization
Group [28-30] approach has also been successfully applied in this mass region
even for open-shell nuclei.

In this work, non-relativistic configuration-space based ab initio approaches to
the nuclear many-body problem are considered in which all nucleonic degrees of
freedom {r;, my,, my,,...,ra, ms,, m;} are taken into account explicitly. All infor-
mation about the system is therefore contained in the A-body state |¥) that lives
in the Hilbert space 7/,

y - /\L (Koo {:)). L

Since the nucleus is a purely Fermionic system, the antisymmetric product ) en-
forces the Pauli exclusion principle on the many-body state. According to the
postulates of quantum mechanics, the stationary nuclear state |¥) is solution of
the nonrelativistic stationary Schrédinger equation

H|U) = EU), (1.2)

i.e., it is an eigenfunction of the nuclear Hamiltonian operator H,
A (P 52 A A
y 1 (Pi—P)) N - )
Ho= ZZ om +ZVU T Z Vi +Acm Hew - (1.3)

i<j i<j i<j<k
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Chapter 1. Introduction

In (1.3), for convenience a scalable (via the parameter Acy) center-of-mass harmonic-
oscillator potential

- 1 .,
HCM - 2—P

1 . 3
Am o™ +§ (Am Qcm)? RCM_EhQCM (1.4)

is added to suppress center-of-mass motion. Although the nuclear Hamiltonian
derived from chiral effective field theory formally contains up to A-nucleon in-
teractions, present-day nuclear applications consider only Hamiltonians of the
form (1.3), where only up to three-nucleon interactions are included. One strategy
for the numerical solution of the partial differential equation H|W) = E|¥) is to put
it into its weak form [31], in which |¥) has to satisfy the equation

@H-E)¥) = 0, (W) = 1, V|d)eV . (1.5)

The weak formulation is a common starting point for the application of Galerkin
methods for discretizing the original continuous operator eigenvalue problem.
Once the problem is discretized, approximate solutions (Es, ¥s) may be obtained
from finite-dimensional subspaces ¥s C ¥. For instance, the Rayleigh-Ritz pro-
cedure for the ground-state energy and wavefunction — the foundation of many
nuclear many-body methods such as Hartree-Fock or configuration interaction —
may straightforwardly be applied to the finite-dimensional case,
(U|H|Y) (| HW)

Es = min ———, |Us) = argmin

(1.6)
[T)eTs, [©)F0 <\I1|\IJ) [WYeTs, [B)£0 <\IJ|1D>

In this work, the finite-dimensional model spaces ¥s are always spanned by a finite
set of A-body Slater determinant basis functions {|®,},

Vs = span{ |®y):u=1,...,dim ¥ } , (1.7)
with
|‘I)u> = o |¢m---¢u/;) (1-8)
1
= ﬁﬂ;@;)sgn(ﬂ) )+ Priun) » (1.9)

where |¢,, ...¢,,) denotes the tensor-product state constructed from the single-
particle states [¢,,),...,|0.,),

|¢H1"'¢.UA) = |¢#1>®"'®|¢MA>’ (110)

which is not subjected to antisymmetrization. A common choice for the single-
particle wavefunctions in nuclear structure calculations from which the Slater
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1.1. Ab Initio Nuclear Structure

determinants are build are /s-coupled harmonic-oscillator wavefunctions [32],
which in coordinate representation read

(roz|n(ls)jmjtm,;) (1.11)
_ Z(’ S f) Rut(r) Vi (60.) 7(@) 792,
CG

s m; ms m;

where Y, (0, ¢) are the spherical harmonics, )(m)(a') are the spinor functions and
R,(r) are the radial wavefunctions that satisfy the radial single-particle Schrodin-
ger equation [32,33]

l n i( 2i)+h2l(l+1)

— mQ?r?| R, = euR, , 1.12
2mr2or r&‘r 2mr? ] ((r) = €nRu(r) ( )

for a harmonic-oscillator potential of frequency 2. Working in this framework,
what is left in order to solve the nuclear Schrédinger equation for an approximate
wavefunction, is to specify an Ansatz for the wavefunction and to choose a con-
venient Slater-determinant basis set.

Two ab initio many-body methods are considered in this work. The first one is
the (Importance-Truncated) No-Core Shell Model, employing a linear Ansatz

A

= (1+ Z (NCSM ) |g) (1.13)

for the many-body state, where C" generates all possible n-particle-n-hole

(npnh) excitations of a single-determinant reference state |®). The second ab initio
many-body method is Coupled-Cluster theory, corresponding to an exponential
form of the wave operator,

) = e (@), (1.14)
where the T, also are npnh excitation operators. The No-Core Shell Model is
widely used in nuclear structure calculations [34-54]. Itis a universal tool to study
the nuclear system in which ground and excited states as well as properties are ac-
cessible in the same framework. The numerical solution of the Schrédinger equa-
tion is obtained from large-scale diagonalizations of the Hamiltonian projected
onto a finite space, which is a standard task in the calculation of quantum sys-
tems and benefits greatly from parallel computing architectures available nowa-
days. The curse of dimensionality of the No-Core Shell Model — which limits the

Coupled-Cluster Theory for Nuclear Structure 5



Chapter 1. Introduction

method to p-shell nuclei due to the exponential growth of the Slater-determinant
basis dimension — can be overcome by the Importance Truncation [21] which al-
lows to select the many-body basis states according to their importance for the
calculation at hand, allowing to incorporate basis states well out of reach of the
standard No-Core Shell Model while keeping its variational character and well
preserving the original translational invariance.

After the exponential Ansatz was introduced by Coester and Kiimmel in the
late 1950s [22, 23], Cizek and Paldus laid the foundation for its application in
many-body Fermionic theory [24,55,56]. Nowadays, the Coupled-Cluster method
has emerged as one of the most powerful methods in high-precision quantum
chemistry calculations. In the quantum chemistry context, many variants of the
Coupled-Cluster method have been developed over the years, starting from Coup-
led-Cluster with Singles and Doubles excitations (CCSD), going to the perturbative
inclusion of triples- and even quadruples-excitations contributions [57-59], and
many more. Although introduced in nuclear physics, the Coupled-Cluster method
has not seen as much attention there as it has in the quantum chemistry commu-
nity. In the 1990s, Mihaila and Heisenberg [60] brought the method back to the fo-
cus of nuclear physicists, and more recently Dean, Hagen, Papenbrock, et al. made
significant progress in establishing the method particularly in medium-mass and
nuclear reaction calculations [27,61-75]. In this work, the Coupled-Cluster meth-
ods considered for ground-state calculations are the CCSD approximation, and
the ACCSD(T) as well as the CR-CC(2,3) method for the non-iterative inclusion of
triples contributions to the energy. Excited states are accessed with the EOM-
CCSD Ansatz [76]. The reason for employing these rather low-order approxi-
mations of the full Coupled-Cluster method lies in the rather hard interaction
encountered in the case of nuclear physics, which causes strong multi-nucleon
correlations. This results in the necessity of large basis sets in order to obtain con-
verged results with respect to the many-body model space size, which renders
the application of higher-order Coupled-Cluster approximations practically im-
possible. Even for the case of CCSD, the standard formulation of the method in
m-scheme basis representation proves to be not practical anymore beyond “°Ca.
Therefore, the spherical Coupled-Cluster scheme for closed-shell nuclei, originally
introduced by Hagen, Papenbrock, et al. [27] is used throughout this work. This
scheme achieves the required reduction of computational complexity which in
principle makes the method applicable for closed-shell nuclei across the nuclear
chart. Another substantial difference to quantum chemistry applications is the
aforementioned need to incorporate three-body forces. This can be achieved by ei-

6 Coupled-Cluster Theory for Nuclear Structure



1.1. Ab Initio Nuclear Structure

ther the approximate consideration through the use of effective two-body Hamil-
tonians, or by extending Coupled-Cluster theory to explicitly treat three-body
Hamiltonians. Both approaches have first been considered again by Hagen, Pa-
penbrock, et al. in *“He proof-of-principle calculations [63] and will be extended to
the medium-mass regime using the spherical formulation in this work.

This work is organized as follows: Basic aspects of ab initio nuclear structure
physics are reviewed in Chapter 1, such as the nuclear interaction and some auxil-
iary methods used in the calculations. Chapter 2 presents the traditional Coupled-
Cluster theory which is generalized for three-body Hamiltonians in Chapter 3.
The following chapter discusses the spherical formulation of Coupled-Cluster the-
ory and results are presented in Chapter 5. Finally, a conclusion is given in Chap-
ter 6. The Appendix provides results of proof-of-principle calculations, and a
compilation of diagrams and spherical equations that entered this work. Dia-
grams for many standard Coupled-Cluster method can also be found in [25, 26].
For documentational purposes, the spherical equations are presented exactly as
they are used in the computer implementation.

Coupled-Cluster Theory for Nuclear Structure 7



Chapter 1. Introduction

1.2 Chiral Nuclear Interactions

The determination of the nuclear interaction is a long-standing problem in theo-
retical nuclear physics [10]. Although it is well-known that QCD is the underlying
theory, a direct derivation of the nuclear interaction from QCD is not possible yet,
due to the non-perturbative nature of QCD in the low-energy regime relevant for
nuclear physics.

Phenomenological approaches, such as the Argonne V18 potential [14, 77],
have been successful in describing two-nucleon (NN) properties. In the NN sector,
the nuclear interaction already has a rather complicated form built from all opera-
tor structures that can contribute [78], but the corresponding radial functions can
be determined from a large base of experimental data. However, the description of
tinite nuclei beyond the two-nucleon system requires the incorporation of many-
nucleon forces, and these are difficult to deal with in such an approach. On the
one hand, with the number of nucleons involved the number of operator struc-
tures grows dramatically while, on the other hand, the experimental data base
shrinks. Furthermore, many-nucleon interactions need to be defined consistently
to the NN interaction [79].

Therefore, physical insight is needed to proceed. Such physical insight was
already inherent in the first attempts of a field-theoretic description of the nuclear
interaction based on Yukawa’s idea of pion exchange [80], but these were only
partly successful as well. While the one-pion exchange could be used to under-
stand NN scattering data, the multi-pion exchange picture failed. The discovery
of heavy mesons then led to the one-boson exchange model [81], which could ac-
curately describe the NN interaction. However, not for all of the bosons used in
this model experimental evidence exists. Finally, the discovery of QCD and the
introduction of the concept of effective field theories [3-12] allowed to formulate a
theory of nuclear interactions rooted in QCD. In order for an effective theory to
work, a separation of scales is required, each scale with its own set of relevant de-
grees of freedom. In the case of QCD, these scales are identified as the asymptotic
free and the hadronic phase, which makes hadrons the more appropriate choice
as degrees of freedom for low-energy QCD than quarks and gluons. Furthermore,
due to the large mass gap in the hadron spectrum between the pions and the heav-
ier mesons, the most relevant degrees of freedom for low-energy nuclear physics
clearly are the nucleons and pions.

According to Weinberg [3], an effective field theory can be obtained by con-

8 Coupled-Cluster Theory for Nuclear Structure



1.2. Chiral Nuclear Interactions

structing the most general Lagrangian for these degrees of freedom which is con-
sistent with the symmetries of the underlying theory. Since such a Lagrangian
usually contains infinitely many terms and accompanying low-energy constants,
for practical applications a scheme has to be devised that allows to group and
select these terms according to their individual importance. Such characteriza-
tion is provided by a power counting scheme introduced by Weinberg for the La-
grangian in the chiral expansion, in which it is expanded in a power series in
Q/A,, where the soft scale Q is a momentum typical for the interaction and the
hard scale A, is the limit where the theory is expected to break down. In order to
make real progress over the old pion-exchange theories, which already had nu-
cleons and pions as degrees of freedom, chiral symmetry needs to be taken into
account as an important constraint on the theory. The resulting chiral effective field
theory (yEFT) then represents the solution to the problems mentioned above: It
is clearly connected to QCD via the effective field theory framework by retaining
all relevant symmetries of QCD. Furthermore, it not only gives rise to consistent
two- and many-body interactions, but through power-counting it also allows to
identify the most important of the many operator structures. Since nuclear inter-
actions from chiral effective field theory will be employed throughout this work,
a more detailed review in the spirit of Refs. [10-12] is given in the following.

Chiral symmetry is closely related to vanishing quark masses, and for the
energy scales relevant in the nuclear structure context, the up and down quark
masses may be considered approximately zero, which motivates to focus on chi-
ral symmetry in the up and down sector of QCD. The two-flavor QCD Lagrangian
has the form

Loco = GUTHDu— MG = Guva G2 (1.15)

where g = (u,d)" are the quark fields, 9, is the gauge-covariant derivative, .# =
diag(m,, m4) denotes the quark mass matrix and ¥, , is the gluon field strength
tensor. Chiral symmetry is revealed when the Lagrangian is written in terms of
left- and right-handed quark fields g, and g,

Zoco = qLiv" Duqr+qrivt Zuqr
_qL‘//lqR_c_/Rr//ZGIL_i%uv,a%gV . (116)
From (1.16) follows that in the limit of vanishing quark masses — also referred to

as the chiral limit —left- and right-handed quark fields are decoupled and .Zocp be-
comes invariant under separate flavor rotations among the left- and right-handed

Coupled-Cluster Theory for Nuclear Structure 9



Chapter 1. Introduction

quark fields,
. — q,=e"""q, (1.17)
dr — qr=e"""qp, (1.18)

generated by Pauli matrices 7 in flavor space, resulting in the SU(2) chiral symme-
try group SU(2), x SU(2)g !. The corresponding conserved currents may also be
expressed in terms of axial and vector currents belonging to an axial and vector
subgroup of the chiral symmetry group, SU(2)4,SU(2), c SU(2),, x SU(2)g. In real-
ity, quarks possess non-vanishing masses and, consequently, chiral symmetry is
explicitly broken. However, the quark masses of the order of a few MeV are much
smaller than the typical hadronic mass scale of the order of 1 GeV and, there-
fore, chiral symmetry is expected to be at least approximately preserved. Chiral
symmetry should be manifest in the hadron spectrum in form of multiplets cor-
responding to SU(2), x SU(2)z. However, only multiplets corresponding to SU(2)y
are observed in nature, hinting at a spontaneous breaking of SU(2),. Since SU(2),
has 3 generators, its spontaneous breaking gives rise to the existence of 3 Nambu-
Goldstone modes or, more precisely, pseudo-Nambu-Goldstone modes, due to the
small explicit chiral symmetry breaking. Indeed, in this case, the experimentally
observed hadron spectrum provides candidates for Nambu-Goldstone bosons in
form of the pions 7 = (7%, 7°). Then, also the remarkable mass gap between these
unnaturally light pions and the other hadrons may simply be explained by the
Goldstone nature of the pions which are massless in the chiral limit but in real-
ity acquire a small mass from the explicit breaking of chiral symmetry due to the
small but non-vanishing quark masses.

The most general effective Lagrangian for pions and nucleons may be written
in the form

2){EFT = gﬂﬂ-l-gnN-i‘gNN-i‘... . (119)
Considering the pion-only part £, for illustration, the Lagrangian is given by
L = LP4+2W10(n), (1.20)

where the superscript denotes the number of derivatives or pion-mass insertions
which has to be even for the pion-only Lagrangian. For example, the lowest-order

1 Additional symmetries of the QCD Lagrangian which a not relevant for the present discussion
are U(1)y, corresponding to quark number conservation and U(1),, broken on the quantum level
and therefore also referred to as the U(1) anomaly.
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1.2. Chiral Nuclear Interactions

contribution .5&%) reads

Uy

1 1
P — 5 Hﬂ:-ﬁ“ﬂ+ﬁ(8ﬂn-ﬂ)z+ﬁ(ﬂﬁ), (1.21)

where F; is a low-energy constant related to the pion-decay constant which can
be determined experimentally to be F; =92.4 MeV [6]. In order to apply a power
counting scheme, the effective Lagrangian has to be expanded in powers of a soft
scale over a hard scale Q/A,. Due to the Goldstone nature of the pions the soft
scale Q is associated with external momenta or the pion mass. The hard scale A,
is usually chosen around the mass of the p meson which is the lightest meson that
cannot be identified as a Goldstone boson associated with chiral symmetry break-
ing. Beyond A, the theory is expected to break down because the p dynamics
would have to be taken into account explicitly. This is why A, is also referred to as
chiral symmetry-breaking scale. Once the effective Langrangian has been expanded
in Q/A,, the Weinberg power counting scheme

v = —4t2N420+ Y A, A = di+%—2, (1.22)
i

is used to determine the power-counting order v of a given Feynman diagram,
where N denotes the number of nucleon lines, L the number of pion loops, and
the sum runs over all vertices for which A; is the dimension of vertex i that is calcu-
lated in terms of the number of derivatives d; and the number n; of nucleon lines
at this vertex. This perturbative treatment of the effective Lagrangian in powers of
Q/A, motivated by chiral symmetry is referred to as chiral perturbation theory [6,7].

The inclusion of nucleons in the effective Lagrangian poses a problem due to
the mass my of the nucleon which is not small compared to the hard scale and,
therefore, does not allow for a perturbative treatment. This problem can be over-
come in the heavy-baryon formalism [82, 83] in which heavy baryons are treated
non-relativistically by further expanding in terms of 1/my, so the nucleons are re-
garded as static sources of pions. A more detailed discussion is beyond the scope
of this section, however, it should be noted that for the chiral interactions used in
this work the power counting that is employed is the Weinberg power counting
scheme (1.22), whose validity has been questioned (see Ref. [84] for a discussion).

As a consequence of the chiral expansion approach, consistent nuclear forces
emerge as a hierarchy in the power-counting order v, as depicted in Figure 1.1. At
leading order (LO) corresponding to v =0, for instance, the NN interaction is given
by two NN contact terms, represented by the diagram

Coupled-Cluster Theory for Nuclear Structure 11
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>< (1.23)

and a one-pion-exchange contribution

2

which gives rise to a tensor force already at leading order. It should be noted that
for v =1 all terms vanish due to parity and time-reversal constraints. Therefore,
what is referred to as next-to-leading order (NLO) actually corresponds to v =2 and
from there, for any given v > 2, the next order corresponds to an increase of v by
one. Apparently, according to Figure 1.1, at LO and NLO only two-nucleon forces
exist. Three-nucleon forces arise at next-to-next-to-leading order (N°LO, etc.),= and
four-nucleon forces do not appear before N*LO. This way, chiral perturbation the-
ory reproduces the observed hierarchy of nuclear forces in which the importance
of many-nucleon forces decrease with the number of active nucleons involved.
The three-nucleon interaction at N°LO is represented by the three diagrams

in which the 5 low-energy constants c¢;,i =1,3,4 and cp, cg enter. The c¢;, however,
are already determined in the two-nucleon and pion-nucleon sector, which leaves
only c¢p and cg, assigned to the two-nucleon-contact with one-pion-exchange and
the three-nucleon-contact diagrams respectively, as new low-energy constants that
have to be experimentally determined from the three-body system. At present,
the part of Figure 1.1 that is currently available for nuclear-structure calculations
is given by the NN interaction up to N°LO and the 3N interaction up to N°LO,
which constitute the interactions mainly used in this work. When being evalu-
ated, the diagrams have to be regularized by a cutoff momentum. For the NN
interaction, a regulator cutoff momentum of Axy = 500 MeV is used, while for the
3N interaction, the regulator cutoff momenta of Ay = 500 MeV or 400 MeV will
mainly be employed. 2

The regularization cutoff momenta Axy and Azy should not be confused with the chiral break-
down scale A, .

12 Coupled-Cluster Theory for Nuclear Structure
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NN 3N 4N

LO
(Q/A,)

NLO

(@A L d

N?LO SRR QP W
(Q/A)()3 e I + ...

______ ) S
N°LO S
(Q/A)?

RN + +

Figure 1.1: Nuclear forces from chiral perturbation theory based on the Weinberg power counting
[10]. Solid lines represent nucleon propagators, dashed lines pions. Different symbols
(small/large dots, etc.) denote different types of vertices [10].
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1.3 Similarity Renormalization Group

Nuclear structure calculations are severely complicated by the existence of the re-
pulsive core in the nucleon-nucleon potential. Nuclear structure theory aims at
the low-energy description of nuclei, but the short-range correlations from the
repulsive core introduce an energy scale that is not easily resolved by the set
of harmonic-oscillator Slater-determinant basis functions used in practical many-
body calculations, resulting in a slow convergence of these calculations with re-
spect to model-space size. These correlations manifest themselves in form of the
interaction operator coupling low- and high-momentum states. The approach of
the Similarity Renormalization Group (SRG) [16,17,85] is to unitarily transform the
initial interaction to a more diagonal form that suppresses the coupling between
low- and high-momentum states. Due to the unitary nature of the transformation,
in principle, no information is lost and low-energy nuclear structure may then be
described by low-energy degrees of freedom.

The initial Hamiltonian H, is continuously unitarily transformed by the action
of a unitary operator U, depending on a continuous real parameter «,

A, = U A 0,. (1.26)

The derivative of the transformed Hamiltonian with respect to a,

d . .. dU, .
» a, [ 0 == Ha] , (1.27)
motivates the definition of 7,
.. do,
5, = —0f =22, 1.28
n ¢ da ( )

as the generator of the transformation, such that the flow (1.27) of the Hamiltonian
along the unitary path reads
dA,
da
This equation is equivalent to the one-step unitary transformation (1.26) and, there-
fore, the focus may be shifted away from finding the explicit transformation op-
erators U, to finding anti-Hermitean generators 7, that let the Hamiltonian flow

along an appropriate path for the problem at hand. The common choice for 7,
in the context of nuclear structure calculations is given by the commutator of the

_ [nH] A= =i (1.29)
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intrinsic kinetic energy operator, Tin = T — Tcm, with the SRG-evolved Hamilto-
nian [85],

2
f’a = (i_!;) |:Tinty Ha] » (130)
in terms of the reduced nucleon mass u. This generator lets the momentum-space
representation of the Hamiltonian flow towards band-diagonal form and thus, as
desired, leads to a decoupling of low- and high-momentum degrees of freedom.
As shown in the example of Figure 1.3, this in turn accelerates the convergence of
the many-body calculations with respect to model-space size.

In order to bring the operator flow equation (1.29) using generator (1.30) into
matrix-element representation in k-body space, resolutions of the k-body identity
of the form

19 = > 1Mol (131)
P
have to be inserted between adjacent operators, leading to
(f—a<¢5’”|Ha|¢§“> =
(;—“) { ;<¢S’C’|Tmt|¢§,’<)><¢;,")|Ha|¢£,’“)><¢5,’“>|Ha|¢§“>

=2 (0PIl 0 Tl )9 PNl
pq

+ (P10 (0Pl P L) Tintl ') } : (1.32)
pq

Since the resolutions of the identities have to be truncated at some point in practi-
cal calculations this introduces errors which have to be monitored (see Section 5.9.3
and [86]).

At this point a crucial difference between the SRG transformation and other
renormalization group approaches, such as Ww-k [87] should be mentioned. In
the latter, with increasing transformation parameter the UV cutoff of the interac-
tion is lowered and, therefore, removing the high-energy scale from the interac-
tion, as depicted in Figure 1.2. Therefore, for V..« the transformation parameter
corresponds to a cutoff in the momentum scale. For the SRG on the other hand, as
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—Hd
—Hd
—H

T AN /!
initial Uow-k SRG

Figure 1.2: Comparison of different renormalization approaches for the initial Hamiltonian (see
text and [88]).

the flow parameter a increases, the Hamiltonian is driven to band-diagonal form
where a™! is related to the width of the band. High-energy modes are still present
in the interaction, only their coupling to low-energy modes is suppressed. Conse-
quently, in the case of the SRG, the flow-parameter does not correspond to a cutoff
in the momentum scale — which is also clear from the unitary nature of the SRG
transformation.

A major drawback of the SRG transformation (and all other renormalization
treatments) is the induction of many-body interactions. From evaluation of the
commutators

o = (%) ([t e] i) 13)

it becomes apparent that each infinitesimal evolution step generates operators
with particle ranks exceeding the original rank of the interaction. Therefore, at
the end of the evolution the transformed Hamiltonian will contain induced many-
body interactions up to the number of nucleons in the system,

H, = AY+HAP+HAY+... + Y. (1.34)

In order to preserve the unitarity of the transformation, if the evolved Hamilto-
nian is to be used in an A-body calculation, all induced operators up to the A-body
level would have to be maintained during and after the SRG flow. For practical
reasons, typically only operators up to the three-body level can be kept while the
others have to be discarded, resulting in a formal violation of unitarity of the trans-
formation. In many-body calculations this violation of unitarity will emerge as a
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Figure 1.3: Effect of the SRG evolution on the matrix elements of the NN+3N-full interaction for
the triton channel (J*, T) = (1/2%,1/2) in an antisymmetrized three-body harmonic-
oscillator Jacobi basis with hi2 = 28 MeV. Plotted are the absolute values of the matrix
elements, where light colors represent large values, and dark colors represent values
near zero (also see [89]). Embedded in the matrix plots are convergence patterns of
triton ground-state energies obtained from the NCSM.
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dependence of the observables on the flow parameter a. As long as the observ-
ables are independent of the flow parameter it is assumed that unitarity has not
been violated and, therefore, conclusions about the initial Hamiltonian may be
drawn from the transformed Hamiltonian. However, once unitarity is corrupted
so much that flow-parameter dependence sets in, this will no longer be possible.
In order to discuss the results obtained from the SRG framework described above,
it is convenient to define and investigate the following three Hamiltonians:

(i) NN-only : An initial fwo-body Hamiltonian H)N is evolved and during the
flow only induced operators up to the two-body level are kept.

(ii) NN+3N-induced : An initial two-body Hamiltonian AN is evolved and dur-
ing the flow only induced operators up to the three-body level are kept.

(iii) NN+3N-full : An initial two- plus three-body Hamiltonian ANN*3N js evolved
and during the flow only induced operators up to the three-body level are
kept.

In this way contributions of induced three- and higher-body interactions out of
the initial Hamiltonian can be quantified. The NN+3N-full Hamiltonian repre-
sents the most complete Hamiltonian considered in this work since it contains the
full currently available set of chiral interactions. A flow-parameter dependence of
the energy eigenvalues hints at significant four- and higher-body interaction con-
tributions stemming from the initial two- or three-body interaction. These con-
siderations are illustrated in Figure 1.4 (also see [17]): For “*He, the ground-state
energies obtained for the NN-only Hamiltonian show a strong flow-parameter de-
pendence, demonstrating the importance of SRG-induced many-body forces that
are not considered in this type of calculation. This flow-parameter dependence
does not allow to make any prediction of where the result of the untransformed
Hamiltonian would come out. However, when induced three-body forces are
taken into account using the NN+3N-induced Hamiltonian, this flow-parameter
dependence vanishes, indicating that unitarity of the transformation is already re-
stored by the inclusion of induced three-body interactions. This way a prediction
for the bare chiral NN Hamiltonian can be made, but the agreement with experi-
ment is rather poor. Including the initial chiral 3N interaction via the NN+3N-full
Hamiltonian still produces results that show no dependence on the flow param-
eter, and at the same time also significantly improve the agreement with experi-
ment. Therefore, chiral Hamiltonians are capable to provide an accurate descrip-
tion of the “He system.
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For the heavier nucleus '?C, the situation is similar with the exception of an
emerging flow-parameter dependence for the NN+3N-full Hamiltonian. Since for
12C no flow-parameter dependence is observed for the NN+3N-induced Hamil-
tonian, the NN+3N-full results suggest the existence of sizable four- (or higher-)
body interactions out of the initial 3N interaction. At this point, this flow-para-
meter dependence prevents any attempts of making robust predictions, similar to
the NN-only case. In order to restore predictive capabilities for the NN+3N-full
Hamiltonian in calculations of medium-mass nuclei, a modified initial chiral 3N
interaction will be employed that has a reduced regulator cutoff momentum, as
discussed in more detail in Section 5.3.

1.4 Hartree-Fock Method

The fact that nucleons show properties of non-interacting Fermions, such as the
low density or the long mean free path of the nucleons within the nucleus [78],
suggests the applicability of independent-particle methods such as the Hartree-Fock
method that is widely used in many-body theory, such as atomic and nuclear
physics, or quantum chemistry [78,90].

In the Hartree-Fock method the nuclear interaction is not neglected but re-
placed by a mean-field potential that is generated by the nucleons and in which
they are assumed to move independently. The independent-particle picture al-
lows to approximate the many-body wavefunction by a single Slater determinant,
which is then determined by minimizing its energy expectation value according
to the variational principle. This is achieved by optimizing the single-particle or-
bitals from which the Slater determinant is built. These orbitals have to be deter-
mined in a self-consistent manner because the orbitals determine the mean-field
the nucleons feel, which in turn determines the orbitals in which the nucleons
move.

The Hartree-Fock method typically serves two purposes: On the one hand,
it is used an approximate many-body method that provides the best approxi-
mation to a many-body wavefunction from the set of single Slater determinants.
On the other hand, it provides a set of optimized single-particle orbitals, which
can subsequently be used as starting point for a more sophisticated many-body
method such as Coupled Cluster. The latter is the main purpose of the Hartree-
Fock method in this work. Most of the time, the single-particle orbitals used in the
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Figure 1.4: IT-NCSM ground-state energies for *He and '2C for the NN-only, NN+3N-induced,
and NN+3N-full Hamiltonian for a sequence of SRG flow parameters [17]. Both nu-
clei the energies show no flow-parameter dependence for the NN+3N induced Hamilto-
nian, indicating no relevant induced four- or higher-body interactions out of the initial
NN interaction. The flow-parameter dependence for the NN+3N-full Hamiltonian in
12C suggests the emergence of significant induced higher-body interactions out of the
initial 3N interaction.
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normal-ordering and Coupled-Cluster calculations have been determined from a
preceding Hartree-Fock calculation.

The Hartree-Fock method is well covered in the literature, a standard treat-
ment of this matter can be found in [33,78,90], and the extension to incorporate
three-body Hamiltonians is discussed in [91].

1.5 Normal-Ordering Approximation

Asalready discussed in the previous section, for accurate ab initio nuclear-structure
calculations the inclusion of three-body interactions is mandatory [17,29, 30, 70,
92,93]. Along with it comes an array of formal and technical difficulties, such
as the increased complexity of the equations to be solved, or the treatment of in-
tractably large Hamiltonian matrix representations. On the other hand, ab initio
calculations using only two-body Hamiltonians are a standard practice and do not
suffer from one of the aforementioned problems. Therefore, the construction of
effective lower-rank interactions that approximate the original three-body interac-
tion represents an economic way to include three-body effects in nuclear-structure
calculations using the standard two-body Hamiltonian framework.

The effective lower-rank interaction used in this work is obtained from the
normal-ordered two-body approximation [63,92]. The idea behind this approx-
imation is based on the observation that when a three-body operator f; that is
given in normal order with respect to the vacuum 3,

1 - t At 2t s A A
hy = 36 Zt (pqrlhs|stu) a; ;aiauataSJ (1.35)
pqrstu

is represented in normal order with respect to some single-determinant A-body
reference state |®), the resulting operator has non-vanishing components also at

3The vacuum |0) is understood as the state containing no nucleons such that d,|0) =0.
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lower particle ranks,

X Ic e
hy = gD (iiklslijk)
ijk
+5 2 (iiplhslijq) 1a)ag}
pqij
1 .
+5 2 (pailhslrsi) 1a)ala.a
pqrsit
1 R
t Z (pqrihslstu) {a'alala,a.ast. (1.36)
pqrstu

Here, i,j, k denote orbitals occupied in |®) and {...} indicates normal ordering
with respect to |®). Since some contributions of the original three-body operator
have been demoted to lower particle ranks, the residual three-body interaction
operator

%p; (parlhslstu) {a'}a’ala,a.a} (1.37)
in (1.36) may be discarded, and yet still allowing to include three-body inter-
action effects in a computational framework capable of handling at most two-
body Hamiltonians. This particular scheme, in which the residual three-body
operator is discarded and the remaining zero-, one-, and two-body parts are in-
cluded in the calculation, is referred to as normal-ordered two-body approxima-
tion (NO2B) [63, 92], or normal-ordering approximation for short. Back in the
particle-vacuum representation, the three-body operator /3 in NO2B approxima-
tion then reads [94] *

R 1 1 1
O = G wem g 2 Ia) adgt g ) palalrs) ,ajad, (138)

with definitions of the matrix elements of the normal-ordered interaction opera-
tors

wo = D (ijklhslijk), (139)
ijk
(plwnlg) = D (ijplhslijq), (1.40)

i

4The negative sign in front of the one-body part is intended, see [94].
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and

(palizlrs) = D (pqilhs|rsi). (1.41)

A systematic study of the NO2B approximation using the IT-NCSM was per-
formed in [92] from which Figure 1.5 is taken. Results obtained from the NO2B
provide a good approximation to the ones obtained using explicit three-body
Hamiltonians, with deviations of about 2% for the case of *He and about 1% for
160. Together with results for *°Ca, the conclusion can be drawn that the NO2B
approximation works particularly well for heavier nuclei. This is also confirmed

by Coupled-Cluster calculations for medium-mass nuclei [95, 96] in Section 5.7
and 5.8.1.

Coupled-Cluster calculations usually employ a Hartree-Fock basis. The trans-
formation from the spherical harmonic-oscillator single-particle basis into the Har-
tree-Fock basis reads

pm,, )1 = Zc lamy,), (1.42)

where p =1{n,(l,s,)j,} is a shorthand notation for the set of all quantum numbers
except isospin, and the isospin t, = !/2 will mostly be suppressed. Therefore, the
Hartree-Fock reference state |®) is given by a superposition of Slater determinants
built from harmonic-oscillator single-particle states,

|®) = szlim4)(HF)®...®Ikmtk)(HF)

= Z chmt ) - lamy;, ... ym. ). (1.43)

Using angular-momentum coupled three-body matrix elements, the zero-body
result of the normal-ordering with respect to the Hartree-Fock reference state is

given by
=222 ZZZZZZZ 5
imy jm[ km;, «a € Kk Jg
Xl Ch Clo cfm,l_ €l Ch
M M ]
Ii* J
X (a/a’r,mtimtjmtklngIEEK,mtimtjmtk) , (1.44)
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Figure 1.5: Comparison of IT-'NCSM ground-state energies of *He and 10 for the SRG-evolved
NN+3N induced and NN+3N full Hamiltonians using explicit 3N interactions and
the NO2B approximation [92]. The calculations employed a HO basis with oscillator
frequency hiQ2 = 20 MeV.
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where here and in the following the summations

Z , Z , and Z (1.45)

im,l. jmtj kmzk

are understood to run only over orbitals |im,,), |j m;;), and |k m;, ) that are occupied
in the reference state |®). The one-body contribution reads

(pmym [inlgmgm,,) = ‘ZZZZZ;;%;/
imy; jm;

xce CcP c¢r (o

tme; My tmy; Jmi;
] ]
[ . Ty
X (aﬁp’ mtimtjmt,,|h3|7’5q, ml’l‘mtjmtq> ) (146)

and the normal-ordered two-body matrix elements are given by

JM TMr JM TMrt
v vy oy
(pa, tptglalrs, t,t) = J7 ZZZZ;’
lm,l
gAM (,m/z
J—l TMy J—l TM7
a B [y ry - IV ry
X Cim sz, (pga, tytymy|hs|rsB, ttsmy,) . (1.47)

The normal-ordered one- and two-body matrix elements — as given above — are
still given in the harmonic-oscillator basis and, therefore, need to be transformed
to the HF basis after the normal ordering.

1.6 Configuration Interaction and No-Core Shell
Model

The No-Core Shell Model (NCSM) [21,51,54] is an ab initio approach to the nuclear
many-body problem. All A nucleons are considered active, i.e., no degrees of free-
dom of the system are combined into effective ones as it is for example done in
the traditional single-particle shell model. The nuclear wavefunction is expanded
in a set of Slater determinant basis functions, where the expansion coefficients are
obtained from a large-scale Hamiltonian matrix diagonalization. The method is
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fully variational and yields the exact solution for the model space under consid-
eration. Therefore, this method always provides an upper bound for the ground-
state energy and, once convergence is reached with respect to model space size,
constitutes an ideal tool against which other many-body methods may be bench-
marked.

The NCSM belongs to the class of the Configuration Interaction (CI) methods.
Since the CI methods and its common truncated variants CISD, CISDT etc. (see
Section 1.6.2) also share more formal analogies than the NCSM with the Coupled-
Cluster method, it is worthwhile to briefly review these methods as well and to
introduce basic conventions and notations.

1.6.1 Full Configuration Interaction

In the CI scheme, the continuous Hamiltonian eigenproblem is Galerkin-discre-
tized and converted into a finite-dimensional approximation scheme by introduc-
ing a finite set Agp of discrete single-particle basis functions |¢y) °

Asp = { I¢x) s k=1,...,dim Asp } . (1.48)

As discussed in Section 1.1, a common choice for these single-particle basis func-
tions are the harmonic-oscillator wavefunctions |n(lisk)jrm;, ti m;,) (or linear com-
binations of these, if canonical orbitals obtained from the Hartree-Fock method
are used). For the purpose of deriving appropriate truncation schemes for the
many-body basis it is important to note that to each single-particle basis state [¢y)
a quantum number e, may be assigned, which characterizes the energy of the single-
particle state |¢), and is defined by

e = 2nk+lk. (149)

For the Full Configuration Interaction (FCI) method, the constraint in the total num-
ber of single-particle states, dim Agp < 00, is the only truncation for the model space
that is introduced. Consequently, the FCI many-body basis Arcr consists of all
Slater determinants constructed from the single-particle basis set Asp, which are
not equivalent in the sense that they only differ by single-particle index permuta-
tions. So the many-body basis may be constructed as

AFCD {|<Pk>:£i|¢kl...¢kA):k1<---<kA:I,...,dimAgp}, (1.50)

5The single-particle basis is assumed to be orthonormal throughout this work.
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with .&/ being the antisymmetrization operator (1.8), and the FCI model space
¥ECD is then given by

Yy ECD - — span{ AFED } . (1.51)

For this model space the matrix representation (Hy;) of the Rayleigh-Ritz projec-
tion of the Hamiltonian is calculated,

Hy = (®|H|®)), (1.52)

from which, via diagonalization, the expansion of the Hamiltonian eigenstates in
the basis AF<D may be obtained,

ZHH C, = EC, = [0FDy = ch |B,) . (1.53)
l k

Since the Hamilton matrix (Hy;) is obtained from orthogonal projection techniques
it is guaranteed that the FCI wavefunction [#FD) is the best approximation to the
exact wavefunction that, in the sense of residual minimization, can be computed
from the model space ¥¥<D. This is also the reason why the FCI method is fully
variational. The main limitation of the method is due to the rapid growth of the
many-body basis which goes as

(dim Asp)!

im D = 1.54
dim¥’ Al (dimAgp —A)!’ (154

and, thus, is scaling factorially with particle number A and single-particle basis
size dim Agp.

Regarding truncations of the FCI scheme, it is common practice to introduce a
parametrization of the FCI wavefunction using the concept of the reference state
and corresponding excitation operators. The reference state

|(I)> = dlgbil...q&m) (155)
is a single Slater determinant build from the set of single-particle orbitals {¢;,}
that minimize the energy functional

Eref [{¢il""’¢i/~\}] = min‘ { €i1+"'+€iA } ’ (156)

i1<..<ia

with the constraint that the index set {ii,...,i4} has of course the correct number
of proton and neutron states for the nucleus under consideration. The reference
state may, therefore, serve as zero-order approximation to the wavefunction with
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corresponding zero-order energy Eit. Once the reference state is determined, the
single-particle basis index set is divided into the orbitals occupied by the refer-
ence state (referred to as hole states) and the unoccupied (particle) states, with the
following notational convention :

hole states : 0L, k,... € occupied in |®)
particle states : a,b,c,... € unoccupied in |®) (1.57)
any state Dopqr,...

The n-particle-n-hole (npnh) excitation |® /') of the reference determinant is de-
fined as the Slater determinant in which, relative to the reference state, n hole
states have been replaced by n particle states, i.e.,

|(I)?1] lin) — (a )( )(dlndln) |(I))
— a; .al ci .ai, |9), (1.58)

and the corresponding nprnh excitation operator generating all possible npnh ex-
citations reads

. 1
¢, = D epal Lal ap,...as . (1.59)

In terms of excitation operators (1.59), the FCI wavefunction can be parametrized
by the linear Ansatz

WDy — ({4 CEDY @y, EEFOD — Zc(FCI) (1.60)

Since C’ESCD@) vanishes for excitation ranks m > A, the FCI wave operator C natu-
rally terminates at the ApAh level.

1.6.2 Truncated Configuration Interaction

A natural way to truncate the full CI Ansatz (1.60) is to truncate the excitation
level X(CFD) of the FCI wave operator at some value M, i.e., X(C(C™) = M < A.
The corresponding truncated CI variant is then referred to as CIM, or as CI with
Singles and Doubles excitations (CISD) for M = 2, as CI with Singles, Doubles and
Triples excitations (CISDT) for M = 3, and so on. This truncation is justified by the
expectation that in the expansion (1.60) higher excitation ranks are less relevant
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than lower ones, provided that the reference state is sufficiently close to [LFCD).
Therefore, using the CIM Ansatz the Schrédinger equation reads

a(i +§:C;CIM))|¢> = EM (1 +§:C;CIM))|¢>. (1.61)
n=1 n=1

In analogy to the Coupled-Cluster method, a set of coupled equations for the
energy E™) and the amplitudes c;{** can be obtained by left-projecting the

CIM Schrodinger equation (1.61) onto the reference |®) and excited determinants
|¢(:11...6lk>,

l]...ik

M
(®| H(ﬂ+ D CnCIM)) |6) = ECM

M
Looep a(i+Xc™) @) = EMel Vay,i (1.62)

M
(®F 1| H(ﬂ+ ZléEEIM)) @) = ECM -0 gy iy
n=

It is noteworthy that in a specific line of (1.62) not all excitation ranks of C(C™)
contribute, because

M Nmax
@ A (T4 C)j0) = (@7 A (T+ Y COM)jo), (1.63)
n=1 N=Nmin
with
Mmin = max{ 1, k—X(A)} (1.64)
Nmax = min{ M, k+X(H)} . (1.65)

Particularly, the energy has an explicit dependence on the C(C™ coefficients of the
form

FCM) E(CIM)({Cfll}’_._’{cal"'“X[H)}) , (1.66)

11 il---ix(j-‘])

while, due to the coupled nature of (1.62), there is of course an implicit depen-
dence on all coefficients. From a physical point of view, the presence of the CI
energy in the truncated CI amplitude equations is troubling. This is because, for
the truncated CI case, an unequal scaling of both sides of the amplitude equations
is introduced as the number of particles in the system is increased. The energy and
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the CIM coefficients scale differently, leading to violation of size extensivity [25]. In
quantum-chemistry applications, this violation of size extensivity of the truncated
CI method poses a serious problem which makes the size-extensivity preserving
Coupled-Cluster method more favorable there.

1.6.3 No-Core Shell Model

An alternative truncation of the FCI parametrization which aims not at excita-
tion rank but rather on excitation energy is employed by the No-Core Shell Model
(NCSM). If the excitation energy of a Slater determinant relative to the unperturbed
reference state is defined by

eivit = D (ea—en) (1.67)
k=1
then the NCSM again uses a linear parametrization of the wavefunction similar
to the FCI parametrization,

A
[pNCSM)y - — (]*H_Z C;NCSM)) B) (1.68)
n=1
with excitation operators CNEM
. 1 /
NCSM) ~ln 5 it a 7
ng ) = W Z C?ll_"ii d:;]...d:;ndin...dil (169)
i1,emin
ay,..an

where the summations

> (1.70)

i1min
ay,..an

are constrained to maximum excitation energies, generated by the operator string
djll ...d;ndin ...4;, acting on the reference state, according to

piin < N (1.71)

i1...0n
This Npax truncation is of particular significance in NCSM calculations using a
harmonic-oscillator basis, since despite of the use of single-particle coordinates
this truncation allows for any choice of Npma.x an exact factorization of the NCSM
wavefunction into a center-of-mass and a relative part [97],

(PN = W) @ [Wem) (1.72)
and, therefore, avoiding mixing center-of-mass and intrinsic excitations. This is

the reason why the harmonic-oscillator basis, although exhibiting an undesired
asymptotic behavior [98], is commonly preferred over other basis sets.
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1.6.4 Importance-Truncated No-Core Shell Model

Despite its heavy use and long history of success in nuclear structure calculations,
the NCSM becomes intractable for nuclei beyond %O, even on massively parallel
computational architectures. This is because the NCSM requires unmanageably
large Nmax-parametrized model spaces in order to obtain model-space converged
results. A more sophisticated truncation scheme is introduced by the Importance-
Truncated No-Core Shell Model (IT-NCSM) [20,21].

The IT-NCSM is motivated by the observation that many of the basis states of
a NCSM model space do not significantly contribute to the expansion of a specific
wavefunction. Therefore, an a priori criterion is introduced that estimates the im-
portance of specific basis states for the expansion of some eigenstate |¥). This way
only the most relevant basis states can be selectively incorporated in the many-
body basis, allowing to go to larger values of Ny than would be accessible in the

standard NCSM.

In order to do so, a small reference space ¥z (typically a full NCSM model space
with small Npay) is specified from which a first approximation, the reference state
|W.e) (not to be confused with the reference state |®), which does not enter the
considerations in this section ), is calculated,

Hl"’/ref |‘Ilref> = €ref |‘I’ref> . (173)

With this information at hand, the importance «, of a basis state |®,,) & A,.f outside
the reference space can be estimated from perturbation theory in first order as
®,|H|W
Ky = _( ,ul | ref) (174)
€u — €ref

(a detailed review can be found in [21]). Obviously, regarding preserving transla-
tionally invariance, |®,) are taken from full NCSM model spaces of large enough
Nmax to guarantee Vs € ¥NSM. The IT-NCSM model space is consequently de-
fined as the reference space and its extension spanned by all determinants which
have an importance measure larger than some fixed &min,

SANEM = spanf |0,) € 9N+, > Ky | (1.75)
The IT-NCSM is clearly a variational approach, converging to the exact result as

Kmin g0€S to zero,

(WNCSM)y iy [@UTNCSM)) (1.76)

Kmin—0
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as well as all observables computed from the wavefunction which typically show
a smooth knin-dependence and usually can successfully be extrapolated to the
Kmin = 0 limit.
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Chapter 2. Coupled-Cluster Theory

2.1 Introduction

Violation of size extensivity and exponential scaling of the model space have pro-
ven to be the main limitations of Cl-like methods in quantum-chemistry appli-
cations. In the nuclear context the importance of size extensivity has not been
established yet but the unfortunate scaling behavior has limited ab initio methods
to the regime of p-shell nuclei anyway. By abandoning the variational princi-
ple, however, the Coupled-Cluster method [22-27,99-103] overcomes these ob-
stacles, being size extensive in all truncation orders and exhibiting a polynomial,
rather than exponential, scaling of the model space size. In this and the follow-
ing sections two-body Hamiltonians are considered exclusively. The generalization
Coupled-Cluster theory to three-body Hamiltonians is postponed to Chapter 3.

2.2 The Exponential Ansatz

Seeking for alternative ways to solve the many-body Schrodinger equation, in-
stead of focusing on truncations of the linear CI-like scheme, more general, and
this nonlinear, parametrizations may be considered. Among these, the exponen-
tial Ansatz for the Coupled-Cluster wavefunction is probably the most powerful
known to date,

A
W) = eflo), T =T, 2.1)

n=1

where the cluster operator T is defined in close analogy to the CI case, with com-
ponents

. DA 2)
T, = \{ 5/ = é t7’ {ala,a;a;} (2.3)

abij

o 1

ajy..ap
i]in

Asin Egs. (2.2)-(2.4), regarding the diagrammatic treatment of CC equations, it is
customary to work with operators that are in normal order relative to the reference
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state, indicated by {...}, where it is understood that all particle creation or hole an-
nihilation operators a!, a; are to the left of all particle annihilation or hole creation
operators d,,d.. Then, as for the standard normal-ordering prescription, expec-
tation values of normal-ordered operator products in the reference state, which
serves as new vacuum, vanish, for example

(®l{a}aja;a}le) = (D@7 = 0. (2.5)

In the case of pure excitation operators, such as T,, or pure de-excitation operators,
the operator string is automatically in normal order with respect to the reference
state and the brackets {...} may be dropped. The Hamiltonian operator is put in
normal-ordered form as well. A general two-body Hamiltonian in standard form
reads

1 > .
= ho+ ) (plhilg) a,aq+; Y (palhlrs) a'atasa, 2.7)
pq pqrs

where antisymmetrized two-body matrix elements (pqlhy|rs) are introduced,

(pqlhalrs) = (pqlhalrs)—(pqlhlsr). (2.8)
In normal-ordered form, the operator is given by
- P - s 1 ot e
i = h0+2ij<z|h1|z>+;<p|h1|q> {a;aq}+5izj<mhz|u>
+_ (pilhalgi) {ahagd+ > (palhalrs) (a}a}a.ar}, (2.9)
pqi pqrs

where it is conventional to introduce the reference expectation value (®|H|®), the
one-body Fock operator Ey, and the two-body interaction operator V4, leading to

- . 1
A = (0H9)+ ) f7 {d;quZZ v?a {a'ala.a,} (2.10)
pq pqrs
= (D|H|D)+ Ev+ Vi, (2.11)

for which the diagrammatic representations used in this work are shown in Fig-
ure 2.1, and whose matrix elements are given by

(@|A18) = ho+Z<i|h1|i>+%le<ij|h2|ij>, (2.12)
7= (plflg) = (plhilg)+_ (pilkalqi) (2.13)
vP1 = (pqlolrs) = (pqlhalrs) . (2.14)
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AT AT AA

Figure 2.1: Goldstone diagrams representing the Fock operator Fy and antisymmetrized Goldstone
diagrams for Vi that come from distinct corresponding Hugenholtz diagrams.

Anticipating the treatment of three-body Hamiltonians later on, the matrix ele-
ments v’y are understood as the antisymmetrized matrix elements of the two-
body part Vy of the normal-ordered Hamiltonian, which for two-body Hamiltoni-
ans coincide with the ordinary antisymmetrized matrix elements of the two-body
Hamiltonian 7, in standard form.

Using the normal-ordered Hamiltonian,
Hy = H-—(®H|9), (2.15)

and after subtracting the zero-body contribution, the Schrédinger equation can
be written in the form

Hyel|®) = AEe’|®), (2.16)
in which the quantity
AE = E—(®|H|D) (2.17)

is called the correlation energy. Since (®|H|®) is the expectation value of the Hamil-
tonian in the reference state, it is also referred to as reference energy Ex.y,

Bt = (D|H|D). (2.18)
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Clearly, the total energy is then given by the sum of reference and correlation en-
ergy. An alternative formulation of (2.16) is obtained by left-multiplication with
e~T, arriving at

S |®) = AE|®), (2.19)
where the (normal-ordered) Coupled-Cluster effective Hamiltonian # is defined as
A = e THhyel. (2.20)

The form (2.19) of the Schrédinger equation is of particular importance and will be
the starting point for the derivation of the Coupled-Cluster equations. It is con-
venient since all the complicated exponential structure of the Coupled-Cluster
Ansatz is absorbed in 2. By left-multiplication with e~7 in (2.16), the ampli-
tudes of the cluster operator have been separated from the energy so that the en-
ergy will not appear in the amplitude equations. Since it was the presence of the
energy in the CI amplitude equations which caused violation of size extensivity
there, Coupled-Cluster theory circumvents this problem by introducing the effec-
tive Hamiltonian [25].

Since Tt # —T, the transformation (2.20) is not unitary, resulting in a non-
Hermitean effective Hamiltonian. The transformation is, however, a similarity
transformation (which is why (2.19) is also referred to as similarity transformed
Schridinger equation) and, therefore, the spectrum of the original Hamiltonian is
not altered. But the non-Hermitecity leads to an asymmetric expression for the
energy,

@ e T Hyel |®) = AE, (2.21)

which is not subject to variational conditions, causing truncated Coupled-Cluster
methods not to give an upper bound for the exact energy, contrary to methods for
which the variational principle is fulfilled.

The exponential form (2.1) of the wavefunction is exact in the sense that for the
untruncated case it reproduces the Full CI wavefunction. In fact, the CI excitation
operators may be expressed by the Coupled-Cluster cluster operators by the one-
to-one correspondence

¢, = T (2.22)
. 1. .

G = S T+1 (2.23)
- 1. SN N

C; = 5T5+TIT2+T3, (2.24)

Coupled-Cluster Theory for Nuclear Structure 37



Chapter 2. Coupled-Cluster Theory

or, for general excitation operators,

n k
Cn = Z% Z 5m1+...+mk,n l_[ ij ’ (225)
k=1 " mi.mg j=1

which elucidates the relationship between Coupled Cluster and CI. However, the
Coupled-Cluster Ansatz performs differently to CI when the cluster operator is
truncated to some excitation rank M,

M
PO — an. (2.26)
n=1

As in the CI case, the corresponding Coupled-Cluster method is called CCM, or
for M =2 CCSD, and so on. Due to its nonlinear nature, the Coupled-Cluster
Ansatz allows to generate higher-order excitations from products of lower-order
excitation operators (Figure 2.2).

The individual importance of the terms in (2.22)-(2.25) may be roughly esti-
mated using simple considerations. For Hartree-Fock bases, the T; operator is
small ! and, therefore, (2.22) is expected to contribute little. Since T? is even
smaller than T;, the first term in (2.23) will, consequently, also contribute very lit-
tle, leaving 7, in (2.23) as the dominant term. Analogously, the only term in (2.24)
that does not involve 7; is the triples excitations cluster operator T;, which is ex-
pected to be dominant. However, going to higher excitation types C,5 _, the con-
nected cluster operators T,5.. are expected to become less relevant, since they rep-
resent a simultaneous correlation of the corresponding number of nucleons. For
that reason, T, is typically already significantly more important than 7;. In sum-
mary, for a general excitation operator (2.25), the contributions from T, and T3
clusters are expected to have most relevance.

2.3 Coupled-Cluster Equations

Analogously to the exact case (2.21), for a given (truncated) CCM methods with
TaT™W=T+D%+..+ Tu, (2.27)

the expression for the correlation energy AEM = AE(t™)) as function of the cluster
amplitudes

00 = {feed {ear) . feand ) (2.28)

1Here, an operator is called small if its matrix elements have small absolute values.
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\e-9-0-a0-0p/
Wotop-do-ot/
NQtobos/

|) Ty |®) T |®) Ty T, T |®)

Figure 2.2: Illustration of excitation types in the CC ansatz.

can be derived by left-projecting the similarity-transformed Schrédinger equation
AM|3) = AEM|0) (2.29)

with

AM = o T [ o™ (2.30)
onto the reference state. In analogy to the CI case, a coupled set of algebraic equa-
tions for the determination of the amplitudes t™ is obtained by left-projecting

the similarity-transformed Schrodinger equation onto the excited determinants
|@¢1“"y with n <M, i.e.,

i1...0n

(® A™M |®) = AEM (2.31)

(@4 AM D) = 0 ,Va,i (2.32)
((D?jb| AM Py = 0 ,Va,b,i,j (2.33)
(q)?ll.:;]lelj@(M) |(I)> =0 , Val,...,aM,il,...,iM. (234)

In the case of CCSD, for example, the T, and T, amplitudes can be determined by
solving the system given by (2.32) and (2.33). Above expressions can be signifi-
cantly simplified once it is recognized that the expansion of the effective Hamilto-
nian ™), containing two exponentials of the cluster operator, actually terminates
at finite expansion order. This is due to T being an excitation operator, and the
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finite expression for ™) in case of two-body Hamiltonians Hy reads 2

A A A
o [ 7] 77
gy [, 20,700, 707
g [ 700, 700], 700, 7097 239

This commutator expansion of the effective Hamiltonian can be further simplified
to the form

AN = (Aye™)_, (2.36)

where the subscript C restricts the expressions inside the brackets to connected
terms, where the Hamiltonian has at least one contraction with each cluster oper-
ator. Consequently, since a two-body Hamiltonian can be contracted with a max-
imum number of 4 operators, the expansion of the exponential can be restricted
to terms containing not more than 4 cluster operators. Therefore, the most conve-
nient form of the general Coupled-Cluster amplitude equations reads

@0 (Ay e™) |®) = 0,n=1,...M. (2.37)

11...1p

For CCSD [61, 65, 66,70,105-114], where the cluster operator is truncated at the
singles and doubles excitations,

TSP = T + T, (2.38)

the energy and amplitude equations, after expansion of the exponential, are then
given by

ABCSD = (@[ Ay (T+ B+ 5T2)] 10) (2.39)
0 = (@[ A1+ Tt B4 G+ TiTt577)] o) (2:40)

0 = (¢?]P|[FIN(1+T1+:IZ+%T;2+T1TZ
R+ AT TR+ 1T )] 1) (2.41)

?Proving the non-terminating form of the commutator expansion is an easy exercise [104]:
Setting AM = e=«T" fyee™, for the derivate holds d#™/da = =™ [Ay, T™]e*™ and
consequently d>#™M/da? = e ™™ [[Hy, T™], T™1e?™ and so on. Plugging into ™ =

E Lagn (d"” - )‘ and setting « to 1 gives the commutator expansion.
a=0
n

n! da”
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(SA (SBa) (SBc)
k cac' 1 cd 1 kl ac
Z f t EZ cd lk Z Vic t

cdk ckl

(SCa) (SCb) (SDa)
a k 1 c
Zf Zf tk+ vk tk_zz vy e

ck cdkl

(SDb) (SDc) (SEa)
1 kl scd |l (da 4c k 4c sa
_EZ Vea tip tk+zvcdtli tk_chtitk
ck

cdkl cdkl

(SEb) (SEc)
ak ,c .d kl ca (c ,d
+ Vea b T — Z vil o tl Z Vea U Ui 1
cdk ckl cdkl
=0,Va,i

Figure 2.3: Algebraic expressions for the CCSD Ty amplitude equations.

Cluster operator products, such as ; 7}, have already been left out in (2.39)-(2.41)
since their excitation rank is too high for the Hamiltonian to de-excite the resulting
determinants to the state the equation is projected on. Therefore, for a Hamilto-
nian with excitation rank X(H), in the T, amplitude equation only cluster operator
products 2(T™) may appear with excitation ranks X(2(TM™)) < X(Hy) + X(T,).
Evaluating Egs. (2.39)-(2.41) in terms of matrix elements of the operators involved
is a standard task using diagrammatic techniques [25,26]. The diagrams are listed
in Appendix C.1, and the corresponding algebraic expressions are given in Fig-
ures 2.3 and 2.4. In front of each term the assigned diagram is indicated where
the naming convention has been taken from [26] 3. This facilitates the identifica-
tion of the corresponding spherical expression presented later in this work. The
expression for the correlation energy reads

&) 1
AR = IS VY Y e 242)

abij abi]

and it is noteworthy that the expression above is also valid for all higher-order
Coupled-Cluster methods such as CCSDT, CCSDTQ), etc., provided that two-body
Hamiltonians are used. This stems from the obvious fact that it is not possible to
form closed diagrams using a two-body interaction and cluster operators beyond
T,. The correlation energy depends on all cluster operator amplitudes, of course,
but the T, 7;, ... amplitudes enter implicitly through the solution of the Coupled-
Cluster amplitude equations.

3In Ref. [26], the algebraic expression for (DHa) has an incorrect sign.
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(DA) (DBa) (DBb) ~
ab by k .ab
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(DBc) (DBe) .
N byea "ELST K ab b, By zvkbt
DCa) DCD) .

12 v tcd t + Pl] Z v bd

cdkl cdkl
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15 kI ab V"Y1 ac .db
_iplfzvcd ° 3 Fab ZV k Lij

cdkl cdkl

(DDa) (DDb) P (DEa) .
gt e Sl 3
ck

(DEDb) . Ec) . ~
~ Pup Z FEee e By By Y vk 10 o

cdk
(DEd) . (DEe “
ckl cdk
(PEF) ;.
1 ki db
+ 1By > v gl v by D vkaed
ckl cdk
(DEh) . (DFa) (DFDb)
- kl c ab 4c d kl ca b
= Py Y vkl b tk+Zvcdtitj+Zvijtktl
ckl kl
(DFc) . DGa)
— Pup B Z kb ya po 401 Z &t
cdkl
(DGD)
1 kl ¢cd a 4c
+ EZ Vea Lif T tl Pub B Z tk L
cdkl cdkl
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=By Y vk e e d = Py D vkl et e o
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cdkl

Figure 2.4: Algebraic expressions for the CCSD T, amplitude equations.
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The Coupled-Cluster amplitude equations, which are of the form
G(t) = 0 (2.43)
are usually converted into a fixed-point problem
Ity = ¢ 1) = t*, (2.44)

and solved iteratively. A common choice for the iteration scheme is

(()) ai...an _
til...in =0 o .
Lean| (7
(n+1)ta1...an _ <<I)i1.“in ‘ (HNeT)c(t(")) |2) » Fo (2-45)
i = j ; y I'v — ,
[l fil A [l = fay =~ fay N

where in the amplitude equations the Fock operator Fy is replaced by its off-
diagonal Fy part [26]. An alternative iteration scheme that leads to more stable
iterations is considered in Section 4.8.

2.4 Effective Hamiltonian

Once the CCSD amplitude equations have been solved, the effective Hamiltonian
P(COSD) — =TSO g -, TCCSD) (2.46)

may be constructed explicitly from the cluster amplitudes ¢(““5P). Recalling the
commutator expansion of the effective Hamiltonian (2.20), it is apparent that the
CCSD effective Hamiltonian 2(°“SP) will contain up to six-body operator terms,

ACCED) = 5 B+ S+ S+ A+ S+ Sy, (2.47)

which are generated by the four-fold commutator (2.35). Since each ;. is assumed
to be in normal-ordered form, (D) can directly be written as

. L 1 e
HPCCSD) - = Jfo+2 Ay {aLaq}+ZZ ST {a;;a:;asar}

pq pqrs

1 Fogat At ata A A
+% Z 3&73 {d;d;didudtds}+ ’
pqrstu
= S+ Hogen (2.48)
again employing the short-hand notation

JEP P =(py . pul g ... ) (2.49)

qi1---qn
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e b b o
Y
o

Figure 2.5: Antisymmetrized Goldstone diagrams for 54 and 7 as well as selected 7 and 4,
diagrams that arise from distinct corresponding Hugenholtz diagrams.

for antisymmetrized matrix elements, and where ., denotes the part of the
effective Hamiltonian with open Fermion lines, as opposed to the closed effective
Hamiltonian diagrams . It should be noted that the non-Hermitecity of the
effective Hamiltonian implies that

sre (7). (2.50)

For the Coupled-Cluster methods considered in this work that only involve two-
body Hamiltonians, only the one- and two-body parts of #(P) will be needed.
The expressions for the matrix elements depend on the particle-hole character
of the orbitals and, therefore, the Hamiltonian is split into different particle-hole
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Effective Hamiltonian
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Figure 2.6: Algebraic expressions for the effective Hamiltonian matrix elements. For the defini-
tions of the intermediates y see Figure 2.7.
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Figure 2.7: Intermediates used in Figure 2.6.
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topologies, for the one-body part 74
A o= Y Aala+Y | A {alad+ )| A0 alak+ Y | AL aldnk
ij ia ai ab
(2.51)

and analogous for 5%, where the algebraic expressions of the corresponding ma-
trix elements are listed in Figures 2.6 and 2.7. In effective Hamiltonian terms the
CCSD T, and T, amplitude equations may be represented as

#° =0, Vai (2.52)

1

A =0, Vabij (2.53)

emphasizing that the %hp and %h%p matrix elements of 2(CCSD) vanish if the CCSD
equations are satisfied by the cluster amplitudes.

Having the effective Hamiltonian in explicit form allows to formulate further
applications like ACCSD(T) or EOM-CCSD - basically being a diagonalization of
H(CCSD) _in terms of effective Hamiltonian matrix elements which results in more
compact expressions.

2.5 The ACCSD Equations

The Coupled-Cluster A operator appears on several occasions in Coupled-Cluster
theory, as in the expression for the the energy derivative in the context of response
treatment of properties,

d _ oy AR
TAEQ) = (@ (1+4) —

or in the fundamental energy functional,

|B) , (2.54)

§CONT) = (@ (]‘1+A)3@|¢>, (2.55)

which, when stationary, gives the Coupled-Cluster correlation energy. From there,
it attains importance in the calculation of higher-order contributions to the en-
ergy. Furthermore, because the A operator is determined from solving the left-
eigenfunction equation for s, the A equations are to a large extent equivalent to
equations encountered in Equation-of-Motion Coupled-Cluster theory. Since the
main motivation for the A operator is from the properties treatment which is of
minor interest in this work, only a very brief review is given in the following.
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The A operator parametrizes the bra counterpart (¥| of the Coupled-Cluster
ground state |¥) according to

(¥ = (@ (1+A)e T, (2.56)

which satisfies the biorthonormality condition

(o) = 1 (2.57)
and where
A
A = Z A, (2.58)
n=1
is a sum of nprh de-excitation operators A,
- 1 .
— _ i At oA
A = /\ = WZA {ala.} (2.59)
R 1 i catata =
Ay = \ / \ = ; AL {aja}abaa} (2.60)

R * . . 1 ' '
— f— 11...1n ~F At A ~
A, = /\ /\ /\ = E Ag-tn qa; ...a; dq,...Aa} - (2.61)

The corresponding amplitude equations can be obtained by considering the
Schrodinger equation

(U Ay = AE(Y| (2.62)
and using Ansatz (2.56)
@ (1+A) e "THy = AE@|(1+A)eT. (2.63)

Right-multiplication with e leads to a formulation in terms of the effective Hamil-
tonian,

@ (1+A) .2 = AE@® (1+4), (2.64)
which, using

R = Al + Aopen (2.65)
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can be cast in the energy-independent form
(9| (Tl +A) %pen = 0. (266)
In the case of ACCSD, where the A operator is approximated as

A~ ACSD = A 44, (2.67)

and the effective Hamiltonian ., is replaced by %g&sm, the A, and A, ampli-

tudes can be obtained from solving the system of linear equations [76,115-121]

(@ (144, +A,) 2D 199y = 0 (2.68)

open

(@ (1+A; +4,) AP j92) = 0. (2.69)

open

Since these systems of equations are typically very large, they are also solved it-
eratively, and a similar iteration scheme as for CCSD, Eq. (2.45), can be set up.
From excitation rank considerations follows that only one-, two- and three-body

components of Ase " enter the above system which also can be written as [96]

0 = (@{ [(A+A) ]+ [(Ai+Ro) ]+ [R] | 100) (2.70)
0 = @{ [(A+A+R) 5] + [As ]
+[ A A o+ [Ro )} 10) (2.71)

where the label DC represents disconnected operator products. As for the T(CCsP)
amplitude equations, these expressions can be evaluated using standard diagram-
matic techniques (for diagrams see Appendix E.1). The resulting equations for the
A, and A, amplitudes in terms of effective Hamiltonian matrix elements are listed
in Figure 2.8 and the corresponding spherical expressions are appended in Ap-
pendix E.2. In Figure 2.8, the matrix elements of the three-body operator /4 have
been expressed in terms of matrix elements of lower-rank operators according
to [26,96]

S = =By Y A+ Py > A L (2.72)
m e
A = =Dt v (273)
d
A = = el (2.74)
1
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Figure 2.8: Algebraic expressions for the ACCSD Ay and A, amplitude equations.

in order to avoid the use of six-index quantities. Therefore, it should be noted that
in effective Hamiltonian terms it can be written

(MG)+(AMH) = Z 2L edi (2.75)
cdkl
1 > l c
(A)) = Z Pap Pz] Z }L kl]ﬂ ) (2.76)
ckl
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and

(AK) = =~ Py Py Y 2E (2.77)

cdk

]

2.6 Expectation Values

The evaluation of expectation values

o _ (UG (@ e G el |D)
() = (T®) (@ eT'el |®) 2.75)

is inherently more complicated in Coupled-Cluster theory than in methods that
employ a linear parametrization of the wavefunction. The reason is that the ex-
pression (®|e”' Gye”|®), in which both excitation and de-excitation type operators
appear, does not terminate as for instance the expression (®|e~7Gye’|®) does, in
which only excitation operators appear.

As for the Coupled-Cluster energy, which in the untruncated case must of course
be the same as the Hamiltonian expectation value, any expectation value may be
separated into its reference and correlation part,

(G) = (2|Gl®)+(Gn) , (2.79)

with the correlation part being the non-trivial task in the expectation value cal-
culation. However, the denominator cancels against the disconnected parts from
the nominator [100],

. (@] eT" Gy el |®) oA
G = —— = (®[(e’ Gye o), 2.80
(Gy) T eT [B) (@[(e" Gy e™) |®) (2.80)
leaving a connected form for the correlation part. In order to detach the general
problem of the expectation value evaluation from the specific operator G, the n-

body reduced density operator

7= D ldean) ()8 (prpl (2.81)

P1--Pn
q1--dn

with matrix elements

(r) " = (@ [ e {a! ...l dg,...dq} " ]C|<1>> (2.82)
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Figure 2.9: Algebraic expressions for the one-body response density matrix elements.

is introduced. It is clearly independent from the operator under consideration,
and the expectation value of any n-body operator in normal order may be ex-
pressed as the contraction of the operator matrix elements with the density matrix
elements,

-3

For the case of one-body operators O, the reference part of the expectation value
may directly be incorporated in the contraction by the use of a modified density
matrix y},

R X _ | ) +8,, :p,ge< holes
= q q =
(0) qu (plolg) vi, vl = { () else . (2.84)

Z 1o Delgnlane..qi) (rv) s (2.83)

P1-Pk
a1--dg

For a two-body operator V in vacuum normal order, a formulation of the expecta-
tion value involving only the two-body matrix elements (pq|?d|rs) is easily found
as [26]

(V) = 2 Z (palolrs) (rx),, + Z

pqrs

1
D ipilolqi) } (rw)p+ 5 D ijlolij) -

ij
(2.85)

52 Coupled-Cluster Theory for Nuclear Structure



2.6. Expectation Values

PP pp
TohA r B
b (ph ) (Ph ) R
(TN)ZZ‘ = + Z t]?ib l]g + P, Z tf tz‘b )Llcc
k
(29 .
" 1 p da yb 2k (7 il
+§ bZt tl +P“bztzl tkAcd
dkl T
PPF
b ,d 4kl Ph P
thtl _Pabztktltilcd
dkl Ty
- Pab Z t tl ﬂ,
dkl
PPA (TPP
b PO (G 1 hh hh
(TN)?]- = Fap Bij { + 3 tl.“jb +tf Z 16 tb Ak
(r

Ckk(hh) ST

F)Z ;Cltc b)tk (th)z l’

cdkl
(VhPH) (Vm}:)
1 Z t,gf rab Akl Z l.ca tdb Akl
cdkl cdkl
J) (r
cd pkl b
LY e et 2k LY gl 2F
cdkl cdkl
Z (e pd tb Akl (Yhh )Z Akl
cdkl cdkl
N) (rhh0)
d kl 1 cd ki
DN aphaped AR R D i v e 2K
cdkl cdkl
P)Z thtf e tda’“’}
k !
cdkl

Figure 2.10: Algebraic expressions for the two-body response density matrix elements.
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Figure 2.11: Algebraic expressions for the two-body response density matrix elements, continued.
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By solving the A equations an alternative form of the density matrix elements
)it = (@l [(T+4) (1], -.-a}, g, agle”) ] 10 (2.86)

may be used, which, unlike (2.82) leads to terminating expressions. The CCSD
one- and two-body matrix elements of the reduced density matrix derived from
(2.86) are listed in Figures 2.9-2.11, and the spherical expressions can be found in
Appendix F.

2.7 The ACCSD(T) Energy Correction

While the CCSD equations are rather easy to solve, the solution of the full CCSDT
equations is far out of reach for all but the lightest nuclei. Nonetheless, higher-
order excitations may be included in the calculations via a combination of the iter-
ative, infinite-summation techniques obtained from solving the Coupled-Cluster
equations for low-rank clusters, with an a posteriori non-iterative correction due
to higher-rank clusters, typically based on perturbation-theory considerations.
There is an abundance of different methods that have emerged in the field of
quantum chemistry, such as CCSD[T] [122,123], CCSD(T) [124], CCSD(TQ) [125],
ACCSD(T) [57,126], ACCSD(TQ) [127], CCSD(2)r [128-131], CCSD(2) [128-131],
CR-CCSD(T) [132-136], CR-CCSD(TQ) [132-136], CR-CC(m,m’) [117,119,121,137,
138], CR-CC(2,3)+Q [139], LR-CCSD(T) [140], or LR-CCSD(TQ) [140]. In this work,
besides the CR-CC(2,3) correction, the main focus will be on the ACCSD(T) non-
iterative energy correction [57,126] due to its rather simple structure but yet accu-
rate results. However, in this section only a brief overview is given, because the
method is discussed in more detail in the context of three-body Hamiltonians, see
Section 3.4.

Starting point for the derivation of the ACCSD(T) correction is an expansion
of the Coupled-Cluster energy functional

€ = (@] (1+A) 2 |®) (2.87)

for CCSDT up to fourth order perturbative contributions relative to the CCSD
ground-state wavefunction, which can be formulated in converged CCSD T;, T,
and ACCSD A4, A, amplitudes, and by determining the corresponding energy cor-
rection from this functional [57,58]. This results in an expression for the energy
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1 ~ii 1
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Figure 2.12: Algebraic expressions for the computation of § E(ACCSD(T)),

correction of the form

5 EACCSD(T)) (288)
1 P 1 )
— d b b
= —(3.)ZZ<‘I’IA(F£ + W) 10478) —= (@451 (W T2) . |®)
: abc ijk

ijk

where Fyd is the off-diagonal part of the normal-ordered Fock operator Fy and the

energy denominator efj.bkc is defined as

el = fiHfIAfE-fi-f -1 (2.89)
The corrected total energy is therefore given by

E(ACCSD(T)) — Eref+AE(CCSD) + 5E(ACCSD(T)) . (290)

Explicit expressions for the evaluation of (2.88) can be found in Figure 2.12. Be-
cause the enormous number 4, namely h’p3, of six-index amplitudes cannot be
stored at once, it is common practice to organize the calculation according to

5 EACCSD(T) 1 Ak 1 fabe (2.91)
3| abc eabc ijk

i<j<k " abc ijk

where the bracket is evaluated for each i, j, k index combination separately, re-
quiring only the storage of p? tensors. The particle index sum is not restricted to
a <b < ¢ in order to use optimized BLAS [141] routines for the calculation of the

yijk Fabc
Aape and 15 tensors.

4The number of hole orbitals is denoted by h and p is the number of particle orbitals.
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2.8 The Completely-Renormalized Coupled-Cluster
Method CR-CC(2,3)

The completely renormalized Coupled-Cluster methods (CR-CC) and particular
the CR-CC(2,3) version [114,117,119,120,137,138] are promising alternatives to
the ACCSD(T) approach, since they are more complete, and, therefore, expected
to be more accurate. The CR-CC(m, m’) methods are based on asymmetric energy
expressions and the moment expansion of the full CI energy, defining the method
of moments of the Coupled-Cluster equations [132-136, 142, 143]. This frame-
work encompasses all sorts of energy corrections and its comprehensive structure
greatly facilitates the theoretical discussion. In this work, for instance, this feature
is exploited by using CR-CC(2,3) as the base from which the ACCSD(T) method for
three-body Hamiltonians is derived in Section 3.4. Apart from the theoretical con-
text, the CR-CC(2,3) method will also be used in practical applications because it
is worthwhile to have multiple triples correction methods at hand. This is because
as long as full CCSDT calculations remain too expensive, the quality of triples cor-
rection approaches has to be estimated from the comparison of different methods.
Furthermore, it is encouraging to note that the final CR-CC(2,3) equations are ac-
tually not significantly more complex than their ACCSD(T) counterparts, resulting
in a similar implementational effort.

Using the definitions of the left and right Coupled-Cluster eigenstates,
(B = @|(1+A)e T and |¥) = eT|®), (2.92)
the exact correlation energy
AE = (J|Hy |T) (2.93)
may be expressed in terms of the A operator and the effective Hamiltonian,
AE = (0| (1+A) 2|®) . (2.94)

Of course, in practice neither A nor 2 are known. However, the exact correlation
energy can still be obtained if in (2.94) the CCSD effective Hamiltonian is used,
provided that an appropriate redefinition of the operator acting on the left refer-
ence state is employed,

AE = (9| D)) | (2.95)
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with £ being a de-excitation operator of the form

A

- A o 1 S

L = 2 Ly, Ly = § - alalagacayd, . (2.96)
n=1

Indeed, if £ is determined such that (®|Z represents the lowest-energy left eigen-
state 5 of #2(CCSD),

(®| L A#CSD) = AE (9| £, (2.97)
and assuming the normalization
@Z19) = 1, (2.98)

it is easy to check that (2.95) holds. The ultimate goal is to split (2.95) into the
information provided by CCSD and the information for the contributions beyond
CCSD, which can be completely absorbed in the operator .Z. In order to do so, it
is convenient to insert a resolution of the identity of the form

1 = |®)(@|+P+0Q, (2.99)

with projection operators

P = B+h (2.100)

Q = B+-+D (2.101)
where

By = ) leiy@, (2.102)

between the £ and (D) operators in (2.95). This allows to make use of the
properties of 2(CcsD)

(®| AP @) = AECSD) (2.103)

(@ ACSDo) = o0, (2.104)

(@?J? | AP p) = 0, (2.105)
which immediately allows to write (2.95) in the form

AE = AECSP) 4 (9|2 QA#SP)|p) (2.106)

AECSD) 4 6F . (2.107)

5Since s#(CCSD) js given by a similarity transformation of Hy, both operators exhibit the same
spectrum and, consequently, the lowest eigenvalue of (D) is AE.
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Thus, the exact energy correction 6 E for the contributions beyond CCSD is given
by

6F = (9|2 Q4D |9) (2.108)
and the only unknown in this expression is .£. Consequently, in the following

it is £ for which approximations are introduced in order to derive manageable
expressions.

Since the goal is to derive an energy correction § E(™ due to triply excited clus-
ters, the projector Q is approximated by the space spanned by the triply excited
determinants,

Q~ Py, (2.109)
which projects the ;3 component out of . in the expression °

LQ =920 (2.110)
Thus, the triples energy correction 6 E™ reads

6ED = (®| L5 P 2D |0y (2.111)
Introducing the matrix elements of .%;,

1k — (9| 2, @erey (2.112)

and using the definition of the so-called generalized moments of the CCSD equa-
tions [132,133,135,136,144]

M = (@] AP D) (2.113)
the triples energy correction can be cast into a form given as contraction of the %,
amplitudes with the moments,

1 N

m —_ _— ijk abc

6BV = o § 145 aae (2.114)
ijk

Still, the moments 91)??]?’,: only carry CCSD information, while all information be-

yond CCSD is contained in the yet unknown operator %;. In the CR-CC(2,3)

®An alternative point of view is of course to approximate % by its three-body part ;.
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method [114, 117, 119, 120, 137, 138], the %, operator is determined in a quasi-
perturbative manner, using the expression [117,119]

(@Z5 = (@] (1+ACSD) HpCSD) gp{eeD) (2.115)

which exploits the formal similarity between the £ and the A operators [117,119],
and where

" P
(CCsD) 3
A3 ~ AE(CCSD) _ s2(CCSD) (2.116)

is the reduced resolvent of (€SP in the subspace spanned by the triply excited
determinants, which has the property
Py
AE(CCSD) _ _s2(CCSD)

By (AECOD) — (D) py = 2.117)

This allows to write the triples correction in the form
SEM = (9| (ﬂ +A(CCSD)) SACCSD) gp (D) 5(CCSD) |y (2.118)

In order to avoid the explicit construction of the reduced resolvent 2{°*” in the
above expression, by right-multiplication with

By (AECSP) — s CSP)) Py (2.119)

making use of (2.117) and projecting onto |tI>§’].bkc), the CR-CC(2,3) Ansatz (2.115) for
%; may be written as

def CCS 2(CCS bey 7lmn
Z <(I)lmn| (AE( D)_%( D)) |(I)?jk)ldef

I<m<n
d<e<f

= (@] (1+ACsP) A ebe) (2.120)

which can be cast into the energy-independent form

d - -~ -~ -
= > (@] | A pabey plmn - = (@] (4 ACSP)) 2D gabey - (2.121)

I<m<n
d<e<f

This formulation of CR-CC(2,3) is invariant under arbitrary rotations of occupied
and unoccupied orbitals. This requirement can be lifted due to the fact that the
calculations in this work use Hartree-Fock, and thus fixed, orbitals. Then, the sys-
tem of equations (2.120) or (2.121) can be replaced by a non-iterative expression,
such as [117,119,137,138]

. L . -1
lipe = @I(1+RP) A0ty (Df) 2122
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Figure 2.13: Algebraic expressions for the calculation of the CR-CC(2,3) energy correction for
ground states [138].
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employing the denominator

D¢ = AECSD —(@0h| AP |orke) (2.123)
3

= = @k A j@sbe) (2.124)
n=1

The working equations for the CR-CC(2,3) method can be found in [138], where
they are presented in a form that also includes excited-state corrections. In Fig-
ure 2.13, the simplified version of these equations is given that only considers
the ground-state triples correction. Some minor modifications have already been
made for convenience later on regarding the angular-momentum coupled formu-
lation.

2.9 Equation-of-Motion Coupled Cluster

In addition to ground-state wavefunctions and properties, excited states and their
properties can be accessed within the Coupled-Cluster framework. In this work,
the Equation-of-Motion CCSD (EOM-CCSD) [26,76] approach is employed, where
for excited states I\IJLCCSD)) a linear and thus Cl-like excitation operator, truncated at

the 2p2h excitation level,

9";{LCCSD) = 5)?{“,0 + i)ztu'l + E)A%le (2.125)
= R0+ v + W (2.126)
RN b ot ot .
= (rﬂ)o+z (r)! {“Z‘li}"'z (rﬂ)?j fatala;a} (2.127)
ai abij
is used to generate the excited state from the CCSD ground state,
(CCSD) _  ¢p(ccsp) , T(CCsD)
v, =) = R, "e D) . (2.128)
For the excited state |\, ®") the Schrédinger equation reads
] $2(CCSD) , T(CCSD) — (CCSD) ¢n(CCSD) , T(CCSD)
Hy R, e @) = AE™VR e |®) , (2.129)

which, due to the commutation relation [$h, *”, T(CCSD)] = 0 can, analogously to
the ground-state case, be formulated as an eigenvalue problem of the effective
Hamiltonian,

2(CCSD) ¢y3(CCSD) _ (CCSD) ¢3(CCSD)
SCD) FOCD) () = AELECSD) RSO |p) (2.130)
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Disconnected terms can further be removed from this equation by subtracting the
ground-state equation #(CSP) |@) = AE(CCSD) |p),

[ %(CCSD)’Q?{‘(UCCSD)] 1B) = wEtCCSD) E)?{LCCSD) D), (2.131)
where
CL)LCCSD) = A ELCCSD) _ AE(CCSD) (2.132)

is the excitation energy relative to the ground state. Since the effective Hamil-
tonian #(CCSD) = 4 + ﬁ?o(ggnsm, with 4 = AECCSD), consists of two parts — with
and without external lines — and the commutator [%,‘ﬁfcsm] clearly vanishes,
the EOM-CCSD eigenvalue equation can be put into the convenient form
(CCSD) ga(CCSD) —  ,(CCSD) Gr(CCsD)
(%pen 9% ) |(I)) - .U m |(I)) (2133)
serving as starting point for the derivation of algebraic expressions for the K, "

amplitudes. By left-projecting (2.133) onto singly and doubly excited determi-
nants, an eigenvalue problem for the amplitudes (r,)¢ and (r,)?] is obtained

(9] ( %SECHSD) m(CCSD ) ) = CO(MCCSD) ( ru)? (2.134)
a ab
(@ b|(%§g§r§m m“?csm) @) = WD (rﬂ)ij . (2.135)

The constant amplitude (rﬂ)o may afterwards be calculated separately from the
solution of (2.134) and (2.135) according to

(@] (LS D)) [0) = W) (1) (2.136)

open

The corresponding diagrams can be found in Appendix H.1, and the algebraic ex-
pressions are listed in Figure 2.14. The last 4 terms in the R, amplitude equations
stem from contributions of the three-body part /4 of the effective Hamiltonian to
the R, equations which have been explicitly expressed in terms of cluster ampli-
tudes and in order to avoid storing the three-body matrix elements of 74 [76] (for
a similar discussion, see Section 3.3).

The excited bra state (@LCCSD)l may be parametrized as [76]

({PLCCSD)| — <(I)| QCCSD) F(CCSD) ) (2137)
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(%04A) . (%B)
wry = + Z it A, + ;11
ai abij

ab ij
rij I,

(9] ( (CCSD) E%LCCSD))C 1) =

open

1 Cc

(9,A) (9%,B) (9,C)
+ Zr?ﬁf” . r“%}k + Zr,ﬁﬁffc’k
k ck

c
(91D) (941 E) (9%4F)
ac k 1 cd ak 1 ac kl
+Zrik‘%c +§Zrik H g +_§Zrkz%§c
ck cdk ckl

(q)ubl %(CCSD) %(CCSD) |‘I)> —
] C

open u
(924) (9%2B)
Ly g Y el

c k
(920) (%2D) (9%2E)

ac b - ab k 1 cd ab

+PabZrl.j3‘fc —P,]Zrik%}. +ZZrij3‘€cd

c k cd
(2F) (9%26) . .

1 ab kl - ac kb
+ EZrkl A+ Pabpllzrik A
kl ck
(%2H) (R20)
d sac bk 1 da , kl .cb

+ Py Z I tl.j s, + §Pab Z el Veq tl.j

cdk cdkl
(%)) (9%2K) o

- c cab kl 1 5. cd pab ki
— B Z Ttk et 5 Bij Z it Lk Vea
ckl cdkl

Figure 2.14: Algebraic expressions for the SRCCSD) amplitude equations. The index u has been
dropped.
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where £°“" is a de-excitation operator
= L+ VD (2.139)
= (1), +>. (W), 1atad+> (1)), talatayadt. (2.140)
ai abij

Since (I, *"”)| satisfies the Schrodinger equation

(@ QLCCSD) e—T<CCSD) HN - A ELCCSD) (@ QLCCSD) e—T(CCSD) (2‘141)
it follows that (®| QLCCSD) is also eigenfunction of the effective Hamiltonian,

(@] Q(HCCSD) pCCSD) A ELCCSD) (@] QI(UCCSD)' (2.142)

As for the right eigenproblem, the left one can be formulated in a way that directly

provides the excitation energy wLCCSD),

(@ ELCCSD) P(CCsD) ( A ELCCSD)_ P ) (@] QLCCSD)’ (2.143)

open
and thus, recalling that . = A E(CCSD),

(®| QLCCSD) yp(CCSD) wLCCSD) (@ QLCCSD)' (2.144)

open

Unlike the right eigenvalue equation, the left one has no restriction to connected
diagrams. Furthermore, it has the same structure as the ACCSD equations, and,
therefore, the corresponding diagrams are identical. The only difference is in di-
agrams (A;A) and (A2A), which for the EOM-CCSD case translate into

/KM: (lﬂ)o Xk, /\_7\ = (lu)o U{i]l;'

However, it can be shown that (l u) 0= 0.0 [26] and, therefore, these diagrams van-
ish for excited states and are consequently left out in the equations. In conclusion,
the effective Hamiltonian matrix, being of non-Hermitean nature, possesses two

sets of normalized eigenvectors {SLCCSD)} and {%LCCSD)},

£eoD) = ((ZM)O,{(IH);},{(ZH)Z}) (2.146)
R = ((ru)o,{(rﬂ)j},{(rﬂ)fjb})T, (2.147)

(2.145)
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with
Q(MCCSD) . SLCCSD) - 1 (2.148)
mLCCSD) ) mLCCSD) = 1, (2.149)

which share the same eigenvalues but are otherwise distinct. As is well-known
from the theory of non-Hermitean eigenvalue problems [145], the eigenvectors

{SLCCSD)} and {%LCCSD)} are not orthogonal among themselves but satisfy a biorthog-
onality relation

S(Hccsm ) mgpcsm = &y (2.150)

where the originally normalized left eigenvector £{7“*" has to be rescaled accord-
ing to

SLCCSD) 1 2(CCSD) (2151)

(CCSD) . ¢p(CCSD) ~u
Su mu

to achieve unit overlap with the corresponding right eigenvector
(@LCCSD)PDE/CCSD)) = (@ QLCCSD) o~ TIEOSD) , T(CCSD) E)A%E/CCSD) |®) = 5!“’ ) (2.152)

In order to achieve unit overlap, the choice of £{7*" as the vector to be scaled is
of course arbitrary. However, to be consistent with the ground-state solution the
right vector is normalized to unity and the left vector is rescaled [76].

2.9.1 Reduced Density Matrices

Properties of excited states as well as transition properties can be calculated within
the EOM-CCSD approach from the left and right solutions of the effective Hamil-
tonian eigenproblem by means of a reduced density matrix (pi )% defined sim-
ilarly to its ground-state counterpart (2.82),

(Pl Y- = <<1>|[QLCCSD) (a;l...a;naqn...am eT(CCSD])Cs)‘%gCCSD>]C|q>>. (2.153)

The quantity of interest is a generalized expectation value of a n-body operator G,
<G>I“, — <{I}LCCSD)| G |\I/E/CCSD)>

= (PSP YOSD) (9] G |@) + <GN>W : (2.154)
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which is evaluated analogously to (2.83) in terms of the reduced density matrix as

. 1 X .
(GNZW = kZ (k17 Z (p1...plgnlar...qe) (i )% (2.155)
=1 P1--Pk

Again, the one-body operator expectation value may be written in the compact
form

<O>,W = Z (plolq) (p*")1 (2.156)
pq

, (ON )h+6uw 6pg :p,q € holes
I —— ) .
(™), = { (oN ) selse, (2.157)

where the orthogonality of the left and right eigenstates of the effective Hamilto-
nian has been taken into account. This approach works for excited states as well as
for ground states, provided that the operators £ ", %" and vectors £ ",
RSP defined as

Aa(CCSD)
’80

= 144, sgCCSD):(1,{A;},{A;@) (2.158)
RE = 1, wE=(1,003108) (2.159)

are assigned to the ground state solutions. As is discussed in Ref. [76], transition
moments (\PLCCSD)I\PECCSD)) are not well defined due to the non-Hermitecity of the
effective Hamiltonian. Therefore, products of left and right transition moments

<O>/w <O>w — <\’I‘,LCCSD)| 0O |\I,£/CCSD)> ({I}(VCCSD)l 0O |\I}LCCSD)> (2.160)

are computed instead since these products correspond to the squares of the tran-
sition moments which are the only observables in the first place.

Reduced density matrices are not used in actual calculations in this work, con-
sequently no equations are presented, but in later sections useful remarks about
the spherical treatment of reduced density matrixes as well as the appropriate
normalization (2.152) of the left and right eigenvectors are given.
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3.1 CCSD for Three-Body Hamiltonians

3.1.1 Introduction

The normal-ordering approximation discussed in Section 1.5 represents an effec-
tive way for the approximate incorporation of three-, or even higher-nucleon in-
teraction effects in many-body calculations that are able to handle effective in-
teractions up to the two-body level. Nevertheless, the desire to include the full
three-body interaction still persists, at least for the purpose to benchmark possi-
ble approximation schemes.

The inclusion of higher-body interactions into the NCSM framework is — con-
ceptually — relatively simple. A highly efficient implementation of the three-body
interaction matrix element handling in the IT-NCSM allows for computations of
nuclei even beyond the p shell. The treatment of the full three-body force in the
Coupled-Cluster framework comes along with a significant increase of diagrams
to be evaluated, resulting in a larger implementational effort. But once imple-
mented, the CCSD method for three-body Hamiltonians benefits greatly from its
gentle scaling behaviour as well as from efficient matrix element handling [86] to
go beyond the sd shell.

A first derivation of the corresponding CCSD equations in a factorized form
was published in 2007 [63]. Here, in this work, the unfactorized derivation is pre-
sented, resulting in less compact but structurally simpler expressions. Diagram
factorization often comes along with increased memory requirements since in-
termediates have to be stored. On the other hand, the computational runtime is
usually strongly dominated by only a few diagrams that need to be singled out to
receive special implementational care.
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3.1.2 The CCSD Equations for Three-Body Hamiltonians

The derivation of the three-body CCSD equations requires the same formal steps
as for the two-body case. The Hamiltonian in second-quantized standard form
reads

H = ho+h +hy+h;s (3.1)
~ 1 ~ T
= hot ) (plhilg) abag+7 D (pdlhalrs) alalasa,
ra pqrs
tag Z (pqrihslstu) alalaa.a,a, . (3.2)
pqrstu

In terms of normal-ordered operator strings the Hamiltonian is represented by

H o= ho+ Y (illliy+ Y (pliulg) taagh+5 > ijlhalij)
i pq ij
+_ (pilhalgi) tahagd+- > (palhalrs) (a)a}asa;}
pqi pqrs
1 e g s 1 N NPT
e D (ijklhalijk)+5 > (ijplhslija) (a)ag3
ijk pqij
+ Z (pqilhs|rsi) {a;a;asa,}
pqrsi

1 A
tag > (pqrihslstu) {atalata,a.a, (3.3)

pqrstu

which again can be cast into the compact form

N . L L
H = (‘I’|H|‘I>)+Z fr {a;aq}+zz vPa {aza;asar}

pa pars
1 ot At A . a
+% Z wr! {a;a;aiauatas}, (3.4)
pqrstu
or,
H = (®H|®)+Fy+ W+ Wy. (3.5)

In (3.5), (®|H|®) is the reference state expectation value

- -~ 1 - 1 -
(@I = Do+ <f'h1'i>+aZj (ijlhelij)+ ¢ > Giklhalijk), — (3.6)

ijk
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and the following definitions are analogous to the two-body CCSD case,

o - ~ 1 ~
7= Aplfla) = (plilg)+ D (pilhalqi)+3 > (ijplhslija), (3.7)
i ij
P = (pqlolrs) = (palhalrs)+ > (pqilhslrsi), (3.8)
wli, = (pqriwlstu) = (pqrihs|stu) . (3.9)

Apart from the normal-ordered three-body part Wy, the Hamiltonian (3.5)
H = (®|H|®)+Hy (3.10)

has the same topology as for the two-body case, leading to the exact same equa-
tions with replaced definitions for the matrix elements of the normal-ordered op-
erators Fy, Vi and reference expectation value (®|H|®). Therefore, all new expres-
sions are generated from Wy and will consequently always involve the matrix el-
ements (pqr|w|stu). This observation also allows to write any quantity, such as
the correlation energy or amplitude expressions, for instance, in the form

AECSP) = AEGY + AEGSY (3.11)
cCcsD acsD

0 = Tg,Nozé + T§,3B ) (3.12)
ccsD ccsD

0 = Té,NOZ]; + TI(2,3B . (3.13)

where the quantity with label "NO2B" denotes the usual algebraic expressions al-
ready known from the Coupled-Cluster theory for two-body Hamiltonians, but
with implied usage of the re-definitions of the normal-ordered Hamiltonians ma-
trix elements E., f, and vy, Egs. (3.6), (3.7) and (3.8), whereas the quantity with
label "3B" denotes all the new terms due to the presence of the residual normal-

ordered three-body interaction operator Wy.

The expansion for the effective Hamiltonian for an arbitrary CC method trun-
cated at the MpMh excitation level,

AN = e T Hye™ (3.14)

again terminates, this time, due to the six external lines of Wy, after the six-fold
commutator at the lastest,

6

. - 1 SN N
™M = HN+§ = [...[HN,T(M)],...,T(M)]- (3.15)
n=1 n: N~ S—
n times n times
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From this clearly follows that no more than six T™ operators will appear in indi-
vidual diagrams for the effective Hamiltonian, and consequently in any Coupled-
Cluster equations. For CCSD, as can be seen below, the maximum number of
T(CCSD) pperators appearing in the equations is actually only five instead of six.

The Coupled-Cluster equations then follow from left-projection of the similar-
ity transformed Schrodinger equations onto the reference state and corresponding
excited determinants,

(@1 M [0) = (@] (Ay ™) 19), n=0,...,M. (3.16)

I1...1n I1...1n

As mentioned before, the operator parts Fy and Vy produce the exact same ex-
pressions as for the two-body case, which contributions to the CCSD energy and
amplitude equations are abbreviated as AESs, resp. Tﬁ?gg and Tfl\?gfg and are

not written explicitly. Excitation rank considerations !

X (@) + X (W) +X (™) = o (3.17)

l]...in

yield the following operator expression for the CCSD energy equation
AECSD = AEG+ @l Wn(Ti+ B4 T+ T+ 31| o) (318)

and for the T; and T, amplitude equations

__ (CCSD)
0 - Tl,NOZB

+ @[ W (14 Ti+ B+ 272+ 0T
AT+ LT G+ 4T ) (3.19)

_ (CCSD)
0 = TZ.NOZB

O[4BTt T4 BTk T4 3104 3T
LA R+ T+ 5T ] o) (3.20)

571

The energy equation may be simplified right away due to the requirement of
producing closed diagrams which is clearly only possible for the cluster operator
products 2 T, 7> and 77, so that

ABCSD = AR(GP + (@l | Vi (T T+ 177 ) | @) . (3:21)

!The excitation ranks of |#7'""") and (®]'"/""| are understood to be n and —n, respectively.
2This is because their number of external lines match the number of external lines of the resid-
ual normal-ordered three-body interaction operator Wy.
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ARt AR AAA

excitation level X(Wy) | 3 | 2 1 0 -1 -2 -3
naming convention h|l—|—| — — | ThA | T1B | T;C
naming convention | —|—|TA | T,B| T.C| T,D | TLE

Figure 3.1: Topology and excitation level of the three-body part Wy of the normal-ordered Hamilto-
nian. The table introduces the diagram naming convention that characterizes diagrams
by the excitation level of the Wy operator part involved. There are no X(Wy) > 2 con-
tributions to the CCSD Ty and T> equations since this would require at least 5 external

lines from the bra determinant.
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Analogous considerations lead to minor simplifications of the Tiand T amplitude
equations,

_ (CCSD)
0 = TI,NOZB

@A (R R Bt T+ T3 TR+ 5T )| 9 (322)
and

(CCSD)
0 = TZ,NOZB

+ @ [Vin (T Dot T2+ T+ L T2+ A T34 L T2,

L+ AT+ AT+ 477 ] o) (3.23)
The evaluation of (3.21)-(3.23) in terms of matrix elements is straightforward using
standard diagrammatic techniques. In order to catch all topologically distinct dia-
grams it is recommended to do a Hugenholtz analysis first before translating each
Hugenholtz diagram in one equivalent antisymmetrized Goldstone diagram [26].
These diagrams are listed in Section C.3 and the corresponding algebraic expres-
sions are listed in Figures 3.2-3.4. The naming convention has been chosen ac-
cording to the excitation level of the Wy operator part involved in the diagram.
The topology of Wy along with the corresponding excitation level is given in Fig-
ure 3.1. Unlike for two-body Hamiltonians, where the algebraic expression for
AE©CSD) js also valid for all higher-order Coupled-Cluster method, in the case of
three-body Hamiltonians this expression only holds for the CCSD approximation.
This is because a three-body interaction also allows to form a closed diagram via
contraction with a T; operator,

" a 1 2 ij abc
: abc
ijk

Also, it should be noted that the total CCSD ground-state energy reads
ECOSD) = B .+ A E1(\Icoczs§) + A EéCBCSD) ’ (3.25)

where from the definition of E..f as a reference-state expectation value it is clear
that it is not affected, compared to the NO2B treatment, by including the residual
normal-ordered three-body interaction in the calculations.
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(CCSD) _ (CCSD) ED>1 Z kim
AE - AENOZB wcde tk tlm
cdeklm
klm ,c ,d se
Z Wege tk tl tm

cdeklm

(TlAa ) (T Ab)
kla ¢ .d 1 kla
2 E: Weai ety + 3 E: w1
cdkl cdkl

(T1Ba) (T1Bb)
+ 1 Z whett et it + 5 Z wkla god ge

2 cde cde
cdekl cdekl
(TyBc) (Tle)
1 kla 1 klm a
+ 2 Z Wege tk ll Z Weai tk tl tm
cdekl cdklm
(TaBe) 4 Klm pod 4 (T1Bf) 4 kim
T2 Z Weai t -2 Z Weai tk tlm
cdklm cdklm
(T1Ca) (T1Cb)
1 kim ,c a 1 klm a e
T2 Z Wege tk tl t Z wcde tm ti
cdeklm cdeklm

(1ice) (T1Cd)
E kim rc rde ra 1 E kim e
-2 wcde tk tli tm -2 wcde tk t t
cdeklm cdeklm

(T1Ce) (T1Cf)

1 E kim .c ea 1 E klm cd ea

+ 2 wcde tk tl t + 1 wcde t t
cdeklm cdeklm

(T1Cg)
| Z wkim tef tde + t/(NO2B) = 0, V a,i

4 cde
cdeklm

Figure 3.2: Algebraic expressions for AE(CCSD) and the CCSD Ty amplitude equations for three-
body Hamiltonians.
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Pay By {
(ToAa) (TZBa)
1 kab 1 abk sc 4d
+ 1 Z wct] ZLk Z wqd ti tk
ck cdk
(T2Bb) (T2Bc) (Tz d)
1 kbl 1 abk cd 1 kbl
-2 Z l]C tk tl + 1 Z wcjd ik Z wz]c t
ckl cdk ckl
(TaCa) (T5Cb)
akb ,c e klb d
+ 1 Z Wege ti tk t] - Z Wica tk tl t]
cdek cdkl
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+ 3 Z Wege L Ty — 3 Z Weai i Tgg
cdek cdkl
(T2Cg) (T2Ch)
1 klb ra 4cd klb .d rac
-3 Z Wica U U;  + Weai U i
cdkl cdkl
(T2C1) TzCJ
klm ,c ,ab 1 kim ra 4cb
+ 8 Z wcij tk tl 1 Z wlC] tk tlm
cklm cklm
(ToDa) (T,Db)
1 klb rc sa 4+d se 1 kim rc d ra +b
-3 Z Weage e 17 4 5+ 3 Z Weaj el T Ty
cdekl cdklm
(T2Dc) (T2Dd)
1 akl d 1 akl (c b (de
T Z Wege t t Z Wede ti tk tjl
cdekl cdekl
(T,De) (Tz )
akl (c (d seb 1 kib (c ra sde
+ Z Wede ti tk t lj Z Wege tk tl tij
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cdklm cdklm
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1 kim ,c ,d ,ab 1 bkl sac sde
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cdklm cdekl
(ToDm) (T,Ds
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~ % Z Wege Ui el + 2 Z Wege Lik 1 }"‘
cdekl cdekl

Figure 3.3: Algebraic expressions for the CCSD T, amplitude equations for three-body Hamilto-
nians.
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+ Pap Pjj {
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Figure 3.4:

Algebraic expressions for the CCSD T, amplitude equations for three-body Hamilto-
nians, continued.
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3.2 Effective Hamiltonian

As already stated in Section 3.1.2, the expression for the effective Hamiltonian for
an arbitrary CC method truncated at the MpMh excitation level,

A = =T Fr o™ (3.26)

terminates after the six-fold commutator with the cluster operator

M FN+Z [» »(M)](n)

+ Wmi ni [WN, T(M)]( v (3.27)

where [-,-]™ denotes the n-fold commutator. From (3.27) it is evident that all new
contributions are given by the last line of (3.27),

WN+Z [WN ‘(M)](") (W ™), (3.28)

again stemming from Wy alone, which may be emphasized by the expression

> ™M P
AN = A + (W e™). . (3.29)
In the case of CCSD, #(¢SD) now contains up to nine-body operators, as is appar-
ent from the example

ARV e

If the cluster operator amplitudes have been determined from the CCSD equations
including the residual normal-ordered three-body interaction Wy, then the zero-
body matrix element 4 of (D) is again given by the corresponding CCSD
correlation energy (3.21),

Ay = AECSD) (3.31)

and the " and " matrix elements vanish because they correspond to the
CCSD Ty and T, equations. Expressions for the complete one- and two-body part
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vl it

Figure 3.5: Selected topologies of 7 and #y, generated by the residual normal-ordered three-body
interaction Wy, that enter the ACCSD equations.

of #(CCSD) are listed in Figures 3.6-3.9, and the corresponding diagrams and spher-
ical expressions can be found in Appendices D.2 and D.3. For the three- and four-
body part of A#(CCD), expressions have been evaluated only for the selected topolo-
gies shown in Figure 3.5, which are the only diagrams required for ACCSD using
three-body Hamiltonians, as can be seen in Figures 3.10-3.12.

80 Coupled-Cluster Theory for Nuclear Structure



3.2. Effective Hamiltonian

. (a) | ('8)
i ikl 1 ikl
A, = AJ(NO2B) + § Z wikl tif  + EZ weky 1 tf
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cdklm cdkl
P
(WEE); Z wkim gc 4d ya
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cdl
;{hh
ikl 4c
25 it i
cdl

Figure 3.6: Algebraic expressions for the effective Hamiltonian one- and two-body matrix elements

for three-body Hamiltonians.
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Figure 3.7: Algebraic expressions for the effective Hamiltonian two-body matrix elements for three-

body Hamiltonians, continued.
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Figure 3.8: Algebraic expressions for the effective Hamiltonian two-body matrix elements for three-

body Hamiltonians, continued.
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Figure 3.9: Algebraic expressions for the effective Hamiltonian two-body matrix elements for three-
body Hamiltonians, continued.
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Figure 3.10: Algebraic expressions for selected three-body effective Hamiltonian matrix elements
for three-body Hamiltonians.
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Figure 3.11: Algebraic expressions for selected three-body effective Hamiltonian matrix elements
for three-body Hamiltonians, continued.
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Figure 3.12: Algebraic expressions for selected four-body effective Hamiltonian matrix elements
for three-body Hamiltonians, continued.

3.3 The ACCSD Equations for Three-Body
Hamiltonians

The ACCSD equations for three-body Hamiltonians can straightforwardly be de-
rived in analogy to the two-body case. In terms of the A(CP) and s#(CCSD) opera-
tors, the ACCSD equations may again be cast in the form

@ (T+A+A,) AESD 199) = 0 (3.32)

open

(@ (T+A+Ay) 2SS |@F7) = 0, (3.33)

open

now using Eq. (3.27) as the underlying definition for the effective Hamiltonian.
When evaluated in terms of the A, and %, operators, such as in Eq. (2.70)-(2.71),
the projection onto the singly excited determinants is identical to (3.34), but the
projection onto the doubly excited determinants obtains two new terms, resulting
in [96]

0 = (@{ [(A+A) ]+ [(A+Ro) ]+ [Ri] | 100) (3.34)
0 = (ol [(1+A A 2]+ [R ],
+[As A o+ [(Ra+A0) ]+ [Re ] | 1030 (3.35)

The two new terms are

(@ [A, 4] o) = (3.36)

and
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(@ [A, A4 |05 = (3.37)

which require a three-body interaction vertex in order to comply with the con-
nectedness condition, for instance

s« 70D - el

+ /\"/R“ + /\"/i“ . (3.38)

It is important to realize that only the Wy-contributions to % and 52 enter (3.36)
and (3.37), i.e.,

(@ [Ay (Hanom+ Hasn)] @) = (@ [Ay Aagp] |95 (3.39)
(9| [Az (Aanozs +%?4,3B):|C |‘I’?]~b> = (9| [Az %?4,313]C |‘I’?]~b> . (3.40)

As before, in order to circumvent storage of the three- and four-body effective
Hamiltonian matrix elements, the Wy contributions to %ﬁgh, %hhpl;lp, %p%ip and
SEaas in terms of interaction matrix elements and cluster amplitudes are directly
inserted into the ACCSD equations. The resulting ACCSD equations for three-
body Hamiltonians are listed in Figures 3.13-3.14 and the spherical expressions
can be found in Appendix E.3. It should be noted that once the expressions for
the effective Hamiltonian are inserted into the contractions, the permutation op-
erators P;; and P., may each be replaced by a factor of 2 because, for example,
orbitals k and [ are always summed over and additionally always appear as an
index pair in antisymmetrized matrix elements.
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Figure 3.13: Algebraic expressions for the ACCSD Ay amplitude equations for three-body Hamil-

tonians.
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Figure 3.14: Algebraic expressions for the ACCSD A, amplitude equations for three-body Hamil-
tonians.
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3.4 The ACCSD(T) Energy Correction for Three-Body
Hamiltonians

The derivation of the ACCSD(T) method given in [57] is not quite transparent,
making it difficult to extend it to three-body Hamiltonians in an analogous way as
it is derived for two-body Hamiltonians. Furthermore, the way the method is pre-
sented in [57] also makes it difficult to realize the types of approximations that lead
to the final result. Therefore, in this section the ACCSD(T) method is rederived as
an approximation to the superior CR-CC(2,3) method [114,117,119,120,137,138],
this way facilitating the identification of new terms corresponding to the inclusion
of three-body interactions, and helping to understand the approximate nature of
ACCSD(T).

Starting from the CR-CC(2,3) method, ACCSD(T) is easily derived as a series of
approximations to CR-CC(2,3). The generalized moments of the CCSD equations

mabc — (q)abc [HN

T(CCSD)
ijk ijk i|

) (3.41)

cl

are approximated by restricting to terms at most linear in the cluster operator,

mebe ~ (@] [Ay (1+ T+ 1) 19) . (3.42)

Since the main focus of this section is the extension of ACCSD(T) to three-body
Hamiltonians and to identify new terms arising from the presence of the resid-
ual normal-ordered three-body interaction operator Wy in the normal-ordered
Hamiltonian Hy, the moments are split into the contributions from the normal-
ordered two-body approximation, in the following denoted as 9¢/(NO2B), and
the contributions due to Wy, denoted as Dﬁ“b Z(3B),

M = MI(NO2B) + 9NY(3B). (3.43)

The expressions for M{/¢(NO2B) and 9M¢/}’(3B) in terms of interaction and cluster
operators are given by

Mmb(NO2B) = (@f¢| [(Av+ W) (T+Ti+%)]. @) (3.44)
@l [W (1+ T+ 1)) 19) (3.45)

and
ML3B) = (0| [Wy (1+ T+ 1), 19), (3.46)
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and programmable expressions in terms of matrix elements of the operators in-
volved can be found in Figure 3.15.

In order to simplify the CR-CC(2,3) expression for Z; to the form used in
ACCSD(T), the reduced resolvent %; is replaced by its simplified Meller-Plesset
form [57,58],

P P
(CCSD) 3 o 13
A = ey N (3.47)
open
= 37 (ewme) ooy (3.48)

i<j<k
a<b<c

where ef.bkc is defined for the two-body Hamiltonian case,

eihe = fl+fl+fE—fe—ro-re. (3.49)

The latter approximation is equivalent to replacing the s on the left-hand
side of system (2.121) corresponding to CR-CC(2,3), by the Fy operator. Further-
more, in order to arrive at ACCSD(T), the effective Hamiltonian %5(55;151)) on the
right-hand side of system (2.121) is approximated by its leading contribution,
which is Hy. These approximations allow to replace system (2.121) by the sim-
plified form

_ Z <¢d€f|FN|(I)abC) (| ( CCSD) H |(I)ab6) (350)

Imn ijk
l<m<n
d<e<f

which immediately leads to a convenient expression for the £; amplitudes,

tihe = (esh) ol (1R Aylasts) . @51

Again, in order to identify new terms arising from the presence of Wy in the
normal-ordered Hamiltonian, the .%; amplitudes are split into their NO2B part

and their part due to Wy,
17k — 1R (NO2B) + 115(3B), (3.52)

abc abc abc

which are given by

Lupe(NO2B) = | (@] (Ar Vi) [@550) + (@1 (Ao Fiv)  [95)5)

abc

+ (@] (A2 Th),. |<1>7ka0>] (ef;’;)_l (3.53)
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and
115GBB) = [ (@] W[99 + (@] (Ar Wl ), 1922 (3.54)
N “ b b -1
+(@] (Ao Vin ) 1955 | (ethe) (3.55)

and a similar splitting, analogously to (3.25), is done for the energy correction
o E(ACCSD(T)),

§ EACCSDM) — 5 FACCSD) 5 pACCSD(T) (3.56)

where the individual parts are given by

1 ij aoc
5 El(\/I\OCZCBSD(T)) - GP E la]b’z(NOZB) mi].bk (NO2B) (3.57)
: abc
ijk

and

1 iy
(ACCSD(T)) __ ijk abc
SEWN = &7 > lla’bc(NOZB) EAE))

abc
ijk

ijk
abc

(3B) MYE(NO2B) + 1,7(3B) MIA(3B) | . (3.58)

+1
The final programmable expressions for the .%; amplitudes and the energy cor-
rection are listed in Figure 3.15 and the corresponding spherical expression can
be found in Appendix G.2. In summary, the total ACCSD(T) ground-state energy
consists of several parts

cesp ACCSD(T
EACOPM) = F 4 AEGY) 4 8 Bt

+ AESED) 4 5 plhcespm) (3.59)

where the 3B contributions are only present if the residual normal-ordered three-
body interaction is included in the calculations. Furthermore, as it is discussed
in [96], it is interesting to note that from the many-body perturbation (MBPT)
point of view, the significance of the contributions due to the 7; clusters changes by
including the three-body interaction Wy. In the NO2B approximation, T; contri-
butions show up at second MBPT order for the wavefunction and at fourth order
in the energy 6 EACCSPM) but the inclusion of Wy moves these contributions to first
order for the wavefunction and second order for the energy.
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One appealing aspect of the ACCSD(T) correction the simple structure that
makes the method efficient and easy to implement. However, the degree of ap-
proximations that enter the method makes it necessary to examine the perfor-
mance of the method compared to more accurate approaches such as CR-CC(2,3).

1 ..
ACCSD(T)) _ ijk b
GE! M = (31)22 lubc 9ﬁ?jk{:
. abc
ijk

ijk Uk ijk o] (4B 4 ijd 5k
labc - { abc(NOZB) - Pab/c Zwabl A + Pi]'/k Z Wape )L
d
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+ 5 P,j/k Z wglff l” + = Pub/c Z wl] le
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+ Pab/e Pij/k Z Wapt Aea T Wape (eijk)
al
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P D P 3w o
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Figure 3.15: Algebraic expressions for the calculation of the ACCSD(T) energy correction for three-

body Hamiltonians. See Figure 2.12 for the expressions for i{}¢ and 2
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Chapter 4. Spherical Coupled-Cluster Theory

4.1 Introduction

The m-scheme formulation of Coupled-Cluster theory used in previous chapters
allows for CCSD computations for 4°Ca up to about 8 oscillator shells using mod-
erate computational resources, whereas the ACCSD(T) correction is already out of
reach even for smaller numbers of oscillator shells. Manageable three-body calcu-
lations in the m-scheme framework are restricted to “He and even there to small
model spaces [63].

Of course, the best way to reduce the computational expense is by exploitation
of symmetries. In this work, only closed-shell nuclei are considered for which the
nucleons fill complete (sub-) shells shown in Figure 4.1. For such nuclei the clus-
ter operator is a rank-zero spherical tensor operator and spherical symmetry may
be exploited using angular-momentum algebra. Spherical Coupled-Cluster the-
ory was first discussed in 2010 [27]. For two-body Hamiltonians, the spherical
formulation significantly extends the region of the nuclear chart accessible with
Coupled-Cluster theory up to the heavy nuclei regime. Calculations involving
three-body Hamiltonians can be performed up to medium-mass nuclei, where
they benefit particularly from the efficient matrix element handling using a ¢ 7 -
coupled scheme [86]. The price to be paid for this decrease of computational de-
mand by exploiting symmetries is an increased complexity of the initially rather
simple Coupled-Cluster equations and the corresponding computer implementa-
tion.

For the following discussion of the spherical formulation, a convenient change
in notation is introduced: Single-particle m-scheme states are denoted with a bar
or with separated angular-momentum projection quantum number as

p) = |p mp)=ln, 1y sp) jp my t, my,) (4.1)
while a complete angular-momentum shell is represented by
Ip) = Iny Ly sp)jp tp my,) . (4.2)

The approach followed in this work to obtain spherical Coupled-Cluster equations
is by angular momentum coupling of the corresponding m-scheme diagrams.
Therefore, a brief summary of the relevant aspects of angular-momentum alge-
bra and definitions used in this work is given in the following sections.
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Figure 4.1: Schematic odering of single-particle states [146] used to generate the spherical reference
state. Magic nucleon numbers are marked as ().
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4.2 Spherical Tensor Operators

An irreducible spherical tensor operator MU of rank J is defined as the set of 2] +1 op-
erators {9 ;...;} that transform under rotations R the same way as the spherical

harmonics do, i.e.,
J
AR i) 7 N U
DR DI(R) = Y D, o, (4.3)
M'=—]

where D(R) is the rotation operator corresponding to the rotation R acting on the
Hilbert space and D), are the Wigner D functions. However, the Hermitean
adjoint operator (MM))" does not transform as an irreducible tensor operator ac-
cording to (4.3), its components rather transform as

@) ~ (1M, (4.4)
It is, therefore, customary to define the generalized Hermitean adjoint of an irre-
ducible spherical tensor operator according to,

@ = {oiL,. ) (4.5)

with
") = ()M V)T (4.6)
which transforms the same way as the original spherical tensor operator does,
(M) ~ e (4.7)

This difference in transformation property of spherical tensor operators and its
Hermitean adjoints has to be taken into account when they are subjected to angular-
momentum coupling. When coupling angular momenta, the M component &'/
of an irreducible tensor operator &) may be constructed from the direct product
of two irreducible tensor operators MU= and NV using Clebsch-Gordan coeffi-
cients,

- Jom Jn T ~ Unt) &(ot)
. ( ) ) i) (4.8)
2 My My M)~ Mo "

Mon M
which may be written in a short-hand tensor product notation as

)]
M

ﬁg\? — {93’{(]%) ® sj“’t(]m)} (4.9)
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Since generalized Hermitean adjoint operators also transform as irreducible spher-
ical tensor operators, mixed couplings between these and standard spherical tensor
operators are allowed. Coupling Hermitean adjoint operators by the prescrip-
tion (4.8) is also meaningful because the operators involved have the same trans-
formation properties. It yields an operator that transforms as the Hermitean ad-
joint of an irreducible spherical tensor operator of rank J,

AN S A NP,

P (Mmm M M)CG ()" (R (4.10)
— - Jm  Tn J 2 \Um) 2. \Un)

= (-1 MMWZMm (Mm b —M)cc (1) (5" @11)

— (_1Y-M e (Jom) o (]m)}(n L1

- {(fm) o (W) - (4.12)

When working with matrix representations of spherical tensor operators the
Wigner-Eckart theorem is particularly valuable. It allows for a factorization of ma-
trix elements of spherical tensor operators into a geometric part that depends on
the projection quantum numbers but does not depend on the actual operator un-
der consideration, and a reduced matrix element that is operator-specific and inde-
pendent of the projections. Therefore, if R) is an irreducible spherical two-body
tensor operator of rank J, for matrix elements of its components &Y/ holds !

]ﬂquq JrsMys ]ﬂfi Irs

(IR = (~1r (_{(;M ) 1{4’;)31 (gl (@14)
where

Jpq Trs

(PRI (4.15)

is the reduced matrix element of ). Since the geometric part is already known for
all operators, all operator-specific information is encoded in the reduced matrix
elements. Furthermore, many problems may be formulated in reduced matrix
elements exclusively, thus avoiding the geometric part completely. Two important

IFor one-body operators the Wigner-Eckart theorem analogously reads

(pmpl&Pgmg) = (1= (L) (pllaDg) . (4.13)
p 49 /3

Coupled-Cluster Theory for Nuclear Structure 99



Chapter 4. Spherical Coupled-Cluster Theory

properties of spherical tensor operators immediately follows from (4.14) due to the
presence of the Wigner 3j symbol: The angular momenta involved have to satisfy
the triangular condition

|]pq_]rs| < ] < ]pq"‘]rs; (416)
and the projections have to fulfill the condition

~Mp+ M, +M = 0. (4.17)

4.3 Angular-Momentum Coupling

The concept of irreducible spherical tensor operators may be applied to the cre-
ation and annihilation operators of second quantization. The 2j, +1 operators

al, = {a;mp:_jp ].p} (4.18)

.....

transform as components of an irreducible spherical tensor operator of rank j,.
They may, therefore, be subjected to angular-momentum coupling, e.g.,

) ' i T
at ®atl = (]” Ja ) at at . (4.19)
{ p "}M mpzm:q m, myg M cc pmp " qmg
When (4.19) is applied to the vacuum, it gives an antisymmetrized two-particle
state coupled to good angular momentum J and projection M,

M

j p ] q J ) | = [
pmyqmg) = Ipq). (4.20)
mpzmq (m p Mg M) P i
The coupled bra state is defined as the Hermitean adjoint of the coupled ket state
2 je.,

M M

My _ Jpda T AN

pal = ) (m,, me M {pmyqmgl = (Ip q>) : (4.21)
mymyg CG

It is important to note that the coupling line always denotes the coupling of the
states and not the coupling of the operators that create them, which makes a differ-
ence because of the inverted order of the positions of the operators and the Slater
determinant entries for bra determinants, as can be seen from

(p mpqmgl = (0l dgm, Apm, - (4.22)

21f the Clebsch-Gordan coefficients are chosen to be real.
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The generalized Hermitean adjoint of d;mp is given by

Qo

; t
pmy = 1 (a) ) (423)
= (=1)r ™ Ap—m, (4.24)

and states created by the action of this operator will be denoted as
(B iyl = (0l dpm, =D (p —my| . (4.25)
These bra states may be coupled among themselves or also to ket states, e.g.,
M
v Jp Ja T
(Bl...lqg) = ( b Ja B yl...\q mg) (4.26)
Z m, my M), P 1

mpmg

jp—m jP j‘i ]
= (=1 ( ) (p mpl...lqg my) (4.27)
mpzmq -m, my M) P i

where the rules of angular-momentum algebra hold and no distinction between
bra and ket states has to be made any more. Equation (4.27) may also be reversed,
ie.,

JM

_ jp—mp ] ] ] ~
(p myl...lq mq>—]ZM(—1)f (_,Zp g M)CG (P...1a) - (4.28)

A coupled standard bra state can easily be expressed in terms of states generated
by the generalized Hermitian adjoints by

JM ]|__Av/[
i
(pal = 1Y™({paql. (4.29)

Angular-momentum algebra is well-known and exhaustively documented [147],
so no details such as orthogonality relations for coupling coefficients and recou-
pling transformations etc. are given here. However, one particularly useful rela-
tion that is easily confirmed is listed for future reference

S (jp Ja 1) (jp J jq)
o, \ "1y Mg M) N\-mp M m, 3
= (DY (=1Y"™ J1 5,0 Spemr s (4.30)

where hat factors j are defined by

f=v2j+1. (4.31)
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It should be noted that in the definition of coupled antisymmetric states (4.20)
no normalization factor has been introduced, as it often is in the literature [33,
78]. Therefore, these states are unnormalized, and the normalized states would
be given by

M JM

Ipl_zﬂmm = My IP'_:H : (4.32)
with normalization factor
B V1+(1Y 60,0,61,1,0,7,0m, m,

e = 1+ 80,0101, 0j0js Oy

Consequently, if p and g represent two like nucleons in the same shell, this factor

prevents coupling to odd angular momenta which is a feature also shared by the
unnormalized states.

(4.33)

In most parts of this work the X coefficients [148]

jP jq ]Pq R . . . jP jli ]Pq
jr jS ]rs = ]pq ]rs ]pr ]qs jr js ]rs (434)
]pr ]qs ] ]pr ]qs ]

X 9

are used in favor of Wigner 9j symbols for angular momentum recouplings of
four angular momenta in order to keep the expressions short. It is convenient to
introduce a similar definition also for Wigner 6j symbols,

jp jq jr PR jp jq jr
S = rys ) 4.35
{Js ji Ju}x v {Js Ji Ju}@ (“3)
in order to shorten the equations encountered in the spherical formulation of
ACCSD(T) (see. Appendix G.1).

4.4 One-Body Operators

The purpose of this section is to define coupled one-body matrix elements which
are inevitably encountered when Coupled-Cluster diagrams are evaluated in the
spherical scheme. For a one-body spherical tensor operator component &) the
definition of coupled matrix elements used in this work is

]/M/
= . . 7
BIED) = D (_],;’1 r{jq M,) (p mplR1q my) .
mpng p CG

(4.36)
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The decoupling employs the same phase factor, i.e.,
]/M/
m jﬁl ]/ =~ al))
(p my|Ryylq m (=1 ( ) (Pl 1) -
plRm a) ]ZM m, my M) TTM

(4.37)

The coupled one-body matrix elements may be expressed in terms of reduced
one-body matrix elements as

J—M
v . R
BIRYlg) = (=12 (=1 J7 (plIsPllg) , (4.38)
and, furthermore,

)M J-M

. Lot
(PIRyla) = o;r om—m (PIRYIq) .

(4.39)

So the only non-vanishing coupling corresponds to the rank J and the negative
projection —M of the spherical tensor operator. This can be seen as follows. Re-
placing the m-scheme matrix elements in

]/M/

Iﬁ . . ,
(pIRg) = Z(—l)p-%("’ Jo ] ) (p mplSlg mg)

mpmgy —mpy Mg M’ CG
(4.40)

by their reduced matrix elements according to the Wigner-Eckart theorem leads
to

]/M/
' jg T
(p18%1q) (-1)7" ’”( I )
m,,qu mp mg M CG
—-m jP ] jq )
X (=1)” ”( ) (pllslq), (4.41)
-m, M my, 3

where the phases cancel and the useful relation (4.30) can be applied to give
]/M/

i / 3
pIRlg) = (DX (1M ()7 65y 6uowr (pIIRVlg) - (4.42)

This is equivalent to (4.39) and (4.38) follows immediately.
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4.5 Cross-Coupled Matrix Elements

4.5.1 Scalar Case

Matrix elements of scalar two-body spherical tensor operators £ such as the two-
body Hamiltonian are routinely used in the J-coupled representation

M M
[y [y b Ja 7 jrJs T
(pql&Irs) = ( v ) (
% mp mq M cG m, m; M cG
X (p m, q my| ﬁg)) |r m, s my) (4.43)

which will be referred to as standard coupling. For the Hamiltonian, being a rank-
zero spherical tensor operator, the matrix elements are diagonal in J and M.

An alternative coupling scheme that appears naturally in the derivation of
spherical Coupled-Cluster equations is the cross-coupled scheme. Following [148]
3, two types of cross-coupled matrix elements may be defined, referred to as cross-
coupled scheme A (CCA)

M J-M
r v M
(PaIRYIrs) = (1) (pg|RY|rs) (4.44)
A A
M M
_ i m Jp  Jr T
= (—1)] M (_1)])7 4 ( )
CNieemg [ Ja T T (0)
X (=1)a"™Ma (—mq m M , (p m, g my| Ry |r m, s my) (4.45)
and cross-coupled scheme B (CCB)
M J-M
o o
(PaIRYIrs) = (1) (pg|RY|rs) (4.46)
LA LA
M M
— -m jP ]S ]
i VA G Vs ( )
jg—m ] jr ]
X (=1)Yama (_:/Lq m M)CG (p mp g my| ﬁgo) |r m, s my) (4.47)

SHowever, a different style for the cross-coupling lines is used in order to avoid confusion with
standard coupling lines.
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where the coupling line runs across the operator. According to the original defi-
nition in [148], in both cases the phase (—1)/~™ and the negative projection are as-
sociated with the coupling involving the state p, although the choice is arbitrary
for the scalar case. However, this assignment is convenient for the general case
as well, which is why the original choice from [148] is kept in this work. As the
standard coupled matrix elements, cross-coupled matrix elements are diagonal in
the angular momenta and projections, i.e.,

_JM _JM
Lo oY Lo oY
(Pql8, |Ti> = 0y Omm (PGIRy |ri) (4.48)
| |
oy M
__M __M
L oY L oY
(PqI8, |:S> = 0y omm (PGI8Ry |:S) ) (4.49)
| |
- -

as is proven for the general case in the next section. The transformation equations
between the standard coupling and the cross-coupled schemes are listed in Fig-
ure 4.2. The transformations for the reduced matrix elements follow directly from
the simple relation between reduced and standard matrix elements for the case of
scalar spherical tensor operators,

]l%/l JM ILW J
v . v
(pqlfOrs) = 7 (pqll&Y|Irs) (4.50)

and analogously for the cross-coupled matrix elements. Of course, these transfor-
mations are only a special case of the more general transformations in Figure 4.3,
but they are more efficient because for the Wigner 9j symbols appearing in the
general transformations may be replaced by 6j symbols as in Figure 4.2.

4.5.2 General Case

For applications involving spherical tensor operators of rank different from zero
the previous definition of cross-coupled matrix elements has to be generalized.
Cross-coupled matrix elements of general spherical tensor operators are straight-
forwardly defined in analogy to the scalar case by

]prMpr ]pr_Mpr
C Y F v
PgRDIrs) = (1Mo (5GIRY)|rs) (4.51)
A A
]quqs ]quqs
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11\1_ ]/M/ ]/M/
~ ~ 2/ i i ’ j 'r ] W W
(BalfyIrs) = Y (P (~1yrtieI+d {ff’ ! ],} (palaIrs)
I_7M_ 7 Js ]q 6j
__]iw__ ]/M/ ]/M/
I v . S i ic ] v rv
(BaIRYIrs) = =Y (J)F (~1yrt ’{’.’” A } (palsyIrs)
JM JM _]_/Ai/_
v v R L i i J [ %
(pal&Irs) = D (P (—1yrtitse {f.” Ir } (IR Irs)
= Js da T)e 1___ 4
]/M/
]/M/
Ty
= CCAtoStd [’r’ ?];]’] (a8 rs)
I A
R
M M M
My v . i, s T [ v
(palfIrs) = =D ()P (=1t {’.’” I } (pala|rs)
7’ ]r ]q ] 6] |___$
]/M/
M
. v
= CCBtoStd [’: Z];]’] (P18 rs)
|
i

Figure 4.2: Transformations between the standard and cross-coupled schemes for scalar spherical
tensor operators.

106 Coupled-Cluster Theory for Nuclear Structure
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and
]psMps ]ps_Mps
T VR
PgRDIrs) = (1M (BgIRYrs) . (4.52)
LA L 4
]qqur ]qqur

The cross-coupled matrix elements as defined in (4.51) and (4.52) also allow
a factorization into a geometric part and a reduced matrix element in the usual
sense

]prMpr ]pr
[ _ Tor T Jgs [N
(pgIRYrs) = (=1)) M,,,( ’ ") (PGIIRY||rs) (4.53)
|__M__$ My, M My 3j L A
JqsMgs Jgs
and
_IpsMps _ __ s
Lo v _ Ips T Jar Lo v
(pGIRY)|rs) = (=1) Mﬂs( P ") (PGIRY||rs) . (4.54)
LM —Mps M Mg ) 7T Ty
]qqur ]qr

Only the cross-coupled A case (4.53) is derived in the following. By means of
angular-momentum recouplings the cross-coupled matrix element may be writ-
ten in terms of standard coupled matrix elements as

]prMpr
[ B Tor  Jos S
(PARIrs) = (~1)h ( Y
I_]_A;_T fz/// _Mpr qu M cG
qsVlgs

jp .]I‘ ]pr
X Z jq jS ]qs Z (_1)]p(,—Mpq (]qu ]\er j)
TpaJrs ]pq ]rs j MpgMys pq s M CG
X

Tpa=Mpq  JrsMys

v v
x (pqlRY)|rs) (4.55)
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Replacing the standard coupled matrix element by its reduced matrix element,

]prMpr
I _ Tor — Jgs S
(paIRyIrs) = (=1 ( P )
I__M__'f J¢ZJ/1 _Mpr qu M CcG
JgsMgs '

jP Jr ]pr
] ] ]pq ]rs f ]Pq J ]rs
X Z ]CI ]s ]qs Z (
]pq]rs ]pq ]I‘S j M,UquS Mpq Mrs tﬁ cG Mpq M MYS 3]
X

]Pq Irs
v . rv
x (pqll&V|Irs), (4.56)

allows application of the useful relation (4.30) to give

)3 (]"‘7 s j) (]M : ]rs) = (VM T 64 6u
MpgMirs = |

Mpg My M) \Mpg M My ),
(4.57)
which in turn eliminates the ¢ .# summations, leading to

]prMpr

Y (I
(IR Irs) = (=1 Mo (=1 ( e M, )

|__M__$ —Myr Mgs —M )¢

]quqx

o | B R
X D {da s Jae (palRVITS). (4.58)

TpaJrs ]pq ]rs ]

By introducing a Wigner 3j symbol and introducing the short-hand notation for
the reduced cross-coupled matrix element,

__]EV_ _¢ ]p ] ]p ]pq Trs
o A B U
(PaldNIrs) = 3 4o ds Tus  PlIRVNrS) (4.59)
|
__];S__ Tpadrs ]pq ]rs J X
Eq. (4.58) can be written as
orMpr_ _
L =Y _ Jor T Jgs LI
(paIRyIrs) = (=1 M ( ’ ! ) (paIRD|Irs) (4.60)
I _M_ $ _Mpr M qu 3] I _____ *
JqsMys Jgs

108 Coupled-Cluster Theory for Nuclear Structure



4.5. Cross-Coupled Matrix Elements

arriving at (4.53).

The non-vanishing cross-coupled A matrix elements

IV
(pgIRY)|rs) (4.61)
|

]qs qu

of a spherical tensor operator component &, fulfill the triangular and projection
conditions

|]pr_]qs| < ] < ]pr+]qsy _Mpr+qu+M = 0’ (462)

and an analogous statement holds for the cross-coupled scheme B. This follows
immediately from the presence of the Wigner 3j symbol in (4.60).

Figure 4.3 summarizes the transformation formulas from standard to cross
coupling and vice versa for the case of reduced matrix elements, which are more
compact than for the standard matrix elements because the trivial geometrical
factor does not appear any more.
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Jpr . . Ipg s
e oo H
(ﬁqllﬁ(”llri) = > s i Jgs{ pal&Plrs)
I——];S—— TprJas ]pq Trs J X
]pr . : ]Pli Jrs
______ Ip Is ]ps
ro 7 . v . v
(BaAlIrs) = (-1yrhs S e i Jerp pal&)rs)
I__qu_ Tpstar ]pq Irs J X
J) rs . . Tpr
FiA H v Ja Jpq I__Aﬁ__V
(pal&PNrsy = D X g i s <ﬁ67||ﬁ”)llri>
Tprgs ]pr ]qs J X I——];S——
_ I
_ PaJpgiTpr| Lo st
= CCAtoStd KY||rs
|: rS]rs;]qs <p7_||__ﬂ_¢>
Tas
]Pq Irs : : ]px
Jp o Ja Jpa| 7
NP L Ty
(pall&VNrs) = (=1t YL e T (ﬁqllﬁ(’)llri)
TpsTqr L
psid ]ps ]qr J X Jar
]ps
_ PaTpgiIps| Lo ¥
= CCBtoStd K|rs
|: rS]rs;]qr <p7_||_ _ H _,f)
Tgr

Figure 4.3: Transformations between the standard and cross-coupled schemes for reduced matrix
elements of general spherical tensor operators RU).
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4.6 Diagram Coupling

The aim of this section is the evaluation of angular-momentum coupled diagrams. An
outstanding review of this matter is given in [148] and thus only a brief review is
given here. A coupled diagram is obtained by coupling the external lines of the
corresponding m-scheme diagrams to good angular momentum, i.e., as schemat-
ically indicated below,

JM
[
mgmy, Ma My M CG = ’

If these m-scheme diagrams represent matrix elements of some operator, the cou-
pled diagrams clearly represent coupled matrix elements of this operator. For exam-
ple, the (DBc) contribution (see Figure 2.4) to the coupled T, matrix elements may
be written as

(4.64)

This expression is not quite satisfactory yet since for its evaluation still m-scheme
matrix elements of the operators involved are required. The purpose of the cou-
pling techniques to be presented below is to replace m-scheme matrix elements
and the corresponding summations over angular momentum projection quantum
numbers by products of coupled matrix elements. For instance, the above contri-
bution may in the end be written in a fully angular-momentum-coupled formula-
tion as

JM JM JM JM JM JM
[V TV ey 1 (v v v Ty
(abli|ij) < Egsz(db|U|Cd>(Cd|fz|l]>- (4.65)

Coupled-Cluster Theory for Nuclear Structure 111



Chapter 4. Spherical Coupled-Cluster Theory

Since the external lines are already explicitly coupled, the focus is on coupling
of the internal lines. An internal line consists of a bra and a ket part which are
summed over, i.e.,

d pmyl.pmy)  or > pmy)pmyl. (4.66)

pmp pmp

It is the projection quantum number summation that is of main interest in the fol-
lowing, so the angular momentum summation will be ignored. Since an internal
line typically corresponds to the outgoing part of some operator and the ingo-
ing part of another operator, the bra and ket states will belong to different matrix
elements. Internal lines may be coupled right away to zero angular momentum
using

00

2jp 2 [
D pmyl.dpmy) = (1% j, (Bl...Ip), (4.67)
| -
Dol m)pml = j, Ip)pl. (4.68)

The simple proof is given in [148] but it is instructive to repeat it here. Using
the identity

ip—mpy > jP jP 0
(=1 j ( ) =1, (4.69)
P\m, -m, 0 -

(4.67) is easily verified
D (p myl...lp my)

= 7 _1Vp—mp jp jﬁ 0
= Jp ;( 1y (mp m, O)CG (p mpl|...|p m,) (4.70)
(Ve s veemy [ o Jp 0
= (-1 j, mzﬂ( 1y (—m,, - O)CG (p myl...|p m,) (4.71)
00
2jp & |5 l
= (=D Jjp (pl...Ip) (4.72)

and (4.68) follows similarly.
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By coupling the internal lines, example (4.64) becomes

JM JM JM 00 JM

[V N | [V vy

<ab|r2|u>f—)5 jejalab|olcd)ed|ilij). (4.73)
L A

cd 00

The projection summation has been eliminated in favor of coupling lines, but the
above form still has the disadvantageous property of coupling lines connecting
different matrix elements. However, these matrix elements can be disentangled
by recoupling transformations of the internal lines for which an example is given
in the below:

Matrix elements connected by scalar coupled internal lines of the form
00

oY
lpa) (P4l (4.74)

L4
00

may be disentangled by the transformation
00 ]M ]M

» Jo PG 1567 qu Nl (4.75)

OO

i

In order to prove this, the idea is to couple the two internal lines to good total
angular momentum. Since both angular momenta involved are zero the result is
trivial,

00 0

o ~"~ o i~ (0)

Jo Ja IP@)Bal = Jy 1o {Ipa)pal} - (4.76)
00 0

Having arrived at a fully coupled expression, the disentanglement of the matrix
element is only a matter of one standard recoupling transformation of the angular
momenta,

/

0 . .
v 0 Jp p O W W )
Joia{ipapal}, = 5vis D is Ja 0f {Ipapal}, (4.77)
L4 7y 70
0 X
~—_—
f;lf;1i511’
]
X (0)
= Zf{pq pql} : (4.78)
]
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00 ]M ]M
o v
» Ja lpaXpal = leq p
L4
00
00 JM M
o v My My
p o Pal...lpa) = D (pdl...Ipq)
L4 M
00
00 J-M
fp Ja (Bl @)@l lp) = D (=M (=1t (). 1g)al... Ip)

LA M

00 JM J—-M
|
= (=1 Y (=1 ™M (=1 (Bl g)...|p)... (4]

Figure 4.4: Internal line recoupling transformations involving two scalar coupled lines.

Breaking up the scalar coupling leads to

J IiV M ]val
|—v Y 0 . 0 v 1y
ZJ{ papall, = DT (1{4 1\2 0) Ipa)(pal (4.79)
J MM’ CG
M M
v TV
= D (™M |pg)pal (4.80)
JM

since ( Fp ) =(=1)/"M =15 . By means of (4.29) the final result is obtained,
M I_va ]M ]M
W v

D ™M pa)(pal Z pa)(pal (4.81)

M

Internal line recouplings for other situations may be derived analogously. The
most frequent cases are summarized in Figure 4.4. The example (4.64) can still
be further simplified since the matrix elements involved do not depend on the
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total projection quantum numbers and thus the corresponding summation may
be replaced by a factor,

JM M JMy JMy JMy JMy
Ij W (DBC)]- =2 lj - Ij Ij - W
(ab|i|ij) s 2%:2:]( ablolcd)(cd|i]ij), (4.82)

where M, is an arbitrary, physically allowed value for the projection. More compli-
cated diagrams than example (4.64) require other transformations to disentangle
individual matrix elements because non-scalar coupled internal lines may appear
or the external lines need to be recoupled. The most convenient way to evaluate
such diagrams is to chose recouplings of lines that involve at least one scalar cou-
pled line since the transformations clearly become more simple with the number
of scalar lines.

For a simple demonstration of such transformations, let [p] denote either |p) or
(pl. Matrix elements connected by one scalar and one non-scalar coupled internal
lines may be disentangled by the transformation

00
v

[P][Q][r][s] = ( 1)]”4_15 ( 1)]+]’ i’ //
JM
]/M’ ]//M//
;oo (1o g\ Y
4.83
X{j, i jq}éj (M, o M)cc [pllg)r]ls] (4.83)

To see this, coupling the expression to total angular momentum ¢ ./ is again
trivial due to the zero angular momentum involved,

00 0
v 0 J ;f) VoW
pllalirlis] = ( (Pllgllr]ls] (4.84)
\ fZJﬂ 0 M .« CG{ \ }Lﬂ
JM J
0 v )
= {ipllalrisi} - (4.85)
L4

J

This can then be recoupled using X coefficients and the total coupling may again
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be broken up, arriving at

00 . . / ]//

v Jo Ja T — 7
Plglirlisl = S 4G g sy {plialinis)) (4.86)
I# ]/]// 0 ] ]
M X
. . , ]/M/ ]//M//
/ ]// ]P ]q ] ﬁ W
= 2 Z( ;o M) jr s 7} Tplqlrls]. (4.87)
]/M/ ]//M// CG 0 ] ]

X

Finally, from the simplification of X coefficients involving one zero angular mo-
mentum,

Ip Ja T 7
joods J7p o= (W (= ]]{] / ]} : (4.88)
0 ] ] ]r ]S jq 6]

X

Eq. (4.83) follows immediately.

Again, other transformations of this kind are equally easy to derive and the
most commonly encountered ones are summarized in Figure 4.5 for reference.
These rules simplify significantly if for the final coupling of two states only the
scalar coupling is allowed, for instance if these states belong to the bra and ket
states of a scalar one-body operator, as discussed in Section 4.4. The transforma-
tion rules for the case in which states [r] and [s] are allowed to scalar coupling
only is given in the bracketed expressions in Figure 4.5.

4.6.1 Antisymmetrized Diagram Coupling

As for the CCSD T, m-scheme equations, some expressions are antisymmetrized
by the action of permutation operators, such as

(palglFs) = Py Prs (pGI8I73)
= (1-Ty) - T) (pg1g7s), (4.89)

where (pg|g|75) denotes the antisymmetrized expression obtained from the action
of the permutation operators on some non-antisymmetric expression (pg|g|75).
For instance, for the (DBe) contribution to the CCSD T, amplitudes,

(@blilify & Piypby Yy (kblole]) tic, (4.90)
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00
v
[pllgllrlls] = (=1*s 1 1/ J
T MM
J oo (7T ryry
X{. : } ( . ) [pllqllr]ls]
JrJs g 6j M M M CcG
M 00
o v v
(= -5 5 O [pllgliris) )
00
v
pllalrlls) = 70 > > (g
L4 M J"M”
™ MM
J oo (7T rv ry
X{. : } ( . ) [pllqllr]ls]
Js Jr g 6j MM M CcG
JM 00
U a2 o
(= 7' 5t e pllglis))
00
Ly
[pllgllrlls] = j ' (=1)yetietirtis GV
]M MM
{] 7 ]//} (]/ J” ]) v v
X1, L . [pllqllr]ls]
]r ]S ]P 6j M M M CcG
M 00
L v v
. (= =57 i pllainis) )
v
[pllgllrlls] = J ' (=1)rtie CVAEA K
o MM
{] 7 ]//} (]/ 7’ ]) v v
X4, L P [pllqllr]ls]
Js Jr Jp 6j M M M CG
M 00

ry v
(= 7' 57 pUallriis) )

Figure 4.5: Internal line recoupling transformations for one scalar and one non-scalar coupling
lines. The expressions in brackets correspond to the case in which only a scalar coupling
of [r] and [s] is allowed.
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the non-antisymmetric part would be

(ablilif) = Y (kblole]) 1 . (4.91)

ck

In practice, the expression (pg|g|75) is calculated for the whole index range, which
allows to access elements with swapped indices, (§p|§|75), for instance. The anti-
symmetrized expression is then simply obtained by

(palglrs) = (pqlglrs) — (qplglrs) — (pqlglsT) + (gplglsT). (4.92)
For the spherical case, an antisymmetrized coupled diagram is obtained by cou-
pling the antisymmetrized m-scheme expressions,

]IWMP”I JrsMps

~
(pglglrs)

— jP jq ]pq) (]r js ]rs) (-- A==
- pqlglIrs) (4.93)
';1 (mp Mg MP‘? CcG m, ms M cG

mrmsg

Formally, the evaluation requires the coupling of each individual index permuta-
tion of the m-scheme expression,

]qupq JrsMys

rv Iy

(palglrs)

= Z(jp Ja ]pq) (jr Js ]rs)
o \IMp Mg My J oo \mr ms My )
x ((pa1g17s5)— (apIg175) - (paIgISF)+(apIgIsT)) (4.94)
]I’WM}W JrsMys ]ﬂqMﬂq JrsMys ]onnq JrsMrs

rv. 1y yi. v ry vl
= (pqlglrs)—(qplglrs)—(pqglglsr)
]PWMPW JrsMps

v v
—(gplglsr). (4.95)
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Reversing the couplings that go from the right to the left introduces phases,
]PQMPW ]rSMrs
v _ Iy
(pqglglrs)
]PWMPW JrsMys ]qupq JrsMrs
~ Ty TV T
= (pqlglrs)— () vi(qgplglrs)
TpgMpq JrsMps
. ~ Iy
— (_1)]r+]x—]rs (p q | g | s r)

]ﬁ‘IMWI JrsMrs

+ (_1)Jp+]q_]pq (_1)]r+]s_]rs ( q p | g | Sr ) . (4.96)
This result suggests the definition of a permutation operator
ppq(]pq) = ﬂ _(_l)jp+jq_]pq qu (497)

so that the antisymmetrized coupled expression can be written as

TpaMpq JrsMrs TpaMpq JrsMrs
v Iy . . rv. v
(Pq|g|r5> = qu(]pq)Prs(]rs)(pqlglrs)- (498)
In the m-scheme, if an expression (pg|g|73) is already antisymmetric in the orbital
pair pg, an additional antisymmetrizer P;; corresponds to a factor of 2, e.g.,
o Lo
(PAIgITs) = 3 Poq (PaIgIFs), (4.99)
which is sometimes used to write the equations in a more symmetric form. The
same holds for the spherical case for the operators P,,(J,,), i-e., for an expression
that is already antisymmetric in the sense that

]P”IMP”I JrsMps ]P‘iMF’q JrsMps

L v T PR I AR
Tpg{pqglglrs) = —(=1Y" 7 m(pqgl|glrs), (4.100)

an additional antisymmetrization operator may introduced by

TpaMpq JrsMys TpaMpq JrsMys

v Iy 1. v Iy
(pqglglrs) = Eppq(]pq)<PQ|g|rs)- (4.101)

The above results, that for the spherical case an original m-scheme permuta-
tion operator P;; can simply be replaced by the operator P,,(J,,), only holds if
the states that are permuted also are the states that are coupled together to angu-
lar momentum J,,. This is typically the case for diagrams that are evaluated in
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the standard coupling scheme, but not if a diagram is first evaluated in the cross-
coupled scheme and then transformed to standard coupling. In the latter case, for
a component fig\? of a spherical tensor operator, the transformation that generates
an antisymmetrized standard coupled reduced matrix element from a non-antisymmetric
cross-coupled A expression is given by

]7’67 ]rx
[y oty
(pqllK||rs)

jp jq ]pq o jp jq ]pq R
= Z { jr js ]rs - (_1)]r+]8_]r8 js jr ]rs Trs
Jpras ]pr ]qs J X ]ps ]qr J
o o jq jP ]Pq . R
+ (=1)rtiatpa (=Yt 3 G0 o T Tpy Trs
]qs ]pr J X
Jor
o Ja Jp Jpg A r‘?‘n
- (_1)1p+]q7]pq jr js ]rs qu } (ﬁc?llﬁmllrs)
[ A
]qr ]ps J X __];S__
Ipr
; PP
= CCAtoStd™ | P9 vai Tor (PalNRY|rs). (4.102)
rs]rs;]qs L A
]qs

Since this transformation depends on the rank of the spherical tensor operator,
simplifications are possible for the case of scalar tensor operators. For these, the
transformation for the standard matrix elements reads *

M JM

IV
(pqlRY|rs)

. R (I TN 1) B
— (]/)2 (_1)]q+]r+]+] {]P ] } ]1+ T 7;-3
» ANCEAS

Js Ja
M
i ja+jr+]’ jp js ]/ > > |~~A(0)V
+ > (JP (=1t { : } Tyq+ Tr }(pqlﬁ |7s) (4.103)
; ]V ]q]6j(pq ) I_O_’f
J' M,

“For half-integer values of j,, jg, jr» Js-
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for which the shorthand notation

MM _ Mo
MV . MV L ¥
I —_—— —

J'My

is used. For the scalar case, this transformation may easily be written in terms of
the non-antisymmetric cross-coupling transformations as

CCAtoStd™ l” 1, 1’] = CCAtoStd l” 0| (145 1)
rs rs

_CCBtoStd [’Z i’ T 1’] (T,,q + T) . (4.105)

For partial antisymmetrizations in which, e.g., only orbitals p and g are to be an-
tisymmetrized, the corresponding transformation may be obtained from (4.102)
or (4.103) simply by setting the other permutation operator 7,; to 0.

4.6.2 Cross-Coupled Evaluation

As mentioned in the previous chapter, it is sometimes advantageous to evaluate a
diagram in the cross-coupled scheme first, before transforming it to the standard
coupling. This is because in order to obtain a cross-coupled matrix element less
internal and external recouplings may be required than for the standard coupling
and, thus, less summations over intermediate angular momenta and coupling co-
efficients may be required.

For instance, the (:R,G) contribution

(4.106)

to the EOM-CCSD %R, amplitudes, when directly evaluated in standard coupled
evaluation, is given by
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Jab M

H ..
(ab||RY||i ]) ( 1)/ =Mas ( Jav T i

—Ma, M M;;

<y 3y {]fb / ’“b} {] ]., ]”} U 3
6

ck JJJ’ ]a ] k

N i J” b VN (A
X Z (_1)] i / 1" Ja / 1 ?
M —M" —Myg, G —-M' M" My cG

M/ M//

) pab(]ab) pij(]l']')
3j

]/ ]/// ]//M//

)N B O W O I
X (A4, M __kp)ﬁ<canﬁy lik) (bk|lcj), (4.107)

where the triple sum over angular momenta and the product of two coupling coef-
ficients cannot be factorized in any way. This is the result of the many recouplings
that are required in order to disentangle the two matrix elements.

On the other hand, if the m-scheme expression is first transferred into cross-
coupled form A, that requires the couplings

then it becomes apparent that in this case the (@i) and (bj) coupling lines already
belong to distinct matrix elements, requiring recoupling transformations for the
c and k internal lines only. Therefore, the resulting expression for the standard
coupled reduced matrix element is much simpler,

]ab ]ij
v oy (10 ab Jup; Jui
ab m(]) ii 2 CCAt Std(A) ' aby Jai
(abl|Rllij) = T
Jai J@%@ﬁ
N .V
x D (F1yH 6||9%”||zk>< bk|Alc)) (4.108)
| |
————— e___A
Ibj Tbj Mbp;
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and it is more efficient because the only sums over total angular momenta are
the ones in the transformation from the cross-coupled to the standard coupling
scheme. Furthermore, the problem factorizes into first evaluating the expression
in cross-coupled form, which cost is basically determined by Y _, and the transfor-
mation to standard coupling afterwards. Another inconvenience of the form (4.107)
is that it can not longer solely be evaluated using optimized matrix multiplication
routines, which is due to the appearance of orbital indices in both matrix elements
and coupling coefficients.

4.7 Spherical CCSD

Using the techniques described in previous sections, the spherical Coupled-Cluster
equations are easily obtained. For CCSD, the m-scheme amplitude equations are
of the form

0= d\/_i_ +..., Va1 (4.109)
0= d\z/_i_l_?}v/j +..,vYabij. (4.110)

Therefore, coupling both sides of these equations by taking linear combinations

of m-scheme expressions, the coupled formulation follows immediately,
00

o

0= N o Vai (4.111)
M JM
AR

0= NN/ + . vabijom, (4.112)

where the right hand side diagrams have to be evaluated according to diagram
coupling techniques. In (4.111) and (4.112), the scalar character of the cluster op-
erator T has already been taken into account by constraining the coupling of exter-
nal lines to total angular momenta and projection to 00 for the 7; matrix elements
and JM for bra and ket coupling in the 7, matrix elements. The energy expression

000+ 08
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consists of closed diagrams only, and is, therefore, not subjected to external line
coupling, but the internal lines will have to be coupled in order to get an expres-
sion in terms of coupled matrix elements only. The result for the spherical energy
expression is

Al ]A4 ]Al M

EA 1 n
AECcsD) Y Z Z]Z cd|t2|kl kllvlcd)

cdkl
00
(EB) N v ~ ,.l
+ ) (ellk) (kIflc)
ck
00 00 JM M
EFl ~-l v Jv
BN f;lZﬂ V(@I (kloled),  (4113)
cdkl

and the spherical CCSD T, and 7, amplitude equations are listed in Appendix C.2.

The matrix elements of the normal-ordered Hamiltonian (2.10) should also be
expressed in terms of coupled matrix elements. Using the identity

00 _00_ JM M
- by ., Y TV
i» Ja \PAIDIPG) =, Jq (BaI0IPG) = D J*(pdlolpq), (4.114)
Iﬁ ___A T
00

the corresponding expressions are straightforwardly found to be

]M ]M

(@A) = Z], ’i ZZ J2 l]lvlz] (4.115)

00 00 ] M M

My
(pIfla) = (plhla)- J,' ZZ 7 (pilolqh (4.116)

The spherical CCSD equations be written as

(®]2CDp) = AECCSD) (4.117)
00
R v
(@l Ay = 0 ,Va,i (4.118)
R
(ab| APy = 0 ,VYa,b,i,J,M. (4.119)
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Using this notation, the spherical analogue to the standard iterative scheme (2.45)
for the self-consistent solution of the CCSD equations reads

00 M M
v v
O¢altli) = ab|ilij) =0
00 00 00 00
v [ v [ 2N
(i@t i)y = (a|ACESP(e)i) (<d|f|a>—<’il Ii))
) MM M M (4.120)

[v 1 v v
(" (ablblij) = (ab|lACSO(e™)if)

00 00 00 00
N ~1 £ ~=1/71 £ ~—1 m ~—1 hl,_"v -1
x (7;1@lflay+ 5, bIfb) — 57 @171 — 771 A1D)
where, as in the m-scheme case, fy — Fj is set in the amplitude equations. The
n =1 amplitudes are then easily obtained from the relations

00 00
<c|”ilﬁ?(ccsm(t(°))|¥> =] <W 4.121
= Ja (alfli) (4. )

M M M M
l_zt >(CCSD) [ 4(0) v _ rz o 4.122
{(ab|lA &™)Nij) = (ablvlij). (4.122)

4.8 Convergence Acceleration

In practical applications the iteration schemes (2.45) or (4.120) for solving the
CCSD amplitude equations or the analogous scheme for solving the ACCSD am-
plitude equations is not sufficient due to slow convergence, or even divergence, of
the iterations. Consequently, the iterations have to be accelerated and stabilized.
There are mainly two possibilities to improve the situation. On the one hand,
the iteration scheme (2.45) may be used and the resulting sequence of vectors
{t(} may be used to construct an improved, faster converging vector sequence.
Methods like the simple mixing [149], the Anderson mixing [150], or the Broyden
mixing [149] achieve such a stabilized and accelerated convergence. On the other
hand, the standard iteration scheme (2.45) itself may be modified, which may then
again be combined with convergence accelerators such as the Broyden mixing.
Both approaches are considered in the following.

According to (2.44), the Coupled-Cluster amplitude equations are converted
into a fixed-point problem

t(n+1) — I(t(")), t* = I(t*). (4.123)
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If the iterations are divergent, the simple mixing method, in which the new vector
is given by

(D — g I(t(ﬂ)) + (1-0a) ™ ) (4124)

may help to bring the sequence to convergence. By mixing the new vector I(¢()
with the old one, regulated by the mixing parameter ¢, this mixing guarantees
that the iteration scheme does not depart too far from the initial guess, which
slows the overall convergence down but at the same time makes it more robust
against poor choices of the start vector.

The Anderson and Broyden mixing presented Figures 4.6 and 4.7 are more
sophisticated convergence acceleration methods based on the multidimensional
Newton method and they are widely used in the quantum chemistry context. De-
tailed reviews can be found in [149-151] and only the practical application is dis-
cussed in the following. As for the simple mixing, the Anderson and Broyden
mixings also have a mixing parameter a but both methods have an additional
backward range parameter M which determines the number of previous vectors
t that should be taken into consideration for constructing the new vector ¢+,
It can be easily verified that the simple mixing is contained in the Anderson mix-
ing if for the latter M =0 is chosen.

Figure 4.8 shows an illustration of the convergence rates of the Anderson, Broy-
den and simple mixing and for the case of no mixing at all. Convergence is mon-
itored in terms of the norm of the residual vector, i.e.,

residual® = |[1(e®)—¢®]|, . (4.125)

The no-mixing case exhibits a slow divergence, making the use of convergence-
enhancing methods mandatory. The simple mixing, with an for all methods uni-
versally chosen mixing parameter a = 0.6 leads to convergence, however, at a very
slow rate. Therefore, as mentioned above, mixing methods do not only improve
the convergence, they may also be vital for the iterations to converge at all. The
Anderson and Broyden show a very similar performance which is far superior to
the previous scenarios, leading to residuals below 107 within 20-30 iterations.
Of course, the convergence is improved as the backward range parameter M is
increased, i.e., more information about previous iterations is used in order to de-
termine the new vector.

Figure 4.9 shows the influence of the mixing parameter a for the Anderson and
Broyden mixing for fixed range M. In the cases presented in Figure 4.9, where the
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t) = I(t(O))
Fork=1,2,...
my =min{k, M}

F®) = I(t(k)) — k)

T
Determine B = (B;“,...,Bi,) that solves
my
min (F(k_m’f),...,F(k))ﬁH , 2 Bi=1
B=(Bor-Bm.) Z =0

m m
£ = (1 — @) z’j B gle=miti) 4 g i B g (gk-mi+)
i=0 i=0

Figure 4.6: The Anderson convergence acceleration method [150].

vector series is nicely converging, a may be chosen large since there is no need to
slow the convergence down. As can be seen in in Figure 4.9, fastest convergence
is achieved at @ =0.6. Therefore, the combination of parameters M ~ 8 and a ~ 0.6
typically is a good choice for obtaining fast and robust convergence.

As already mentioned above, another possibility — which does not seem to
have been paid much attention in the past — to enhance the convergence of the
Coupled-Cluster amplitude equations is by introducing a new iteration scheme,
alternative to (2.45), which is used to generate the vector sequence used in the
mixing methods. In the following, an improved iteration scheme is proposed. In
order to do so, it is instructive to review how the standard iteration scheme (2.45)
is constructed. Using the T, amplitude equations

(SCa) (SCh) (SCc)
0 = ... + E fotf — E fFed + E veE i+ L (4.126)
c k ck

as an example, the amplitude ¢/ may be introduced on the left-hand side by adding
t! D} on both sides and diving by D{, arriving at

1 (SCa) (SCb)
a __ a ¢c k sa
= _D‘.l{"'—i_g fcti—g fit
1 Cc k

(8¢ ak 4c a a
vk g et g8 Dp ) (4.127)
ck
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)= I(t(ﬂ))

Form=1,2,...

m—1
m

n=

where

m =max{l, m — M}

m—1

Ymn= Z C]Znﬁkn
k=m
pin=(wi1+a),,
el = wy (AF(’C))TF(’”)
Akn = Wi Wy, (AF(”))TAF(’C)
u(”) — aAF(n) +At(n)
At = (t(n+1) —_ t(n)) / ||F("+1) _ F(H)HZ
AF™ — (F(HH) _F(n))/ ||F(n+1) _F(U)H

2

FO = (¢®)) — g0

Figure 4.7: The (modified) Broyden algorithm [149].
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residua

residua

0.01

10—4 L

106

0.01

104

1076

Anderson

GBNi
NN+3N-full
hQ) =24 MeV

Esmax =18

OsRG = 0.04 fm*

5 10 15 20 25

iteration

Broyden

30

5 10 15 20 25
iteration

a=06, M=2(@®),4(®),6(®),8(®),10 (@)

simple mixing:
no mixing: ®

30

Figure 4.8: Comparison of the Anderson and Broyden method to the simple mixing or with no

mixing at all, for fixed mixing parameter a and varying backward range M, for the
CCSD amplitude equations.
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Figure 4.9: Comparison of the Anderson and Broyden mixing for fixed backward range M and
varying mixing parameter a, for the CCSD amplitude equations.
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The denominator D{ is chosen to be

DY = fi—fe. (4.128)

1

As aresult of this choice of Df, the ¢{* amplitudes are removed from the expression
involving the contractions with the Fock operator,

RIS WA E AR WIS WS (4129)
c k

c#a k#i

Thus, another way to describe this procedure is to move the terms involving a
single ¢ and a single Fock matrix element to the left side and to divide by the
prefactor D? in order to isolate t¢. For the T, equations, there is an analogous
procedure. Equation (4.127) is then used as starting point to set up the standard
iterative scheme,

1 (SCa) (SCb)
(n+1)pa _ a (n)sc k (n)sa
it = _D?’{"' + E e E e
13 c k

Y vk gy e 10 DY (4.130)
ck

The definition of the denominator D¢ eliminates the specific amplitude ¢{ on the
right-hand side from the terms (5Ca) and (SCb), which involve a contraction of the
T, operator with the Fock operator, but in other terms such as (SCc) the ¥ remain.
It would be more natural, as it is done in the Jacobi scheme for linear systems, to
eliminate t{ completely from the right-hand side. For the example contributions
considered in (4.127), this is achieved simply by using the modified denominator
D¢ = fl—fr—yp®l. (4.131)

1

Unlike this example, it is not possible to remove all occurrences of ¢/ from the
right-hand side, as can be seen, for instance, for the diagram

TN ek e (4.132)
cdk

In such cases, the strategy followed here is to simply pick one of these ¢/ and move
it to the left-hand side. One possible realization of the improved iteration scheme,
in terms of spherical denominators D{ and D{}(J), is given in Figures 4.10 and 4.11.
Diagrams of the T, amplitude equations that are evaluated in cross-coupled form
are not easy to deal with and have been excluded from the considerations 5. Since
this iteration scheme is analogous to the Jacobi scheme for linear systems, it will
be referred to as Jacobi iteration scheme in the following.
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]M ]M ]M |]_V
(SDa)1 A 2 ZZ ]2 ad|t2|kl (kl|l/|6ld>
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Figure 4.10: Denominator for the Jacobi iteration for the CCSD T, amplitude equations.
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Figure 4.11: Denominator for the Jacobi iteration for the CCSD T, amplitude equations.
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Figure 4.12 shows a comparison of the standard and Jacobi iteration scheme
combined with the Broyden mixing for ®Ni CCSD calculations at the HO frequen-
cies 2 =24 MeV and 40 MeV, where the former frequency corresponds to the op-
timal frequency at which the convergence of the CCSD equations is typically also
the best. At the optimal frequency (Figure 4.12 top), both iteration schemes per-
form similarly, where the Jacobi scheme converges a little faster. The real use of the
Jacobi scheme, however, is when the equations do not converge quickly or do even
diverge. This is illustrated in Figure 4.12 at the bottom, where for the not optimal
frequency the standard iteration scheme converges slower, but the convergence
rate of the Jacobi scheme remains unchanged. Even in cases where the equations
are highly divergent in the standard iteration scheme, a combination of the Ja-
cobi scheme with a low-a Broyden mixing often leads to convergence. Of course,
evaluating the denominators in Figures 4.10 and 4.11 is significantly more expen-
sive than for the standard scheme. However, particularly in CCSD calculations
for three-body Hamiltonians where the iteration steps become quite costly, using
these improved denominators saves a significant amount of computing time.

5These are the diagrams (DBe), (DCb), (DEc), (DEd), (DGc), and (DGd).
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Figure 4.12: Comparison of the standard and the Jacobi iteration scheme for the CCSD amplitude
equations.
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4.9 Spherical CCSD for Three-Body Hamiltonians

49.1 Three-Body Matrix Elements

The ¢ 7-coupled matrix element scheme [86] provides fast access to matrix ele-
ments of the form ©

SMT My FMT Me

]ab’;l JaeTae
[V [y 1

(abclw|def), (4.133)

whereas for Coupled-Cluster applications matrix elements of the form

]ahMab ]deMde
(amy, b my, f m |wldmy,em,fm;,) (4.134)
A
]ancf

are required 7. In (4.134), the isospin projections are written explicitly in order
to stress that the isospin is not coupled there. However, the matrix elements that
are stored will be reduced matrix elements that correspond to the more compact
isospin-coupled form,

JabMab JaeMde
TapMTy,, TaeMTy,
[V ™y
(abé|lw|def). (4.135)
L
JefMes
TeM1, ;

Ignoring isospin for the moment, the matrix elements (4.135) can be expressed

6Total angular momentum and isospin projections .# and ./~ have a fixed value of 1/2 because
the interaction is independent of .# due to rotational invariance, and through the an isospin av-
eraging the interaction also becomes independent of .#.

7Tt is actually the reduced matrix elements that are required.
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in terms of the standard coupled matrix elements (4.134) as

[y [y
<6l b El 1 | d e f) _ (_1)]ah—Mab Jab Jae ]cf
\ —May, Mae Mcy S SM

JerMer ]lb_l ]:Le_l
]de ]cf lj m

Z( l)f]c]ub] j {]db ]-C f}é}(abC|W|def)

JabMap JaeMae
)3]

(4.136)
To proof this, straightforward recouplings lead to
JavMap ]deMdg
[y . .
(abelwldef) Z(l)hmc(h s ch)
I—f memy —mc. my Mcf cG LM g’
]chcf ’_l ’_l
Jab Jde
Jab  Je f) (]de Jr j’) [V Ty
8 | (abclwldef)
]zj; (Mab me M cG (,;/l/ My, mpy M G
(4.137)

where the diagonality of the three-body matrix elements in ¢ and .# can be ex-

ploited to arrive at

g g
JabMap JaeMae /!zb_l ]o’ie_l
[y - [y
(abclwldef) = Y (abclwldef) (4.138)
]chcf j
jc—me je Jr Je Ja jic I Jae jr S
m;f/” (_1)] (—mC mff Mcff)CG (Mabb rJnC '//[)CG (J\/Idde mff /ﬂ)CG
=Q
Then, the relation [147]
S (a b c) (b e d) (a f d)
apo a f Y)eg\"B € 0)c\a & 0)
s c f e a b c
— (=1)brerdf ¢ g2 g1 ( ) { } (4.139)
T ¢ € e [ od)y

can be written in the form
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Z(_l)b_ﬁ(b a c) (e b d)
apo B a 1) \€ B 0)

— (_1)—2a—b+20+3d—e é d‘Z é—l (

= O

e a b c
J e b, e

which allows to simplify Q to give

Q = (- J o g

]cf Jae Jab Jav  Jae ]cf
X . . 4.141
(Mcf Mae M””)CG {Jf e S }6- )

— (_1)]ab—Mab ]ab ]de ]cf
~May Mae Meg ),

F—i.— > ]ab ]de ]cf
x (=1 e J o g7 { o } : 4142
G (4.142)
Plugging this into (4.138),

]abMab ]deMde

AR
(abclwldef) = (—1)fab—Mah( Tav Jae ]Cf)
I—f‘ _Mab Mde Mcf 5 g Py

]chcf
L] L]
]ab ]de ]cf m W

x » (=1 e ], "z{. . } (abc|wl|def),
; ! j Jr Jec j 6i f
(4.143)
gives the desired expression (4.136).

It is clear that the above result holds for the isospin as well. Furthermore, since
all projection-quantum-number dependence is in the prefactor

_ Jav  Jae ey
_1Vavr—Map 4.144
1) (_Mab L Mcf)gj, (4144)
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the corresponding reduced matrix elements may immediately be defined as

g g
]ah ]de ’_l ]L’ie_l
[v ry
(abé|lw||def) = Z( 1)/ e J, g7 {]ab ]fie ]cf} def
L 7 jroJe  f
]cf
(4.145)
or, including isospin,
Jab Tap Jae Tae
v 1y
(abc|lwl||def)
L %
Jer Tey
Z( 1)}’ —Jje— ]ah] j {]“b ]fie ]Cf} IMT M IMT M
]C j 6j ]ab’ﬂ ]de’ﬂ
[y ry
Z( 17—t g2 e dae Tl g b S pae ry.
Iy [ T 6i
(4.146)

The prefactor (4.144) looks similar to the geometric part of the traditional defini-
tion of reduced matrix elements (4.14), however, the rank of the tensor, which is
zero in this case, does not appear in the Wigner 3j symbol any more. Instead, the
third total angular momentum appears in the 3j symbol, resulting in the require-
ments

| Jab—Jael < Jep < Jap+ Jae » (4.147)
and

| Tap — Tael < Tep < Tap+ Tae (4.148)
for non-vanishing matrix elements.

When needed, the isospin m-scheme matrix elements are calculated from the
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isospin-coupled ones by straightforward decoupling,

JabMab JaeMae

(amtabm,b?mtc|u‘/|dmtdemtefm[f)
A

]ancf

Y Y S (B e I
_MTab MTde Mch 3]

TapMr,, Tae My, TopMr,

% lq Iy Tab Lq le Tde
mz, My, MTab CG My, My, MTde CG

Jab Tap Jae Tae
t, t T, [V ry
X (—1)fe e ! ! (abé||w||def) . (4.149)
m, my, Mry, G \
]cf ch

Since the total projections My,,, Mr,,, M1, are fixed by the m-scheme isospin pro-
jections, the corresponding summations may be removed. The 29 transformation
coefficients T[...] may easily be precomputed and stored, so that the transforma-
tion simply reads

JabMab JaeMae

(amtabm,bfmtclu“/Idmtdemtefm[f)

A
]chcf
]ab Tub ]de Tde
mta mtb mtc n W
= >d>3> 1| my, m, my, | (abéllwldef). (4.150)
Tap Tae Tef Top Tue Toy lﬁ

Due to the coupling running across the operator, these matrix elements are not
Hermitean. Nevertheless, they fulfill the symmetry relation
Jae Tue Jab Tap
. TV .
(deflillabe) = (~1)(=1)+ator (—1)iesir s
]chcf ]alb_iub ]dﬁde
X (=1)(=1)fartlactler (1)t~ e (ab ¢ d e f) (4.151)
L4

]cf ch

that still allows to exploit the original Hermitecity of the Hamiltonian in standard
coupling.
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4.9.2 Conversion to Reduced Format

Inthe ¢ 7-coupled scheme, the matrix elements (4.133) are stored for orbital index
combinations of the form

(4.152)

b :fora=d ¢ :fora=drb=d
, [ < )
e : else

This does not permit to directly access matrix elements with arbitrary orbital in-
dices. Since the purpose of the ¢Z7-coupled scheme is the calculation of m-
scheme matrix elements which have simple index permutation relations, this is
not a drawback there. On the other hand, for the reduced matrix elements (4.146)
that enter the spherical Coupled-Cluster equations, it is important to have fast ac-
cess to all possible index combinations. Therefore, only the trivial index swaps
in the first two orbitals in bra and ket as well as Hermitecity are exploited in the
storage scheme for the reduced matrix elements, i.e.,

b :fora=d

d : else (4.153)

azb,d<a,e< {
In order to calculate reduced matrix elements of arbitrary orbital index combina-
tions, standard ¢ 7 -coupled matrix elements with the same orbital indices are re-
quired. As mentioned before, these are not directly accessible in the ¢ 7-coupled
scheme, so they have to be expressed in terms of index combinations that are avail-
able. Two examples are given by

g g
fﬂ J,Tl
v o R R . . v
(par) = =Y (=it fo g, {]." Ir ]‘”’} Iprg)  (4.154)
Ipr Jr f ]pr 6j
and
S M I M
o g
| pqr ) = _Z (_1)]q+]r Jar ]pq ]qr {]}9 ; ]pq} | qrp ) (4155)
Tgr Jr qr ) i
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which can be shown as follows: For (4.154), straightforward angular-momentum
recoupling leads to

FAM

]pq ]pq

v o .. i T TV YUpn)s

(par) = D (C1ytithete f g, {]." v ]’”’} {iprar}™".
Tor Jr f pr 6j

(4.156)

Exchanging the positions of g and r results in a sign from antisymmetry. There
are no further phases because by exchanging g and r no angular momentum cou-
plings are affected. Therefore, (4.154) follows immediately.

For (4.155), again, straightforward angular-momentum recoupling leads to

f ’% ] .//l

Jpq Jqr

5] I

(par) = > (=Lrtitits fo g, {].” Ja ]’”q} Dar). (4.157)
Jqr Jr f ]qr 6j

Using the relation

gM Y
Jar Jqr
v ) v
lpgr) = (1 (=) 1qrp), (4.158)

Eq. (4.155) is reproduced.

From each of these two relations another trivial relation can be derived regard-
ing permutations of the first two orbitals on the right-hand side, giving a phase
from antisymmetry and reversion of the coupling direction.

It should be noted that the sign in (4.154) stems from antisymmetry when or-
bitals g and r have been exchanged. It does not stem from angular-momentum
considerations. Therefore, this sign arises only once, even if isospin is considered
as well. On the other hand, the sign in (4.155) does origin from angular-momentum
considerations and will, therefore, cancel with the one from arising in the isospin
transformation. The complete set of relevant transformation expressions, includ-
ing isospin, is given in Figure 4.13.
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SMT M
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Figure 4.13: Transformations between different index permutations for the angular momentum
coupling used in the ¢ T -coupled scheme.
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4.9.3 Spherical CCSD Equations for Three-Body Hamiltonians

Apart from the three-body matrix element handling, the spherical formulation
of CCSD for three-body Hamiltonians does not require any new techniques. The
three-body contributions to the normal-ordered Hamiltonian in terms of angular-
momentum-coupled matrix elements read

] ]
. v W
(OAI®) = (@|A|D)p— - Z]kz J(ijklwlijky, (4.159)
ik IOQ
00 00 J J
. Lad 1 RS
piflay = (plfias+5 DD, Tijplwllija), (4.160)
ij 7 IOQ
and
JM JM JM JM / ]
rv Iy v Iy
(pqlolrs) = (pqlolrs)m— Z]l Pl (4.161)
L A

0

where (...),g denote the already known contributions from the two-body Hamil-
tonian. The algebraic expressions for the spherical AECSP, T; and T, amplitude
equations are listed in Appendix C.4. The computational runtime is dominated
by the two diagrams

(T2De) 1 . RPN
= = P () By() J7 7 1T Y N (=

cdekl J']"
]/ ] 00 00 ]/M/ ]/M/
]/ ]// ] v H ~AW. ~Al. HA v
x 1. . . (klallwllcde) (c|t|i) (d|t|]) {eD|t2| k1) (4.162)
]a ]b ]e 6j A

]//

and

(T2Eo / ]” ] ]/ ]” ]
- -~ P,() B;U J Uy i i
Pun(J) Pj(J) Z Z v {]a Jo Jd}@ {J“ Je ]d}éj

cdeklm J'J"
J J M IM M MY 00
rv [V v v Iy v
x (klm|lwllcde) {acli,|ij) (bd|E]kl) (é]i|m) , (4.163)
L A

0

which, therefore, require special attention in the implementation.
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4.10 Spherical ACCSD(T)

When attempting to derive the spherical expression for § EACSSP™) from the m-
scheme expression

1 A
(ACCsD(T))  _— ijk ~abé
OF ENE ; A abe cabt Lk o (4.164)
abe iTk

ik

the presence of the denominator ef]bkc is troubling at first glance. Each angular-
momentum projection appears in three instead of two matrix elements, and one of
them even appears in a denominator. It is clear that in general such an expression
cannot be disentangled into separate spherical matrix elements. However, 6?]_1_0,-5 is
given by a sum of matrix elements of the Fock operator, which is a scalar one-
body spherical tensor operator. Since its matrix elements are independent of the
projection
00

A . 3
(pmylflamg) = (pOlflq0) = —j," (pIfla), (4.165)

the denominator may be drawn in front of the projection summations, thus al-
lowing the angular-momentum coupling techniques from the previous sections
to obtain the corresponding spherical expression 8. Setting

00 00 00

v v
el = et = — 7 fl) - 5 J|f|] ' (kIfIK)
00 00
A—1~‘I =1 /5, F A—1~‘l
+ j, (alfla)+ j,~ (blflb)+ j_° (C|flc) (4.166)
the 6 EACCSD) correction reads
5 EACCSD(T) (— 1)]c+]k =J
ijk
J J' J J
/ " W" 2 n H 2 N
x (=1 (ijk||Allabce) (abélltllijk) . (4.167)
L A L A
]// ]//

80ther non-iterative energy corrections such as CR-CC(2,3) [138] also have a denominator
which, however, is not as simple as the one encountered for ACCSD(T) which then cannot be
treated exactly in a spherical formulation, see Sections 2.8 and 5.6.
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When evaluating the coupled expressions for the 2 i amplitudes, the permu-
tation operators pose a problem, as, e.g., for the contribution
Adv = Pupe Py > vk 20, (4.168)
d
to the A amplitudes. Similar to Section 4.9.2, it is possible to couple the m-scheme
expression for a specific index combination and to work out the transformation
that leads to the antisymmetrized coupled expression. However, this transfor-
mation is quite memory-consuming in practical applications. The most straight-
forward approach for dealing with the permutations is to apply them before the
angular-momentum coupling, and simply couple each resulting term, i.e.,

Z;jbkc — (]Al - Tab - Tac) (]A]- - T}k - T}k) Z Ugck A’;jd (4169)
d
= (A — Ty — Toc — Tie — Tjx + Tap Tie+ T Tk
+

Tac A'k+ Tac T}k) Z Vgck A’;jd
d

(3a1) i (arg,) ij (87ac)
= N e TN kel T (4.170)

d da

The corresponding spherical expressions are listed in Appendix G.1°. These
expression make heavy use of X coefficients. Since there are too many of them to
pre-store, only X coefficients for fixed values of J, J’, J” are calculated and cached
at a time 1°. In order to accelerate the computation of these X coefficients, the
relation for Wigner 9j symbols

S

. 2 a b c d e f g h j
= e 7L d ),

6j

R Q&
ST
~

9
(4.171)

is used in order to compute the X coefficients from pre-cached Wigner 6j sym-
bols. Because of the presence of the coupling coefficients it is no longer possible

9The naming convention is such that, for example, (AAr7,) is the first term contributing to A
after the permutation operator T, has been applied.

10This is of course because the energy correction contributions for fixed i,j,k,J,J/,J” are cal-
culated at a time.
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to use optimized matrix-multiplication routines to compute the 7, 2 amplitudes
for given hole orbitals i, j, k. Therefore, there exists no longer a reason not to con-
strain the particle index summation in the energy formula. A spherical expression
for the energy correction with partially exploited antisymmetry that is used in the
implementation, is given by

(ACCSD(T)) _
GE = (3,)2 D @=bw) 2=8y)
o Cijk
J J J J
" / 4 N"‘ 2 ﬂ ” }=~1 W
X Y (=1 (<) (i k| Allabe) (abélEllij k) (4.172)
i l JZ A l JZ A

which may be confirmed by recognizing that e“b ¢ is invariant under permutations

of orbitals and, for instance,
]ab ]ab

ZVL—Z ) (ab| = (Z+Z+Z)Iab (ab| (4.173)

ab a<b a=b a>b
Jab Jab

= (Z+Z+Z ((—1) (—1)fu+fb—’ab)2) |ga> (ﬂ?l (4.174)

a<b a=b a<b
]ab ]ah

[y Iy
= ) (2-8a)lab) (ab|. (4.175)

a<b

4.11 Spherical ACCSD(T) for Three-Body Hamiltonians

The ACCSD(T) expressions for three-body Hamiltonians are translated into the
spherical formulation analogous to the two-body Hamiltonian case. As before,
the treatment of permutation operators P,y etc. is not trivial. For the three-
body ACCSD(T) a more economic implementation has been chosen than straight-
forwardly expanding the permutation operator £, in terms of transpositions,
Pipje=1-T,. — Tyc. As an illustrative example, the expression

(ZA) . ii SO .
= Puye Y woy A = = (1= Tae=Toe) D wihy AL (4.176)
! !
may also be written as
Carxe gk, M) 5 ko
- Z Wapt A Fap Zwbcl A (4.177)

l
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The permutation operator £, is easy to deal with because in the spherical scheme
it may simply be replaced by P,;(J) . As a second example, (ZE) may be rewritten
as

B 5 ijd kl
+ Papje Pijjx Z Wapy A

jETac

(£E1) ( The) A

= ) whi Ak pab Z wld A (4.178)
dl
3
(<) (%’Z.T’m)
5 jkd 5 B jkd

+ By Z Zzbl All + Bap Bij Z lchl )L;ld’

dl dl
again involving permutation operators that are most convenient for the transla-
tion into the spherical scheme. The spherical expressions corresponding to these

representations of I'/* and M{¢ can be found in Appendix G.2.

4.12 The CR-CC(2,3) Energy Correction

As reviewed in more detail in Section 2.8, the CR-CC(2,3) energy correction is of
the form
1
(CR-CC(23)) _ ijk gmabe
OE = BIF & Lipe MEE (4.179)
i
where l;’b’Z are the amplitudes of the approximated left-eigenstate operator and

Smf]b]: are the generalized moments of the CCSD equations. As can be seen from
(2.122), the denominator

abe — abe
D = D), (4.180)
where
k
D?]bkc(k) — _Z <¢ab0|%(CCSD)|(I)lﬂJb]:> (4181)

(or D(k) for short) involving one-, two-, and three-body effective Hamiltonian ma-

trix elements, enters the definition of the l;gz amplitudes, such that the energy
expression can be stated as

(CR-CC(2,3)) _ l]k abé
GE = (3')22 > N e T (4.182)

abc Mampmce
ijk  mimjmy l]k
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Such a denominator containing higher-than-one-body matrix elements is trou-
bling when the energy expression (4.179) is translated into the spherical formula-
tion, because the three-fold appearance of individual orbitals prevents the use of
traditional angular-momentum-coupling techniques. A projection-independent
denominator, on the other hand, may be pulled in front of the projection sum
in (4.182), and the contraction of the N;’h’z and Qﬂfjblf elements can be formulated
in angular-momentum-coupled form. One possibility is to truncate the denomi-
nator at the k =1 level,

DI~ D) = — @A 0, (4.183)

which has the same structure as the denominator encountered in ACCSD(T), with
the one-body effective Hamiltonian being replaced by the Fock operator, and is
independent from the projections. However, while Ddz’é(l) is the only denomi-
nator that can be treated exactly in spherical Coupled Cluster theory, it should
also be attempted to include the higher-order denominators D“bc(z) and D“b”(?))
into the calculations, at least in an approximate form. The approach pursued in
this work to incorporate denominators beyond D?j_l_”]-f(l) is to replace the matrix

elements %” 7 and Sy q”’, entering the definition of D?j_b]-f (2) and Df]_b]-f(S) by their

projection-averaged counterparts % and 77" according to

pqar’
JM M
7 = S paelpa) = 3 T (palelpd) (4.184)
pa = JIp g pq\7taipq) = - pql7t2lpq .
mpmyg
A = TR D (BarlAalpar) (4.185)
n‘lpﬂlq
f,fl ;,fl
= pquﬁﬁ,lpqﬂ (4.186)
]nq
The resulting denominators will correspondingly be referred to as D (2) and

l.]. f (3), or D(2) and D(3) for short. The coupled matrix elements enterlng (4.186)
can be obtained from

’—l ’—l JabMab JapMap JapMap JabMab
im ji Jan| Y. TV T

. : [V
@bilAlabi) — —J;b;{]? j ]ab}éj (ab|ilim) (im|dlab)  (4.187)
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and
JM M
Tij Jij JijMij jiiMij JigMy; JiiMij
(ijalsija) = i,?,.Z{’; I fj} (iT101e) (@A) (4.188)
e a2t g

This approximative treatment of the higher-order denominators will be justified
by practical calculations in Section 5.6, where it is compared to results correspond-
ing to an exact treatment of the denominators obtained from an m-scheme imple-
mentation.

For the spherical derivation of the CR-CC(2,3) working equations, the coupling
strategy used for the ACCSD(T) method in Section 4.10 is too cumbersome because
of the expansion of the permutation operators involved, resulting in many and
rather complex terms to consider in the final expressions. The advantage of this
approach is little memory consumption in actual calculations. For CR-CC(2,3),
an alternative route is followed, where the multi-index permutation operators are
applied to the coupled expressions. In order to do so, a different coupled form of
the energy-correction expression is more convenient, !

J J J J
5 E(CR-CC(2,3)) ]l—l ]lb—l ]lb—l f’z—l
1 vy  [Vy ¥y TV
= G 2 2. 2= 6w) 2= 8y (ijkIlllabe) (abelij k) (4.189)

azbic JqpJij
i>jk J

in which the orbitals connected via angular-momentum coupling that are also
the ones that are subject to permutation among each other. The application of
angular-momentum coupling and the permutation operators

Pabc = ]Al - Tab - Tuc - Tbc + Tab Tac + Tac Tab (4190)
and

Pjj = 1-Tw—Tx (4.191)

at orbitals as they occur in (4.189) may then be evaluated using the transforma-
tions Pupc(Jap, Jape) and P,-j/k(],-j, Jiji) listed in Figure 4.14. These transformations

11Tt should be noted that in (4.189) reduced matrix elements are used while the expressions
presented in the following result in the non-reduced matrix elements.
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are quite simple, requiring only 6j coupling coefficients and orbital permutations.
However, all intermediate angular momenta and orbitals that are permuted have
to be held in memory in order to avoid to compute quantities more than once,
making this approach more memory consuming, as mentioned earlier, but on the
other hand more efficient.

Using the transformations from Figure 4.14 the generalized moments may then
be calculated as

M M JM JM

Ny ¥ X Ny 1V

(abc|Mlijk) = Papc(Jan,J) (@bcltlijk), (4.192)
with

JM M

]ab ]ij
ﬂ’—l . W’—l .
(abc|Xlijk)y = Pij/k(]ij,]){

JijMi; JiiMij JabMab JapMap
1 7 7 ] W N H m
~ Jii Ja —1yetinthy Jdedm i o bRy (ab)ilkm
2],]1;;( ) {]k ] fab@( J1ij) (abli|km)

JabMab  JabMab  J;; M;; JijMi;

1. . L o e Jii v N o~
=5 i Jap D (= 1y {J. Je J f} (ab| 4 ke) <ec|tz|lj>}
e 6j

Je T Jab
(4.193)
and where the angular-momentum-coupled form of the J intermediate reads
M IM M JM M IM 00
v v v v v _ v T
(melflij) = (mellif)+ j,' Y (eclilij) (mlAle) . (4.194)

e

For the derivation of (4.193), the non-trivial identity

ZZ Jab Jo T Jij e T
Mab me M G Mij mi M cG

Mmemmy MapM;j
mm M

% ]m jc ]ij jk ]m ]ab

= — (=1)ctimt)ij j2 Al.. Aa Je Jm ]ij 4.195
(—1) ]]]]b{].k I Jwf, ( )
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Z ja jb ]ab Z ]ab jc ]abc
Mamy mg MmMp Mab CG Myym, Mab me Mabc CcG

X Pipe lamab my, cmg)

= -y, + Y Fa S g,
{ ( ) b ;f b ]a ]abc ]ab]. ]ahf

_Z(_l)jb+jc+f+]ubj‘]‘ab ]'C Ja f TbcT],,bf
1 ]b ]abc ]ab 6

_(_1)ja+jh+1ubzf*jab {Jc Ja f} Tov Tuc Ty JabeMae
s 6

jb ]abc ]ab
]ab
. (i i A [V
—Z(—l)f”fc*fffab{; P fb} TacTabeabf}labw
j JabeMabe )
]ab

. [y
Pabc(]ab;]abc) | ab C)

Z (ji Jj ]ij) Z (]ij Jk ]ijk)
m;m; m; m] Ml] CG Mijmk Ml] M Mijk CG

X By lim; jmjkmg)

- e ik Ji A o4 4 o
= ]1 —+ i . T; Ti' / JijkMijr
{ ; S Ji {]i Jijk ]ij}6]- £ s —

Jij

o . . . R R v
— Z (—1)]k+1j+f+]ij f ]ij {]k /i f} Tjk T]ijf} | l] k)
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i Jijx Jij

JijkeMijk

Tl
a

= PinUij Jiji) i j k)

Figure 4.14: Transformations required in to obtain angular-momentum coupled and antisym-
metrized expressions for Pypc |abé) and P i an] k), as needed in the CR-CC(2,3)
implementation. The action of, e.g., Tj,, ¢ is understood as replacing all occurences

of Jap on the right by ¢.
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is helpful. Similarly, the N amplitudes may be calculated according to

JM JM JM JM

i 4] i 4]

Vy [V R vy [V

(l]klNlabC) = ubc(]abr]) (l]k|r|abc> (4196)
where

JM JM

vy [V 1

(ijkillabe) = Bij(Jij, J) { > 8 JuJi; ! (=1)etictTavtTij

JabMab JabMap 00 JavMap  JabMap 00
KNP RN BB
x (1] 18] ab) (ki2ile) + (i] Aol ab) (klAic) )

JijMij JijMij JavMap  JapMap

e+ 7 7 .c 'e ij v s Ty W - ﬂ
— 5 (=1ytietti Z]ab Jiy 40! Ji (ijlAzlec) (kelsBlab)
~ Je T Jab 6

]ifMij ]ijMij JavMap  JapMap

. R N S /70 I L O o A I A
+ L 3 Jiy 42 il (ijlA8imey (kmidolab) | .
- Je T Jan)y

(4.197)
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4.13 Spherical EOM-CCSD

Excited eigenstates of the Hamiltonian have good angular momentum and pro-
jection, so these quantum numbers may be used to label right eigenstates as

) (4.198)

w,J,M

and the corresponding left eigenstates as

(@A (4.199)

w,J,M

As in the m-scheme case, these eigenstates will be generated by the action of cor-
responding excitation operators on the CCSD ground state. If ) is a spherical
tensor operator, then the right eigenstate transforms as

A ~ & (4.200)

but the left eigenstate transforms differently, according to

T,(CCS -M &
(W | ~ (=1 a0 (4.201)
Therefore, by introducing excitation operators i)?{iff%,)) and de-excitation operators
Qfﬁ\?) that transform as spherical tensor operators,

$1(CCSD) a(CCsSD) >(])
Rugm > Lugm ~ % (4.202)

the spherical EOM-CCSD ansatz for the excited states then reads

Wagar) = R el 19) (4.203)
(@D = (@] (1M & e T (4.204)

where the excitation index u will be dropped in this and the following sections.
As before, for EOM-CCSD, the excitation operator SJA‘{(](ESD) consists of a zero-, one-,
and two-body part,

Riar = Rop+ R+, (4.205)

It is clear that the zero-body part cannot generate any angular momentum and is
therefore of the form
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with Ry being a number. This is consistent with the statement that the zero-body
part of the excitation operator is only non-zero for excited states that have the same
symmetries as the ground state which is always a 0" state in our case. Again, the
excitation operator satisfies an eigenvalue equation for the effective Hamiltonian
of the form

open

(2L RE) 19) = 0 R 10). (4.207)

Projecting this equation onto the singly and doubly excited m-scheme Slater de-
terminants and coupling the resulting equations leads to the coupled form

J—M J—-M
——— ¥ e
(@l( AL R 1)) = o (@R (4.208)
JabMap ]ijMij JabMap ]ijMif
Y. . v (v . v
(abl (A RY) 1if) = o labIREGi]) (4.209)

which more conveniently can be formulated in terms of reduced matrix elements
12
as

(all (ALED KD iy = o {alB i) (4.210)
Jab Jij Jab Jij

(¥ cos) 6 i BV
(abll (AP RO i) = o (@blIR i) (4.211)

The corresponding equations are listed in Appendix H.2.

Analogous considerations for the left eigenvalue problem

(8] (-1 B S a1y ECD)

" open

lead to the spherical form

(ST AEEDNa) = w (il12Va) (4.212)
Jij Jab Jij Jab

v ) K A
GFIEFSD AL Nab) = w (18 ab), (4.213)

for which the corresponding equations can be found in Appendix H.2.

12Gince %JSE,ED) is a scalar under rotation, (%égecr? D) ETQ(]CCSD))C is a spherical tensor operator of

rank J.
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The eigenstates of #(€CSD) are also parity eigenstates. In order to target a spe-
cific parity, the constraints

(—-1)", for matrix elements of &, %!/ (4.214)
(—1)!*4 , for matrix elements of &, kY, (4.215)

(1"
(_1)lu+lb

!
!

may be enforced to obtain positive parity states 3, or

(1)« # (=1)", for matrix elements of £, R (4.216)
1 1
(—Dkth % (=1)4*4 | for matrix elements of £, R, (4.217)

in order to obtain access the negative parity spectrum.

If one is interested in the J =0 spectrum only, R “*” and £{°*" are scalar ten-

sor operators and the spherical EOM-CCSD equatlons may significantly be sim-
plified. As for CCSD, these equations may be formulated without the use of cou-
pling coefficients except for cross-coupling transformations. Therefore, simpler
code structures and optimized matrix-multiplication routines may again be em-
ployed in order to accelerate the calculations. The scalar EOM-CCSD equations
have also been worked out and can be found in Appendix H.3.

4.14 Spherical Reduced Density Matrices

The m-scheme expression for the EOM-CCSD reduced density matrices in terms
of the spherical tensor operators iﬁffRSD) and & reads

uv 671 — <le(CCSD) | { A-t (CCSD)

A-’- ~ ~
(PN Y PN Ag,---Ag } |V, 7 00)

= _1V1—M; ((CCSD) _f(ccsD)
= (@] (-1 EO
T

. ~ T(CCSD) (CCSD)
{aﬁl'-.a[maqn"'aQ1}e 9{'V]RZMR |(I)>

— Ji—M (CCSD)
= (@] (—1)M RO

(1a}, ...a;n Gg,-neg b ) O () (4.218)

13This is because the CCSD ground state is a 0+ state.
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ay...an

This translates into the usual m-scheme expressions in terms of amplitudes ;'

and [}'~% provided that the following identifications

R T 4219
and
e = (3 TR (g g, (4.220)

are implied.

The eigenvectors of the effective Hamiltonian need proper normalization in
order to compute the density. All vectors belong to the same excitation index
so this index will be dropped again. The vectors ERSiCSD) and SSCLCSD) are normal-
ized such they lead to the correct normalizations in the corresponding m-scheme
expressions for the operators Ry and (1)Y=t 2P - Therefore, the right
eigenvector is rescaled according to

RICSD) 1 PRCCSD) (4.221)
N

with

Nown = (9%)2+Z alRy, 1D @m0

abt]
]ab /ij
1 2
_ 2 Jr) Jr)
= @2+ [(alR 1] + 4 J; ZZ[abum i) @22
ai abij JapJij
which follows from

D (almls) 1) (@R, o) (4.223)

2
= [( 1) m( ” [(allB )] (4.224)
m; 3

Z[ al|RY7 i) ] (4.225)
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and

—Z (@b|RV%) 117) (@bIRYY) 1ij) (4.226)

abij

_ _Z Z Z (ja Jb ]ab) (ji Jj ]ij)
abij JabMap . M) Ma My Map CG m; mi Mij CG
TiiMij T

x(ja v ];/b) (j,- Ji 1{5)
mqg my M, ce Ui m; M” oG

x(_l)]ab_Mub( Jab Jr ]if) (- 1)];b—M;b( c/zb Jr ]z/])
3] N 3]

_Mab M Ml] M;b M M;]
Jab ]i_f ]L/lb ]zy
v N[V
x (ab||RY7)if) (abll%(“)llij> (4.227)
],]
1 .
= 22l [abnm”“nm] . (4.228)
abij JabJij

£(CCSD) .

In a next step, is rescaled in order to ensure unity of the state overlap

1 = Mew = (B]0)), (4.229)

implying J; = Jg = J for the moment, which m-scheme expression is given in
terms of reduced matrix elements as

Now = (1) ™M8 R+ (1M (118 la) (@R, i) (4.230)
arj
1 . - N
5 GO GRS lab) abIR) ) (4.231)
abij
New = —J7° Z(—l)f““”’f (i1 Nla) (allRV]])
“ ]if ]ab ]ab ]if
1. U L I P
+= 2D (e (112 ab) (ablR i) (4.232)
4 abij JijJab

Since excited states are considered, £, = 0 is implied, so the product £,9%, van-
ishes. Eq. (4.232) may also be used to check biorthonormality of the left and right
eigenvectors. A further check of the implementation, at least for Jz = 0 states,
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may be done by computing the overlap .4ix of the A state with the right eigenvec-
tors [76],

M = Ro+8s0 Y (illAlla) (allRY)10)

J J ] J
1 N A H n $:(Jr) N
2 650 D D (ijliAullab) (ablIFVNij) (4.233)

abij ]
which should vanish 4.

Using the spherical expression of the reduced density matrix, the expectation
value of a one-body spherical tensor operator O} may be expressed as

(0F),, = =D/ 72 (=1 (plloPlig) (allpk ™ lIp)
prq
(4.234)

Since it depends on the projection simply by the phase, the calculations can be
simplified by setting

14Tt is of course always possible to compute the corresponding m-scheme vector from the spher-
ical solution and then check overlaps etc., which is a recommended way to verify things anyway.
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Chapter 5. Results

The overarching goal of this work is to extend the range of ab initio nuclear struc-
ture calculations to medium-mass and heavy nuclei. However, the computational
framework considered in this work has arrived at a level of complexity at which
the interpretation of results is not entirely straightforward. The initial Hamilto-
nian undergoes a renormalization treatment before it enters the many-body calcu-
lation, which itself is a multi-step procedure. Truncations are involved in each of
these steps and it is important to understand in which ways they affect the results
and to carefully monitor their impact in order to be able to estimate the overall
accuracy of the calculations.

Although the accuracy of the Coupled-Cluster method can be estimated from
an analysis of the contributions at different orders of the cluster expansion, a
more direct approach through a comparison of Coupled-Cluster results with ex-
act solutions is favorable, where possible. In Section 5.1, the quasi-exact results
for 18O from the IT-NCSM are compared to the various Coupled-Cluster ground-
state methods considered in this work, and it is concluded that CCSD approach
in combination with triples corrections can compete with the quasi-exact diago-
nalizations for this nucleus.

Using NN-only Hamiltonians eliminates all problems and difficulties related
to the treatment of 3N interactions and allows to demonstrate the capabilities of
the many-body methods detached from technical limitations imposed by the 3N
interactions. In Section 5.2 it is shown that at the two-body level Coupled-Cluster
calculations can be performed across the nuclear chart, and that the input inter-
action is the more limiting factor in such calculations.

In ground-state calculations beyond light nuclei, the standard chiral NN+3N-
full Hamliltonian exhibits strong contributions from SRG-induced beyond-3N in-
teractions which prevent any attempt to estimate the ground-state energies of the
bare NN-+3N-full Hamiltonian. In Section 5.3 a reduced cutoff-momentum vari-
ant of the chiral 3N interaction is considered that exhibits a much reduced flow-
parameter dependence and which will then be used for all of the following calcu-
lations beyond light nuclei.

One of the most important truncations related to the inclusion of 3N interac-
tions is an energy-truncation Esm., in the 3N matrix elements, which is considered
in Section 5.4.
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Triples corrections are indispensable in the Coupled-Cluster framework by
providing crucial contributions beyond CCSD, in particular for harder interac-
tions. But even for soft interactions, where the contributions are rather small,
triples corrections give important information about the convergence of the clus-
ter expansion. General aspects of triples corrections in nuclear structure calcula-
tions are discussed in Section 5.5 in the context of ACCSD(T), and the results for
the CR-CC(2,3) method, including a comparison to ACCSD(T), are presented in
Section 5.6.

In practical calculations, the normal-ordered two-body approximation is crit-
ical since, in particular for calculations involving heavy nuclei or triples correc-
tions, the NO2B approximation reduces the computing time by orders of magni-
tude. Since the calculations rely so heavily on this approximation it is worthwhile
to verify its validity for medium-mass nuclei using CCSD and ACCSD(T) calcula-
tions for three-body Hamiltonians in Sections 5.7 and 5.8.1.

Heavy nuclei are considered in Section 5.9. Advancing to larger mass num-
bers requires to revisit truncations of the SRG model space, and the generation
of large-En.x matrix element sets. Nevertheless, despite all technical difficulties,
it is shown that reliable ab initio calculations can be performed even for nuclei as
heavy as 1325n.

Proof-of-principle calculations of excited states using the spherical EOM-CCSD
formalism are attached in Appendix A. In these calculations the EOM-CCSD
framework proves to be capable of describing selected low-lying states, making
it a more favorable approach to such states than the Random Phase Approxima-
tion approach, for instance.

Finally, to extend the calculations beyond common nuclei, in Appendix B neu-
trons trapped in an external potential are considered. These neutron systems al-
low to study the extreme-isospin component of the nuclear interactions and serve
as simple models for neutron-rich nuclei.
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5.1 Comparison of the IT-NCSM with the
Coupled-Cluster Method

Comparing CCSD ground-state energies with ones obtained from the IT-NCSM
allows to estimate the quality of the CCSD approximation to the exact wavefunc-
tion, because converged IT-NCSM results may for present purposes be regarded
as the quasi-exact solutions of the Schrédinger equation. This is not the case for
CCSD, since, even in the limit ema.x — 00, contributions from triple and higher-rank
excitations are missing in the wavefunction.

A direct comparison of the Npmax and emax model spaces for the IT-NCSM and
CCSD is not immediately possible. For CCSD, a rough estimate of the maximum
unperturbed excitation energy of the basis Slater determinants that is generated
by a operator product (7;)*(T)™ is given by (n+2m)ema i, while for the IT-NCSM
the maximum excitation energy is Nm.x71Q2. Therefore, for emax = Nmax, the maxi-
mum excitation energy of CCSD exceeds the one of the IT-NCSM. This is why in
Figure 5.1 the CCSD results seem to converge more quickly. On the other hand,
only some determinants (those that are generated by certain products of excitation
operators) with such high energies are included in the CCSD model space while
the IT-NCSM includes all determinants ! up to the maximum excitation energy
NmaxF82.

Unlike the IT-NCSM, CCSD is not strictly variational but in practice non-
variational behavior is practically never encountered. Therefore, the CCSD re-
sults converge from above and the converged results are expected to lie somewhat
above the converged IT-NCSM because of the missing beyond-single-and-double
excitations in CCSD. These expectations are confirmed in Figure 5.1, where the
three types of Hamiltonians NN-only, NN+3N-induced, and NN+3N-full with
regular cutoff momentum Asy = 500 MeV are considered in a harmonic-oscillator
basis for a sequence of SRG flow parameters. For calculations involving three-
body Hamiltonians, the normal-ordered two-body approximation is used. The
nucleus %O has been chosen because it is at the upper end of IT-NCSM capa-
bilities and at the same time marks the beginning of the medium-mass regime,
which is the primary interest of this work. Postponing the detailed discussion of
Coupled-Cluster results to later sections, good agreement of CCSD and the IT-
NCSM is apparent. In the model spaces that are considered, CCSD is converged

More strictly speaking, all relevant determinants.
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beyond any doubt and for the IT-NCSM the extrapolations are trustworthy. For
the IT-NCSM, the largest sources of uncertainties come from the importance trun-
cation for non-vanishing xmi, and the extrapolation to infinite model space sizes
Nmax, which are both of the order of 1 MeV. For the Coupled-Cluster calculations,
the truncation of the cluster operator at the T, excitation level represents the major
source of uncertainty of the order of a few MeV, and, consequently, the observed
deviations from CCSD to the IT-NCSM are to a large extend attributable to this
approximative nature of CCSD. While the NCSM is translational invariant from
the outset and the IT-NCSM practically preserves this translational invariance,
spurious center-of-mass contaminations may occur in truncated Coupled-Cluster
calculations. However, these center-of-mass effects are expected to be small [152].

Conclusions about the bare Hamiltonians at SRG flow-parameter o = 0.0fm*
can often be drawn by analyzing the flow-parameter dependence of ground-state
energies of SRG-evolved Hamiltonians. Here, the different quality of the IT-NCSM
and Coupled-Cluster results have to be considered. Since the IT-NCSM is a quasi-
exact method, the flow-parameter dependence may completely be attributed to
omitted SRG-induced many-body interactions. On the other hand, the truncations
inherent in the CCSD or ACCSD(T) approach may cause flow-parameter depen-
dence on their own. A simple example is given by truncation of the cluster opera-
tor: Since softer interactions are expected to induce less correlations, it is expected
that an approximate method such as CCSD performs better for softer interactions
than for harder ones. A second source of flow-parameter dependence is identified
as the Ezmax cut for three-body matrix elements, as discussed in later sections. In
principle, an Esmax truncation should also cause a flow-parameter dependence in
the IT-NCSM, however, for all IT-NCSM model spaces Npax < 14 used in this work,
the full set of required matrix elements was included.

A more detailed comparison of IT-NCSM and Coupled-Cluster ground-state
energies for 0O — now also including triples corrections to the energy — can be
found in Figure 5.2. In all cases the IT-NCSM energies lie halfway between the
CCSD and ACCSD(T) results. For the NN+3N-induced Hamiltonian at @ = 0.04 fm*,
for instance, CCSD yields -120.2 MeV, the IT-NCSM gives -121.8 MeV and ACCSD(T)
gives -123.6 MeV. From this follows that CCSD is even a little closer to the IT-
NCSM than is ACCSD(T). Thus, a naive look at Figure 5.2 suggests CCSD to be
the more accurate approximation than is ACCSD(T). However, due to its varia-
tional character, the true exact result is expected to lie below the IT-NCSM and in
quantum-chemistry applications ACCSD(T) tends to overshoot the exact result a
little [153], so the exact result is actually expected to lie in between the IT-NCSM
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Figure 5.1: Comparison of IT-NCSM and CCSD results for 16O and the three Hamiltonians
NN-only, NN+3N-induced, and NN+3N-full for a sequence of SRG flow parame-
ters. The single-particle basis is the harmonic-oscillator basis with oscillator frequency
nQ=20MeV. For the NN+3N Hamiltonians the NO2B approximation to the 3N in-
teraction was used with Esmax = 12.
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Figure 5.2: Comparison of extrapolated IT-NCSM ground-state energies with converged CCSD,
ACCSD(T), and CR-CC(2,3) results for 18O. Parameters of the calculations as in
Figure 5.1.

and ACCSD(T) results. This expectation is further confirmed by the CR-CC(2,3)
results, which are the more accurate approximation to the exact triples correction,
and which lie halfway between the IT-NCSM and ACCSD(T) results, such that
in many cases the IT-NCSM and CR-CC(2,3) ground-state energies agree within
the remaining uncertainties. Furthermore, the spread between the results for the
different many-body methods for individual flow parameters becomes smaller
with increasing flow parameter. This is also expected, because, as already men-
tioned above, for softer interactions approximate many-body methods should per-
form better. In conclusion, for 0O, Coupled-Cluster theory with singles and dou-
bles excitations combined with a corrective treatment of triples is able to provide
ground-state energies that can compete with the quasi-exact diagonalizations that
can be performed within the IT-NCSM.
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5.2 CCSD with SRG-Transformed Chiral Two-Body
Hamiltonians

Calculations using SRG-transformed NN-only Hamiltonians do not provide much
useful physical information due to the strong violation of the unitarity of the SRG
transformation caused by the omission of SRG-induced three- and higher-body
interactions in the NN-only approach. However, by ignoring three-body inter-
actions for the moment, all additional complications related to the handling of
3N interactions are avoided, which for example will later restrict the calculations
using 3N interactions to the medium-mass regime. Furthermore, without 3N in-
teractions, CCSD calculations become inexpensive and, therefore, the NN-only
framework may be used to demonstrate basic capabilities and limitations of the
CCSD implementation itself, without being constrained by limitations of the input
Hamiltonian.

Figures 5.3 and 5.4 summarize NN-only results for the reference- and CCSD
energy for medium-mass and heavy nuclei ranging from 'O to 2®Pb, using both,
the harmonic-oscillator (HO) and Hartree-Fock (HF) basis. Considering the refer-
ence energies in panel (a), it is apparent that for the HO basis it increases rapidly
as one departs from the optimal oscillator frequency, while for the HF case the
reference energy is absolutely stable for the whole frequency range considered. It
is, therefore, striking to find in panel (b) only small deviations in the final CCSD
results in the HO and HF case, for frequencies up to 72 = 32MeV. An extreme
example for 2%Pb is given in Table 5.1: The CCSD energies are all very similar
for the HO and HF basis and for both oscillator frequencies 7Q = 20 and 36 MeV.
The reference energy, however, differs by up to more than 7 GeV (!). So, at fre-
quency 72 = 36 MeV, CCSD contributes about 8 GeV to the energy for the HO
basis, while for the HF basis it is only less than 900 MeV, both arriving at the same
result within about 200 MeV. This may be regarded as a demonstration of Thou-
less” theorem [154].

The plots in panel (c) of Figures 5.3 and 5.4 show the convergence of CCSD
energies in HF basis with respect to the model space size enax at the optimal oscil-
lator frequency for the individual nuclei. All nuclei show a similar convergence
pattern, where at least in en.« = 14 model spaces the results are finally fully con-
verged. Therefore, in the NN-only framework, it is possible to obtain converged
CCSD results all over the nuclear chart. This is made possible by the spherical
formulation of CCSD. For the 2%8Pb calculations at emax = 14, for example, the m-
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Figure 5.3: Reference energy and CCSD ground-state energy per nucleon for the nuclei 160, 4°Ca
and 58Ni, using SRG-transformed chiral N*LO two-nucleon interactions for a range
of flow parameters. Plots (a) and (b) are obtained from an ey, = 14 model space, while
for (c) the optimal HO frequencies h2 =20 MeV (for 160) and 2= 24 MeV (for *°Ca,
S6Ni) are used, which correspond to minima in both, the HO and the HF basis. Open
symbols represent the results for the results harmonic-oscillator basis, full symbols the
Hartree-Fock basis.
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Figure 5.4: As in Figure 5.3 for nuclei 1*Sn, '32Sn and 208Pb. In each case the optimal oscillator
frequency is it =24 MeV.
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208Pb .
nQHO) [MeV]  E.f [MeV] ECCSD) [MeV]
20 -1819 -3130
36 +5025 -2950
hQHF) [MeV]  Ef [MeV] E(€CSD) [MeV]
20 -2300 -3157
36 -2171 -3035

Table 5.1: Reference energies and CCSD ground-state energies for 298 Pb for oscillator frequencies
nQ =20 MeV and 36 MeV, highlighting Thouless’ theorem.

scheme formulation would require to solve the CCSD equations for about 300 bil-
lion T amplitudes — which is way beyond present capabilities. For the spherical
scheme, on the other hand, the number of amplitudes totals to about 600 million,
which can be dealt with using modern computers. As mentioned above, compar-
ison with the experimental values at this stage is pointless because of the massive
flow-parameter dependence of the energies that does not allow to draw any con-
clusion about the bare Hamiltonian.

In summary, spherical CCSD with SRG-transformed NN-only Hamiltonians
has been demonstrated to be practically applicable to nuclei over a large mass
range. This is due to the fact that the interactions considered here are quite soft
and well-behaved from a computational point of view. Obviously, (at least) SRG-
induced 3N interactions have to be included in the calculation in order to possibly
get rid of the flow-parameter dependence and it is expected that at least the chiral
3N interaction needs to be included in any quantitative calculation. However, once
3N interactions are included, the resulting interactions get more difficult to deal
with compared to the NN-only case. For example, the CCSD equations usually
do not converge for the HO basis if the oscillator frequency does not coincide with
the optimal frequency, making using the HF basis mandatory.
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5.3 Reduced-Cutoff Chiral Three-Body Interaction

The chiral 3N interaction [155] with regulator cutoff-momentum Asy = 500 MeV
can successfully be employed to describe light nuclei [17]. For example, IT-NCSM
results for ‘He ground-state energies are presented in Figure 5.5 (top). For the
NN-only Hamiltonian, the converged energies show a strong dependence on the
flow parameter. Therefore, it can be concluded that the unitarity of the SRG trans-
formation is strongly violated by omitting all induced three-and higher-body in-
teractions during the SRG flow. The systematics of the flow-parameter depen-
dence is such that the energy moves downwards for increasing flow parameter.
So, from the NN-only plot in Figure 5.5, the bare (untransformed) result for the
chiral NN interaction is expected to lie well above the experimental value but the
strong flow-parameter dependence prohibits any more detailed prediction. Once
the SRG-induced 3N interactions are included in the calculations by using the
NN+3N-induced Hamiltonian, the flow-parameter dependence of the converged
energies practically vanishes. This implies that — for the range of flow param-
eters considered here — induced four-body interactions are not relevant for the
description of the ‘He ground state. Consequently, the NN+3N-induced calcula-
tions can be seen as unitarily equivalent to calculations with the chiral NN inter-
action, which, however, misses the experimental value considerably. The chiral
N°LO two-nucleon interaction is, therefore, not sufficient for reproducing the *He
ground-state energy. This is not too surprising since chiral 3N interactions al-
ready appear at N°LO in the Weinberg power counting, which have not yet been
taken into account. Once these chiral 3N interactions are included via the NN+3N-
full Hamiltonian, the ground-state energies still show no flow-parameter depen-
dence which allows to make a prediction for the bare NN+3N-full Hamiltonian
and which also shows good agreement with the experimental value. The flow-
parameter independence of the NN+3N-full results provide the important infor-
mation that SRG-induced four-body interactions out of the initial 3N interaction
are not relevant in this case.

For the heavier nucleus '?C shown in Figure 5.5 (middle), the situation is sim-
ilar. The results for the NN-only Hamiltonian show a strong flow-parameter de-
pendence and thus do not allow for any predictions for the bare chiral NN in-
teraction. Inclusion of the induced 3N interaction eliminates the flow-parameter
dependence but as in the case of “He, the prediction for the chiral NN interac-
tion is clearly underbound with respect to experiment. The effect of the initial
chiral 3N interaction moves the results towards the experimental value, with a
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Figure 5.5: IT-NCSM ground-state energies for the nuclei *He, 12C and 10O for the three Hamil-
tonians NN-only, NN+3N-induced, and NN+3N-full. For 160, also the results for
the 400 MeV cutoff-momentum NN+3N-full Hamiltonian are shown (open symbols),
which exhibit a much reduced flow-parameter dependence. The calculations were per-
formed using a HO basis with i) = 20 MeV and with full inclusion of 3N interactions.
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slight overbinding for the flow-parameter values considered here. But since for
12C there is an emerging flow-parameter dependence for the NN+3N-full results,
no safe statement can be made for the bare NN+3N-full Hamiltonian. It is clear
that the violation of unitarity of the SRG transformation is caused by the omission
of induced 4N interactions out of the initial 3N — the initial NN interaction can be
ruled out as a source of sizeable induced 4N because of the absent flow-parameter
dependence of the energies for the NN+3N-induced Hamiltonian.

This flow-parameter dependence of the NN+3N-full results is enhanced for
increasing mass number. Considering %O, in Figure 5.5 (bottom), the results for
the standard NN+3N-full Hamiltonian (full symbols in the NN+3N-full plot), with
the Azn = 500 MeV cutoff momentum in the regularization function [155], shows
a flow-parameter dependence of about 10 MeV for the particular range of flow
parameters considered here. As for 12C, the flow-parameter dependence is eas-
ily found to be caused by at least 4N interactions induced out of the initial 3N.
At this point all predictive capabilities for the NN+3N-full Hamiltonian are lost
within the framework used so far. The inclusion of induced 4N interactions in
order to reduce the flow-parameter dependence is computationally too demand-
ing and, therefore, a modified interaction is used in the following: The NN+3N-full
plot for 16O also shows results for a reduced-cutoff interaction (open symbols), in
which the regulator cutoff-momentum of the chiral 3N has been lowered from
its standard value Azy = 500MeV to A;y = 400MeV and the low-energy constant
cr has been refitted to reproduce the “He binding energy, while the other LEC
that is exclusively related to chiral 3N interactions at NLO, c¢p, which is fitted to
the triton half-life, remains unchanged. The reason why ¢y has not to be adapted
to the new parameters of the interaction is that altering the 3N cutoff or cx does
not affect the results for the triton half-life. The values of the LECs for various
choices of Asy can be found in Table 5.2. The main motivation for lowering the
cutoff momentum is the observation that this way off-diagonal matrix elements
in the 3N interaction, which are a major source of induced many-body interac-
tions, get suppressed (a detailed discussion can be found in [156,157]). Using this
400 MeV cutoff interaction, the 16O ground-state energies show a much reduced
flow-parameter dependence, which is the purpose of reducing the 3N cutoff in
the first place, as discussed below. Furthermore, the ground-state energies now
lie on top of the experimental value. Later on, for calculations of heavy nuclei in
Section 5.9.3, also the Asy =350MeV interaction will be used to study SRG-induced
many-body interactions.
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Asn (5] C3 Cy Cp Cg
[MeV] | [GeV-1] [GeV'] [GeV-!]

500 —0.81 -3.2 5.4 -0.2 —0.205
450 —0.81 -3.2 54 —0.2 -0.016
400 —0.81 -3.2 5.4 -0.2 0.098
350 —0.81 -3.2 54 —0.2 0.205

Table 5.2: Low-energy constants that parametrize the chiral 3N interaction, for various choices of
the 3N regular momentum cutoff Asn [86]. The constants ci, c3, and cy are fixed through
the chiral NN interaction where they enter as well, and cp also remains unchanged
because it is fitted to the triton halflife which is not affected by altering Asn. The final
LEC cg is fitted to reproduce the *He ground-state energy.

Since for the nucleus 0 and beyond only the reduced-cutoff interaction al-
lows to obtain more or less flow-parameter independent ground-state energies, it
will be the customary choice for medium-mass nuclei. In Figures 5.6 and 5.7 still
both, the standard and reduced-cutoff interaction are used for comparison, but in
the following sections only the reduced-cutoff interaction will be considered. Fig-
ures 5.6 and 5.7 show CCSD ground-state energies for the medium-mass closed-
shell nuclei ¢2*O and “**8Ca, using a harmonic-oscillator basis at fixed oscillator
frequency 7192 =20MeV. The 3N interactions are included via NO2B, but the large
model spaces considered here require an additional cutoff parameter E3max in the
three-body matrix elements, as discussed in more detail in Section 5.4. For the
present results Ezmax = 14 was used. Although this cut is in principle expected to
affect the results — particularly for the heavier nuclei ***8Ca — on the large scales
used for the plots such Esm.-effects do not play a significant role. Figures 5.6
and 5.7 show essentially the same qualitative behavior as the IT-NCSM results for
160, only on a larger scale. In all cases, the NN+3N-induced Hamiltonian pro-
vides results that are practically flow-parameter invariant and tend to underbind.
The NN+3N-full Hamiltonian with standard 500 MeV regularization of the chiral
3N interaction (full symbols in the NN+3N-full plot) shows a very strong flow-
parameter dependence and for the flow parameters considered here, the evolved
NN+3N-full Hamiltonians show massive overbinding compared to experiment,
which is even comparable to the NN-only case. On the other hand, the NN+3N-
full Hamiltonian with the reduced-cutoff 3N interaction (open symbols in the
NN+3N-full plot) provides results with a much reduced flow-parameter depen-
dence at the level of the NN+3N-induced results, even for the heaviest nucleus
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Figure 5.6: Ground-state energies from CCSD for 160 and 24O for the NN-only, NN+3N-induced,

and NN+3N-full Hamiltonians. For the NN+3N-full Hamiltonian, the standard reg-
ularization (Asn = 500 MeV) and the low-cutoff variant (Asx = 400 MeéV, open sym-
bols) are shown. The underlying single-particle basis is the harmonic-oscillator basis
and for all 3N Hamiltonians the NO2B approximation with E3ya = 14 is used. Figure
taken from [92].
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Figure 5.7: As in Figure 5.6 for the nuclei °Ca and *8Ca.
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under consideration. Therefore, it is possible to use these results to make predic-
tions for the reduced-cutoff NN+3N-full Hamiltonian. Furthermore, the agree-
ment with the experimental values is impressive: Except for *°Ca, for which the
NN+3N-induced energies already lie on top of experiment, all theoretical values
are very close to the experimental ones, highlighting the predictive power of chi-
ral Hamiltonians, even in the medium-mass regime. The good performance of
the reduced-cutoff interaction is remarkable, considering the fact that no infor-
mation beyond “He went into its construction. In the following sections various
aspects of this interaction are investigated, also using more advanced many-body
techniques.

5.4 Relevance of the E3nax Cut

Calculations using three-body Hamiltonians are challenging because of the enor-
mous number of matrix elements involved. In most cases, a full representation of
the three-body Hamiltonian in an enax-truncated single-particle basis can neither
be handled in the many-body calculation nor can it be generated in the first place.
Therefore, an additional truncation parameter is required in order to reduce the
representation of the Hamiltonian to a manageable size. As already mentioned
in Section 5.3, the representation of the three-body Hamiltonian is constrained to
matrix elements (pqr||stu) satisfying an energy truncation of the form

max(ep+eq+e,,es+et+er) < Ezmax (5.1)

where E3may is the truncation parameter and e; = 2n;+1; denotes the single-particle
harmonic-oscillator energy quantum number. Current typical values of Ezmax are
at the order of 14. Since for an e, = 12 calculation the maximum allowed value
of e, + e, + e, would be 36, Eszma.x = 14 represents a potentially serious cut whose
impact on the results of many-body calculations requires careful inspection.

It should be noted that the following discussion is based on 3N matrix elements
evolved in the SRG model space corresponding to the so-called 40C parametriza-
tion (see Section 5.9.2) used for most of the medium-mass calculations presented
in this work or in calculations of other research groups [17,29, 30, 86,92, 96, 158],
which makes it worthwhile to investigate the properties of these matrix elements.
However, as discussed in Section 5.9.2, the 40C model space is not sufficient any
more for heavier nuclei. As a consequence, for the 40C SRG model space parame-
trization, the Esm, effect is artificially enhanced for the heavier nuclei considered
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Figure 5.8: Comparison of CCSD ground-state energies for the nuclei 16O, 4°Ca, *8Ca, and 6Ni for
the NN+3N-induced and NN+3N-full Hamiltonians in NO2B approximation with
E3max = 12 and E3yac = 14. The calculations were performed in a HF basis with
AQ = 24 MeV and emax = 12.
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in this section. This issue is again addressed in Section 5.9.2, where results for
considerably larger SRG model spaces are presented.

Figure 5.8 shows a compilation of CCSD ground-state energies for medium-
mass nuclei ranging from 60 to 6Nji, for the NN+3N-induced and NN+3N-full
Hamiltonians in NO2B approximation and the usual range of SRG flow parame-
ters. The calculations have been performed for Ezm.x =12 as well as E3max = 14, and
the effect of the Ezmax cut is estimated by the deviation of the two sets of results.
The effect of Esmax clearly depends on how far the Hamiltonian has been evolved:
Considering the softest (a = 0.08 fm") Hamiltonians, for all but the heaviest nuclei
%Ni the impact of Esmay is practically negligible. For %Ni, the Esmax cut has an ef-
fect of about of 3 MeV, so it is still small compared to the total energy scale of about
500 MeV. For the harder interactions, the E3max cut shows sizeable effects already
for the lighter nuclei, where the hardest interactions show the largest change in
the energies. For %Ni and a = 0.02fm*, for instance, the ground-state energies for
the NN+3N-induced Hamiltonian change about 12 MeV, which corresponds to
about 2.5 % of the total binding energy.

For the CCSD ground-state energies, there is also an interesting systematic ef-
fect of Esmax on the flow-parameter dependence. As is apparent from Figure 5.8,
for the NN+3N-induced Hamiltonian the flow-parameter dependence decreases
when Esm, is increased and it is an interesting question how much the flow-
parameter dependence will be eventually reduced in the Esmax — oo limit. For the
NN+3N-full Hamiltonians, on the other hand, the flow-parameter dependence
even gets increased. This behavior is a consequence of the ordering of the CCSD
ground-state energies with respect to the SRG flow parameter. According to Fig-
ure 5.7, for instance, the three-body parts of the NN+3N-induced and NN+3N-full
Hamiltonians are repulsive. Consequently, the ground-state energies are expected
to move upwards as more of the 3N interactions is included by increasing Ezmax.
Furthermore, since for the NN+3N-induced Hamiltonian the CCSD energies for
smaller flow parameters lie below the energies for larger flow parameters and
harder Hamiltonians imply larger Esmax effects, the flow-parameter dependence is
reduced. For the NN+3N-full Hamiltonian, on the other hand, the CCSD energy
ordering is such that the energies for the harder Hamiltonians already lie above
the energies for the softer Hamiltonians and, therefore, increasing Ezmax only en-
larges the flow-parameter dependence. As can exemplarily be seen in Figure 5.7,
the contribution of the induced 3N is much larger than it is for the low-cutoff ini-
tial 3N. Therefore, it might be assumed that relative changes in the induced 3N
may be much more visible than relative changes in the initial 3N. Consequently,
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A(E3max) A(E3max)
a[fm?] NN+3N-induced NN-+3N-full
[%] [%]
0.02 0.5 0.7
160 0.04 0.2 0.4
0.08 0.0 0.1
0.02 1.2 1.1
8Ca  0.04 0.5 0.5
0.08 0.2 0.0

Table 5.3: Comparison of the difference in the CCSD ground-state energies for E3max = 12 and
E3ax = 14 for the NN+3N-induced and NN+3N-full Hamiltonian in NO2B approxi-
mation, for the nuclei 'O and *8Ca. The calculations were performed using a HF basis
with Q) = 24 MeéV and at epmax = 12.

ground-state energies for the NN+3N-induced and the NN+3N-full Hamiltonian
should show a similar behavior, since the induced 3N interaction is of course also
included in the latter. And in fact, the changes in the ground-state energies with
increasing Ezmax for NN+3N-induced and NN+3N-full are almost identical, as is
evident from Table 5.3, hinting at the induced 3N as the driving cause.

The absolute values of the difference of the ground-state energies correspond-
ing to Esmax = 12 and Esmax = 14 grow with increasing mass number, but so do
the overall energy scales. Thus, it cannot immediately be determined from Fig-
ure 5.8 how the relative effect of Ezmax to the ground-state energies evolves with
mass number. To this end, Figure 5.9 shows the relative size A(E3max) of the Ezmax
effect normalized to the Ezmax = 14 ground-state energy, given by

|E(E3max = 14) — E(E3max = 12))| o

A(Ezpay) =
(Esmax) E(Esma = 14)/100

(5.2)

The relative Esmax effect A(Esmax) shows a systematic increase with mass number
so that relative accuracy is increasingly lost as one goes to larger masses. For
the hardest (@ = 0.02fm*) NN+3N-induced Hamiltonian, the relative Esnay effect
ranges from 0.5 % for %0 to 2.5 % for 5°Ni, which is already twice as large as for
8Ca (1.2 %). For the NN+3N-full Hamiltonian, the relative size grows from 0.5 %
for 160 to about 2 % for 56Ni. For the NN+3N-full Hamiltonian at « = 0.02fm?*,
there is no such drastic increase compared to the NN+3N-induced case, but there
is for @ =0.04fm", which triples its size going from *Ca to Ni. Therefore, using
hard interactions beyond the mass region A ~ 60, the E3m.x = 14 cut is expected to
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Figure 5.9: Change of CCSD ground-state energies for the NN+3N-induced and the NN+3N-
full Hamiltonian in NO2B approximation when increasing E3max =12 t0 E3pax = 14,
normalized to the E3muax = 14 ground-state energy. The calculations were performed
using a HF basis with 1) = 24 MeV and at emax = 12.

become a major source of uncertainty 2. The soft & = 0.08fm* Hamiltonians also
show a systematic increase but the effect itself is considerably smaller so that even
for %6Ni the relative Eznax effect does not exceed 0.5 %.

5.5 The ACCSD(T) Energy Correction

At the level of CCSD, the cluster expansion is not yet sufficiently converged in or-
der for higher-excitation rank effects to be negligible. In this section, ACCSD(T) is
used to assess the size of triples corrections. Since ACCSD(T) tends to overshoot
the actual triples correction [153], it gives a more conservative estimate of triples-
and higher-excitation contributions than, e.g., CR-CC(2,3) would do. Neverthe-
less, ACCSD(T) and CR-CC(2,3) give sufficiently similar results so that the conclu-
sions drawn in this section do not depend on the actual triples correction method
used.

Figure 5.10 shows the convergence of ground-state energies from CCSD (open
symbols) and ACCSD(T) (full symbols), for medium-mass nuclei for the NN+3N-
induced and low-cutoff NN+3N-full Hamiltonian with respect to the model-space
size. As in the case of CCSD, the ACCSD(T) energies are sufficiently converged in

2In Section 5.5 it is shown that the relative importance of ACCSD(T) grows with a slower rate
than the relative Esmax effect, SO Ezmax is presumably the more limiting factor for A > 60 nuclei
regarding accuracy.
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order to allow extrapolations to the em.x — oo limit. In Figure 5.11, the CCSD and
ACCSD(T) results from the largest model spaces are compared. For the NN+3N-
full Hamiltonian at ¢ = 0.02fm*, the ACCSD(T) correction provides 6 MeV more
binding energy for 'O, and 25 MeV for “8Ca. For the soft Hamiltonians at a =
0.08fm", the binding energy is increased by 1.5 MeV for *0 and 10 MeV for *Ca.
Therefore, in all cases — even for the softest Hamiltonians — the ACCSD(T) energy
correction gives significant contributions. Since for the NN+3N-induced Hamil-
tonian the CCSD energies corresponding to smaller values of a already lie below
energies for larger a, and smaller a cause even larger ACCSD(T) energy correc-
tions, the flow-parameter dependence is increased after including the ACCSD(T)
correction. On the other hand, for the NN+3N-full Hamiltonian the ordering of
the CCSD results regarding flow parameter is reversed and the flow-parameter
dependence is decreased by ACCSD(T). So the triples excitations correction has
the opposite effect on the flow-parameter dependence than increasing the Esmax
cut has.

Assuming fast convergence of the cluster expansion, which is justified by, e.g.,
Figure 5.19 in Section 5.8.1, § EXCCSP(T) dominates over higher-order corrections,
i.e.,

5 E(ACCSD(T))| > | Eexact — E(ACCSD(T))|. (5.3)

Therefore, the size of § EAC“SP(M) may be used to estimate the size of the contribu-
tion of the neglected higher excitation ranks of the cluster operator. Figure 5.12
shows the relative importance of the ACCSD(T) correction normalized to the total
energy according to

| 5 E(ACCSD(T))|
O
—E(ACCSD(T))/mO %o . (5.4)

For all nuclei considered, § EACCSPM) makes up 3-6 % of the total binding energy for
the a = 0.02fm* Hamiltonians while its contributions for the a = 0.08 fm* Hamil-
tonians are only about 1-2 %. Thus, using soft Hamiltonians, quite accurate cal-
culations can be performed, even for the heavier nuclei. Unlike the Ezmax cut, the
relative uncertainties due to the cluster truncation seem not to increase strongly
with mass number. So the method should be applicable with similar relative ac-
curacy even in the A > 60 mass region.

A(ACCSD(T)) =

The ACCSD(T) correction may also be used to study the feasibility of CCSDT.
Unlike ACCSD(T), including the full triple excitations via CCSDT leads to the non-
linear CCSDT equations which have to be solved iteratively, which requires to store
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Figure 5.10: Convergence of CCSD (open symbols) and ACCSD(T) ground-state energies with
respect to model-space size for the nuclei 16240, 4948Cq and 56Ni for the NN+3N-
induced and NN+3N-full Hamiltonian in NO2B approximation with E3pa, = 14.

The calculations employed a HF basis. Figure taken from [92].
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Figure 5.12: Relative importance of the ACCSD(T) energy correction, normalized to the total en-
erqy EACCSD(T),

all T; amplitudes. Since there are too many of them — even in the spherical scheme
— some kind of truncation has to be introduced. An obvious choice is an Esmax(T3)
cut, analogous to the Eszmax used for three-body matrix elements. This way the
part of T; that generates the energetically lowest excitations would be considered
which are also expected to be the most relevant for a ground-state description.
Since ¢ EACCSD) js given by

1 ~ii 1
(ACCSD(T)) __ ijk zabc
O0E = _(3!)ZZ)Labc G?J‘bkc Lijk > (5.5)

ijk

where i"{‘;l,’f are approximations to the amplitudes tl.“jl;f of T, the effect of the Esmax(T3)
cut can be simulated in ACCSD(T) by constraining the 7%}° accordingly. If ACCSD(T)
is a good approximation to CCSDT, one may assume that both methods show a
similar Ezmax(73)-dependence,

E(CCSDT) (EBmax(Té)) N E(ACCSD(T)) (EBmax(TS)) (56)

and so ENCCSPM)(E5,,.,.(T3)) may be used to find the relevant Esma(7T3) range. Fig-
ure 5.13 shows the Ezmax(T3)-dependence of § EACCSPM) for 160 with the NN+3N-
full Hamiltonian which is already very soft at & = 0.08fm*. The energy correc-
tion is sufficiently converged for Esmax(T3)-values of about 25 which is beyond
present capabilities to store the corresponding amplitudes. Very optimistic es-
timates would allow for Esmax(73) = 20 calculations, which captures a significant
portion of the correction but would not allow to detect convergence, even for this
light nucleus and large SRG flow parameter.
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Figure 5.13: Dependence of § EACCSD) for 160 and the NN+3N-full Hamiltonian, at a =
0.08 fm4 and in NO2B approximation with Esmax = 12, on the Esmax(T3) cut. The
calculations were performed using a HF basis with ey =12.

5.6 The CR-CC(2,3) Energy Correction

Nuclear Coupled-Cluster calculations rely heavily on the spherical formulation of
the theory. Therefore, as already discussed in Section 4.12, the presence of two-
and three-body matrix elements of the effective Hamiltonian that enter the defi-
nition of the denominator appearing in the CR-CC(2,3) energy expression (4.182)
does not immediately allow a spherical formulation. However, as pointed out in
Section 4.12, the use of projection-averaged matrix elements (4.184) and (4.186) is
a promising way to overcome this problem.

Therefore, it is important to estimate the errors introduced by the approximate
treatment of the denominator. Figure 5.14 illustrates the accuracy of the proposed
approximation, where a m-scheme implementation, in which the denominator
can be treated exactly, is used for comparing the results for the exact denomina-
tors D(2) and D(3) with their projection-averaged counterparts D(2) and D(3). The
left panels show for 0 and the NN-only as well as the NN+3N-full Hamilto-
nian the CR-CC(2,3) energy corrections 6 E(CR-CC23)) for the different denomina-
tors including up to one- (D(1)), two- (D(2)), or three-body (D(3)) effective Hamil-
tonian matrix elements. For the present discussion it is sufficient to note that the
size of § E(CR-CC23) is about —0.3 MeV and -1.5 MeV for the NN-only Hamilto-
nian at em.,=2 and ema= 4, respectively, and about —0.8 MeV and -2.0 MeV for
the NN+3N-full Hamiltonian at emax= 2 and emax= 4, respectively. The error in-
troduced by the projection average, defined as the difference of § E(CR-¢“23) using
the exact and the projection-averaged denominator, is much smaller, as shown
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Figure 5.14: Left: Results for the CR-CC(2,3) energy correction for the NN-only and NN+3N-

full Hamiltonian, for different choices of the denominator D(k), Eq. (4.181). Right:
Deviations introduced by using the angular-momentum-projection averaged vari-
ants D(2) and D(3) of the denominators D(2) and D(3). These deviations are com-
pletely negligible compared to the size of 5 ECCR=CC23)) consequently, the CR-CC(2,3)
method can be accurately formulated in the spherical scheme. The calculations were
performed in a HF basis with Q2 = 24 MeV, and the 3N interactions were included
via NO2B with E3max = 14.
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in the right panels of Figure 5.14, with deviations of about —0.02 MeV for the
NN-only Hamiltonian and about —0.04 MeV for the NN+3N-full Hamiltonian, for
both model space sizes considered. In conclusion, the projection-averaged form
of the denominator in (4.182) constitutes a legitimate approximation to the exact
treatment and opens the possibility for a spherical formulation of the CR-CC(2,3)
method.

Figure 5.15 shows on the left a comparison of CR-CC(2,3) results to the ACCSD(T)
energy correction. Both methods give comparable results but also show noticeable
deviations for harder interactions. For instance, for @ = 0.02fm* these deviations
are about 1 MeV for '°0O and 2 MeV for O, while the total ACCSD(T) energy cor-
rection is -5.4 MeV and —8.2 MeV, respectively. The degree of deviation of both
methods is not unexpected, considering the approximative nature of ACCSD(T)
compared to the CR-CC(2,3) approach. Furthermore, the observation that the re-
sults for 6 EACCSDM) Jie below 6 E(CR=CA23) is consistent to findings in quantum-
chemistry, where ACCSD(T) tends to overshoot the exact triples correction [153].
A similar comparison of ACCSD(T) and CR-CC(2,3) for heavier nuclei can be found
in Figure 5.26 in Section 5.9.3. On the right of Figure 5.15 the CR-CC(2,3) energy
correction, using different choices of the denominator, is compared to ACCSD(T)
in the emax= 12 model space. Most strikingly, the three-body effective Hamilto-
nian matrix elements in the denominator have no measurable effect on the triples
correction and may safely be neglected. The CR-CC(2,3) results using the denom-
inator D(1), involving one-body matrix elements only, lie between the D(2) results
and ACCSD(T). Thus, it may be speculated that one of the reasons why ACCSD(T)
overshoots the exact triples correction may be the absence of contributions com-
parable to the two-body effective Hamiltonian matrix elements in the CR-CC(2,3)
denominator. Additional comparisons of CR-CC(2,3) ground-state energies with
ACCSD(T) for heavier nuclei can be found in Section 5.9.3.
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Figure 5.15: Left: Comparison of the CR-CC(2,3) (full symbols) ground-state energies for 160
and 2*O to ACCSD(T) (open symbols) ground-state energies. CCSD energies for
emax = 12 are denoted as arrows. Right: Comparison of CR-CC(2,3) energies for
various denominators to the the ACCSD(T) results. All calculations were performed
in a HF basis with i) = 24 MeV, and 3N interactions were included via NO2B with

E3max = 14.
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5.7 CCSD with Explicit 3N Interactions

In previous sections the NO2B approximation to three-body interactions has been
used throughout for Coupled-Cluster calculations. This approximation drasti-
cally accelerates the calculations, and the IT-NCSM results for light nuclei shown
in Figure 1.5 suggest that the NO2B approximation already captures a large por-
tion of the relevant 3N information. However, as the focus moves from light
to medium-mass or even heavy nuclei, the validity of the NO2B approximation
should be verified in these mass range. Another reason for performing Coupled-
Cluster calculations with explicit 3N interactions rather than using the NO2B ap-
proximation is simply that the explicit 3N calculations eliminate the errors intro-
duced by the NO2B approximation which is relevant in cases where such errors
may not be neglected, as discussed in the following sections.

Including explicit 3N interactions in Coupled-Cluster calculations results in a
dramatic increase of the computational expense. Not only the Coupled-Cluster
equations get much more complex, it is mostly the large number of 3N matrix
elements that quickly renders explicit 3N calculations unfeasible. To some ex-
tent this is caused by special requirements of the Coupled-Cluster implementa-
tion used in this work. Compared to the ¢ 7-coupled storage scheme [86] for 3N
matrix elements in the HO basis, the 3N format (4.135) used here requires about 10
times more fast memory. Since the ¢ 7-coupled storage for 3N matrix elements
requires about 1 GB memory for Eszm.x = 12, and about 5 GB for Ezmax = 14, the
storage scheme used in the Coupled-Cluster implementation requires 10 and 50
GB fast memory to store the Esmax =12 and Esmax = 14 matrix elements in the HO
basis, respectively. In the HF basis representation the 3N matrix elements acquire
an isospin dependence which translates into a 6 times larger storage requirement
compared to the HO basis. Therefore, for explicit 3N Coupled-Cluster calcula-
tions in HF basis, the total set of Ezmax =12 and Ezma.x = 14 matrix elements require
about 60 and 300 GB memory, respectively. Two ways to cope with this problem
have been implemented. The first way holds the matrix elements (4.135) in HO
basis in memory and performs the HF transformation of individual matrix ele-
ments on the fly when they are requested, and discards them afterwards. This
reduces the memory requirements but is rather slow due to the six-fold sum over
HF coefficients and HO matrix elements that result in a single 3N matrix element
in HF basis. Alternatively, the total index range of the 3N matrix elements may
be distributed over a range of computer nodes. Each node holds the ¢ 7-coupled
or (4.135) matrix elements in HO basis and calculates the matrix elements of the
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index range assigned to the nodes in HF basis when they are needed, but is now
also able to store them for later re-use. In applications where individual matrix
elements are needed several times during a calculation, such as the iterative solu-
tion of Coupled-Cluster equations, the second strategy saves a significant amount
of computing time. It should also be noted that in general not the full set of matrix
elements is needed in the calculations and, therefore, only those that are actually
used should be transformed to the HF basis. For example, in all CC applications
discussed in this work, the largest set of 3N matrix elements (abc|w|def), with
particle orbitals only, does not enter anywhere. In order to keep the computa-
tional runtime reasonable for Coupled-Cluster calculations using explicit 3N in-
teractions, the cutoff Esmax =12 is used in the following. The first application of
CCSD for three-body Hamiltonians can be found in [63] but due to the use of an m-
scheme implementation, these considerations were limited to proof-of-principle
calculations for “He in the harmonic-oscillator basis and small model spaces. The
spherical scheme finally allows to move on to the medium-mass regime. Using
an Ezmax = 12 cut, medium-mass CCSD calculations at emax = 12 using three-body
Hamiltonians are comparable in cost to a ACCSD(T) NO2B calculation in the same
emax = 12 model space.

Figure 5.16 shows the convergence of CCSD ground-state energies with ex-
plicit 3N (full symbols) and for the NO2B approximation (open symbols) for the
medium-mass nuclei 12O, 1048Ca and ¢Ni using the NN+3N-induced and NN-
+3N-full Hamiltonian. The agreement of the NO2B approximation with the ex-
plicit 3N is remarkable. The normal-ordering approximation provides very accu-
rate results and it seems that this accuracy is rather independent of the model-
space size, the mass number, or even the SRG flow parameter. Furthermore, Fig-
ure 5.17 indicates that the quality of the approximation is also independent of
the oscillator frequency of the basis. The unnatural increase of the energies for
smaller values of 72 in Figure 5.17 is due to the use of unsufficiently large SRG
model spaces, as discussed in Section 5.9.3. However, for the optimal frequencies
determined from Figure 5.17, the effects of insufficient SRG model spaces are less
than 1 % of the total energy.

The relative contribution of the residual 3N interaction normalized to the CCSD

ground-state energies according to
CCSD (CCSD)
|E )~ Enoos |

A(3B) = E(CCSD) /100

% (5.7)

is shown in Figure 5.18. It should be stressed that EI(\%ZS]? ) was calculated in a pure
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Figure 5.16: Comparison of CCSD with NO2B approximation (open symbols) and CCSD with
explicit 3N interaction (full symbols) for the nuclei 6240, 4048Ca and 5Ni for
the NN+3N-induced and NN+3N-full Hamiltonian in NO2B approximation with
E3max = 12. The optimal oscillator frequencies h2 have been determined from Fig-
ure 5.17. Figure taken from [92].
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Figure 5.17: Oscillator-frequency dependence of CCSD ground-state energies of 24O, 4048Ca and
56N for the NN+3N-full Hamiltonian with explicit 3N interactions (full symbols)
and in NO2B approximation (open symbols) with E3ya. =12, using a Hartree-Fock
basis with ey = 12 model spaces. Figure taken from [92].

NO2B scheme, where residual 3N information entered in neither in the determi-
nation of the cluster amplitudes nor in the energy expression. Therefore, A(3B)
measures the total effect of the residual 3N interaction in the CCSD calculation,
without discrimination between its effect on amplitudes or energy. This issue is
further addressed in Section 5.8.1. There is no definite systematics of the relative
contribution with mass number or the SRG flow parameter. For all nuclei the rel-
ative contribution is well below 1% and in particular for the heavier nuclei it is
a little smaller with values around 0.6 %. This confirms the earlier findings that
the NO2B approximation seems to perform better for heavier nuclei. However,
one reason for this might be that the ground-state energies for the heavier nuclei
are not fully converged with respect to Esmax and, therefore, not the full relevant
information about the 3N interaction was used from the beginning. Furthermore,
it seems that the relative contributions tend to be a little more important for larger
flow parameters, but these effects lie in the range of 0.1 % and have no practical
significance.
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Figure 5.18: Relative contribution of the residual 3N interaction, normalized to the CCSD
ground-state energies using explicit 3N interactions. Parameters of the calculations
as in Figure 5.16.

5.8 ACCSD(T) with Explicit 3N Interactions

5.8.1 Benchmark of the NO2B Approximation

For CCSD, the contribution of the residual 3N interaction to the total ground-
state energy of medium-mass nuclei was shown to be less than 1%. A similar
result for ACCSD(T) would be desirable in order to keep the error introduced by
the NO2B approximation at the 1% level. The alternative — routinely including
explicit 3N interactions in ACCSD(T) calculations — is not an option due to the
extreme computational costs.

A natural approach to assess the relevance of the residual normal-ordered
three-body interaction Wy in CCSD and ACCSD(T) calculations is to modify the
total energy expression

CCSD ACCSD(T CCSD ACCSD(T
EACCSDM) = B+ AEGSs) + 6 Eqom ) + AEGSY + §ERCSPD) - (5.8)

to either include or not include the contributions AES™ and 6 Ey "™ due to
Wy . However, this discussion is complicated by the fact that the energy values
are not only determined by their expressions in terms of the T(€SP) and A(CCSD)
amplitudes, but also by the type of equation — with or without inclusion of the Wy
terms — used to determine the amplitudes in the first place. This leads to various
possible and reasonable combinations to consider.

In Figure 5.19, where for 160, 2¢O, and “°Ca, and both, the NN+3N-induced
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Figure 5.19: Anatomy of the individual contributions from CCSD and ACCSD(T) to the total
binding energy of 10, 24O and *°Ca for the two types of three-body Hamiltonians and
SRG flow parameters a = 0.02, 0.04, and 0.08 fm*. For 160 and ?*O, a Hartree-Fock
basis with ey = 12 model space and oscillator frequency hQ2 = 20 MeV was used,
whereas for 4°Ca an eyqx = 10 model space with 12 = 24 MeV was employed. The
shorthand notation 6 E1(\1Tc))213 and & Eg) is used to denote &6 El(\?ocz(i;SD(T)) and & Eé%CCSD(T)),
respectively.
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and NN+3N-full Hamiltonians results are shown for a series of increasingly com-
plete calculations of the ground-state energies. The energy E\wss is calculated
in NO2B approximation, where the Wy terms are neglected in both, the determi-
nation of the cluster amplitudes as well as the calculation of the energy. For the
calculation of all other energies presented in Figure 5.19, the T(°CSP) and A(CCSD)
amplitudes were determined from their respective amplitude equations including
the Wy terms. Analogous to the discussion in Section 5.7, by comparing ES” to
E(©CSD) a direct quantification of the combined effect of Wy in the CCSD amplitude

equations and the energy expression can be made. It should be noted that here
OO 2 B, 59)

contrary to what (3.25) seems to imply, due to the use of different amplitudes for
the calculation of ESsyy” and E(€CSD), respectively. Contrary to this, the same am-
plitudes (obtained from solving the amplitude equations containing the Wy terms)
are used in the calculations of § Eean " and 6 Esy “*P™). Therefore, using these
numbers it is only possible to quantify the importance of the Wy contributions
— simply given by 6 Esx "™ itself — in the calculation of the total triples correc-
tion ¢ EACCSDM), This allows to compare the results for the complete ACCSD(T)

ground-state energy EXCCSDM) to the simplified expression
FAccsp(m) Bt + A El(\%jzslf) +6 El(é\OCZ%SD(T)) + A Eé(éCSD) , (5.10)

in which the Wy terms are included in the CCSD and ACCSD calculations but are
omitted in the final calculation of the energy correction. However, particularly for
the calculation of § Eia ™™, other choices of where to include the Wy terms in the
amplitude equations seem reasonable, and this issue is addressed further below.
However, it should already be mentioned that other choices of the amplitudes
equations lead to practically the same results.

In the following, %O and the NN+3N-full Hamiltonian at flow parameter val-
ues a =0.02 fm* and 0.08 fm* is considered as an example. For increasing a, more
and more of the binding energy is shifted to lower orders of the cluster expan-
sion and the contributions from the higher orders consequently get smaller with
the SRG flow: The size of the reference energy E.s grows from -56.11 MeV to
-101.67 MeV, while the CCSD correlation energy AE(CSD) decreases from —69.03
MeV to —26.52MeV as the SRG evolution goes from a = 0.02fm* to a = 0.08 fm?*
and the ACCSD(T) energy correction § EACSSPM), which, according to Section 5.5,
is also considered as a measure for the contributions of the omitted cluster op-
erators beyond the three-body level [95], decreases from —5.54 MeV to -2.34 MeV,
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corresponding to 4.2 % and 1.8 % of the total binding energy. In the medium-
mass regime, these uncertainties related to the cluster truncation are typically the
largest in the calculations for a given Hamiltonian, and, therefore, they set the
overall level of accuracy targeted at [95].

Examining the contributions from the residual 3N interaction to AE©CSD) it is
found that, while the absolute value of AE“CSP) decreases by about 30 MeV when
the Hamiltonian is evolved from a = 0.02 fm?* further to a@ = 0.08 fm*, AE(CCSD) —
AESSY) is only subject to a slight increase from 0.54 MeV to 0.92 MeV, correspond-
ing to 0.4 % and 0.7 % of the total binding energy. Consequently, the relative as
well as the absolute importance of the residual 3N interaction to the CCSD corre-
lation energy grows with the SRG flow.

Furthermore, while for the harder Hamiltonian at a = 0.02 fm* the Wy contri-
butions to AESSD) are about one order of magnitude smaller than the accuracy
level set by § EACCSPM) for the softer ¢ = 0.08 fm* Hamiltonian the Wy contribu-
tions have an comparable size of about 39 % of the triples correction. Therefore, in
order to keep different errors at a consistent level, for soft interactions the residual
3N contributions should be included in CCSD if the triples correction is consid-
ered as well.

For the ACCSD(T) triples correction § EACCSPM) jtself, the Wy contributions
8 ExCP™ despite containing second-order MBPT contributions, have very small
values of about —15 keV. This effect is about one order of magnitude smaller than
the targeted accuracy given by the size of 6 EASP(1), and may therefore safely be
neglected. From another perspective, the Wy contributions to § EACCSPM) consti-
tutes about 0.1 % of the total binding energy, which clearly is beyond the level of
accuracy of any many-body method operating in the medium-mass regime today.

Asisapparent from Figure 5.19, the discussion for the NN+3N-induced Hamil-
tonian and the heavier nuclei 2O and “°Ca is similar. In the case of “°Ca, the
smaller ena.x = 10 model space is used in order to keep the computational cost
reasonable. In this model space the results are not fully converged with respect to
emax, but since the quality of NO2B is largely independent of enax [95] this does not
affect the present discussion. For the NN+3N-induced Hamiltonian, for example,
the relative contribution of Wy to the CCSD correlation energy grows from 1.3 %
for a = 0.02 fm* to 4.2 % for a = 0.08 fm*, in both cases constituting about 0.6 % of
the total binding energy. Again, as the SRG flow parameter increases, the contri-
butions of Wy to the CCSD correlation energy on the one hand, and the triples
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correction on the other hand, become comparable, where AECCSD) — AESSY jg
about 18 % of the size of the triples correction at a = 0.02 fm* and already about
48 % at a = 0.08 fm*. The Wy effect to the triples correction is again negligible,
about one order of magnitude smaller than the triples correction itself, namely
about 2 % of § EACCSDM) for ¢ = 0.02 fm* and about 11 % for a = 0.08 fm?*, or 0.1 %
and 0.2 % of the total binding energy EACCSDT),

In summary, as in Section 5.7, contributions from residual 3N interactions to
the CCSD correlation energy are found to be of the order of 1 % of the total bind-
ing energy. For the triples correction the contributions are much smaller and may
be considered negligible. The fact that the residual 3N contributions are rather
insensitive to the SRG flow parameter impacts the characterization of their im-
portance. For hard interactions, the residual 3N effects to the CCSD correlation
energy E(©CSD) are rather small compared to the triples correction § EACCSPM), but
they become comparable as the triples contribution gets smaller for soft interac-
tions. Therefore, when using soft interactions, the residual 3N interaction should
be included in CCSD if the desired accuracy level also demands inclusion of triples
excitation effects. For the triples correction, on the other hand, the residual 3N
interaction only plays an insignificant role, providing contributions that are shad-
owed by the considerably larger uncertainties stemming, e.g., from the cluster
truncation. This motivates the use of the truncated energy expression EACCSP(M),
Eq. (5.10), instead of the full form EXCCSDM), resulting in only negligible losses in
accuracy.

5.8.2 Approximation Schemes for the Amplitudes

The above considerations indicate that the residual 3N interaction may be ne-
glected in calculating the ACCSD(T) energy correction 6 EACSPM) without signif-
icantly affecting the overall accuracy, leading to Eq. (5.10) as an approximate, yet
accurate, form for EACCSDM), From a practitioner’s point of view, discarding the
Wy contributions to § EACCSPM), Egs. (3.46) and (3.55), already leads to significant
savings in the implementational effort and computing time, but one still has to
solve the CCSD equations determining the T(°“S?) amplitudes ¢/ and ¢/}", as well
as the ACCSD equations determining the ACCSP) amplitudes Ai and A, with full
incorporation of Wy. Particularly solving the ACCSD equations, for which the ef-
fective Hamiltonian contributions given in Figures 3.10-3.12 have to be evaluated,
consumes most of the computing time in practical calculations. Therefore, it is
also worthwhile to investigate how much of the residual 3N interaction informa-
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tion has to be included in solving for the T(¢®P) and A(CSSP) amplitudes that enter
the energy expressions, in order to obtain accurate results at the lowest possible
computational cost.

In order to distinguish between different approximation schemes the following
notation is introduced in which for energy quantities that only depend on 7(¢sP)
amplitudes the label in brackets denote if the T(¢®SP) amplitudes were determined
from the amplitude equations with (3B) or without residual 3N interaction (2B).
Similarly, for quantities that depend on both, T(¢¢SP) and A(CSD) amplitudes, the
first label denotes the type of equation used to determine the T(°®P) amplitudes
and the second specifies the ACCSD equations. For example, EXCCSD(D)(3B, 2B)
refers to the energy expression (5.10), calculated using T(¢¢SP) amplitudes deter-
mined from the equations including the Wy terms, while the ACSSP) amplitudes
are determined using the NO2B approximation.

The following approximation schemes are considered, in which the Wy contri-
butions 6 E{y "™ to the triples correction are always neglected: For the “NO2B”
scheme, all Wy terms are discarded in both, the determination of the 7 and A am-

plitudes and the energy Eea"™,

ENOZB) - — pUCCSDM) 0B o) (5.11)

This of course corresponds to an ordinary ACCSD(T) calculation in NO2B approx-
imation. For scheme “A”, the energy Eugy ) is computed as in the NO2B case
and AES™Y), calculated T(CCSD) amplitudes obtained from the NO2B CCSD equa-

tions, is added,
EW = EUSSPM(2B,2B)+ AESSY)(2B) . (5.12)

This represents the simplest and most economic way to include Wy information,
where it only enters in the expression for the energy contribution AES ™", but
not in the considerably more complex equations that determinate the amplitudes.
In scheme “B”, full Wy information is included in the calculation of the CCSD
correlation energy, keeping the Wy terms in the amplitude equations as well as in
the energy expression. The triples correction, however, is calculated without any
Wy information,

E® = ECCD(3R) 4 5 AP0 (o op) (5.13)

This way, consistency is kept between the 7(°CSP) and ACSSP) amplitudes that enter
the triples correction, while capturing all residual 3N effects in the CCSD energy
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AECCSD) In scheme “C”, an inconsistency is introduced between the 7P and
A(CCsD) amplitudes by solving for T(€SP) with the Wy terms present, while we solve
for A(CSD) without Wy terms and the energy expression is given by E(ACCSPM),

E© = FUCCSDM) (3B 2B) . (5.14)

This variant is reasonable since one typically has to solve for the TP ampli-
tude equations with Wy terms anyway in order to obtain the comparatively large
AESSY contribution to the energy while one would like to avoid to solve for the
ACCSD) amplitudes in this manner. Finally, in scheme “D”, in which the residual
3N interaction terms are neglected only in the expression for § EACCSP(M), the full
Wa-containing equations are used to solve for the T(P) and ACSSP) amplitudes
and the energy is determined via Eq. (5.10),

E® = [ACCSDD)(3R 3B) (5.15)

As in the discussion of Figure 5.19, by comparing with scheme “C”, this variant
allows to estimate the importance of Wy for the ACCSD) amplitudes.

In Figure 5.20, for the case of 1O, °Ca and the NN+3N-full Hamiltonian, the
deviations introduced by the aforementioned approximation schemes are com-
pared to the complete 3N calculations. For O and the NN+3N-induced Hamil-
tonian very similar results are obtained and, therefore, not presented here. As
expected, the “NO2B” scheme shows the largest deviations because the contribu-
tions of Wy to CCSD are completely missing. Including the Wy terms in the energy
expression for the CCSD correlation energy but evaluating it using 7(°°?) ampli-
tudes without Wy information in scheme “A” virtually does not change the result.
Therefore, we can conclude that it is the Wy effect on the T(CCSD) amplitudes that
is most important for CCSD, rather than the additional terms AES ", In these
calculations, the best approximation to the complete calculations is provided by
scheme “B”, where the full Wy information is used to determine the CCSD cor-
relation energy, but otherwise no Wy information enters at all in the calculation
of the triples correction. However, approximation schemes “B”,”C” and “D” give
very similar results, again hinting at the Wy effect on the T(¢®P) amplitudes to
be the most important ingredient in the inclusion of residual 3N interactions in
CCSD and ACCSD(T) calculations.
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Figure 5.20: Comparison of the deviations introduced by the different approximation schemes de-
scribed in the text from the full inclusion of the residual 3N interaction in all steps
involving CCSD and ACCSD(T) calculations for three-body Hamiltonians. Param-
eters of the calculations as in Figure 5.19.

5.9 Ab Initio Description of Heavy Nuclei

The previous sections gave an overview of various aspects of Coupled-Cluster
calculations in the medium-mass regime using chiral interactions, from which the
following conclusions may be drawn about how to obtain the accurate results for
heavier nuclei in the present framework:

The normal-ordered two-body approximation works very well and allows to
almost completely include the relevant 3N interaction into the calculations at very
much reduced computational cost. The error introduced by this approximation
is only about 1% of the total binding energy, which is absolutely acceptable for
ab initio calculations in the heavy regime considering other sources of uncertainty
present in the calculations, such as the omission of SRG-induced four- and multi-
nucleon interactions.

The Ezmax cut emerged as one of the main limiting factors in the calculation of
nuclear properties in the mass range A > 60. Therefore, significant improvement
over the Eszm.x = 14 cut is required in order to obtain accurate results for nuclei
beyond the medium-mass regime considered so far. However, full sets of 3N ma-
trix elements with Ezmax > 14 are not easy to generate and to store. Additionally,
the many-body methods often cannot handle such large sets of explicit 3N ma-
trix elements and, therefore, there is no need for them except for the computation
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of the normal-ordered matrix elements. Computing only those matrix elements that
are used in the normal-ordering saves computing time and finally allows to go to
larger values of E3max in the normal-ordering procedure. However, it is important
to retain consistency between the Esm,.x used in the Hartree-Fock calculation that
determines the reference state and the Esm.x used in the normal-ordering proce-
dure, as described in Section 5.9.1.

Another source of uncertainty for the nuclei considered so far is given by the
cluster truncation. There is not much room for practical improvements on the
many-body side, but the uncertainties may be reduced by the use of softer in-
teractions. Furthermore, the uncertainties due to the cluster truncation seem not
to increase with the mass number and so accurate calculations should be possible
using ACCSD(T) or CR-CC(2,3) in the A > 60 region.

The cluster truncation motivates the use of soft interactions at flow parameters
such as 0.08 fm*, for which the triples correction only contribute about 2 % to the
energy. However, at this level of accuracy other sources of uncertainties, such as
the error introduced by the NO2B approximation become relevant. Explicit 3N
calculations are very expensive for Ezmax > 12 but, nevertheless, the error intro-
duced by omitting residual 3N contributions may be reduced by using a scheme
in which the 3N matrix elements are included explicitly up to some parameter
ESPI and 3N matrix elements with ENO2B > goPlet
through the normal-ordering.

enter the calculation only

How large the SRG flow-parameter dependence due to omitted many-body
forces in medium-mass nuclei really is cannot be decisively determined from the
previous calculations, because Eszmax and the cluster truncation are also sources
of flow-parameter dependence. However, as mentioned above, the uncertainties
due to Esmax will largely be reduced by going to sufficient large values of Ezmax.

Finally, the insufficient SRG model spaces, as mentioned in Section 5.7, need
to be addressed. The strategies pursued in Section 5.9.2 are straightforward en-
largements of the model spaces and a frequency conversion technique.

By virtue of all the developments above it will then be possible to extend the
range of accurate ab initio calculations into the heavy nuclear regime.
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5.9.1 Self-Consistent Hartree-Fock Reference Normal-
Ordering

In order to perform accurate calculations of nuclei beyond the medium-mass re-
gime considered in Section 5.9.3, the normal-ordering procedure has to performed
for larger values of Ejmax than the ones used so far. For a given reference state,
computing the normal-ordered matrix elements corresponding to Esnmax values for
which no full sets of 3N matrix elements can be stored any more can be achieved by
distributing the workload over many independently operating computing nodes
which calculate (and temporarily store) the required matrix elements on the fly.
However, using full sets of 3N matrix elements with large Espma in this manner
in many-body calculations is not a preferred option; this also includes the HF
method from which the reference state for the normal-ordering is computed. There-
fore, a different strategy that avoids using explicit 3N matrix elements with large
Esmax in the HF calculations is pursued in the following. To this end, the role of
the HF reference state in the normal-ordering procedure needs to be investigated.

A first attempt of going beyond current normal-ordering capabilities is to per-
form a HF calculation which determines the HF reference state |®) using 3N ma-
trix elements with an El) cut for which full sets of 3N matrix elements can be
handled. Afterwards, this reference state may be used in the normal ordering
of 3N matrix elements for a larger ENO . Obviously, in this case the reference

3max*
state used is not fully appropriate since it only contains Es < ENO information.

3max 3max
Furthermore, the Hartree-Fock basis will also be not consistent to the normal-
ordered matrix elements because, again, the construction of the HF basis only
used E‘sﬂax < ENO information while the matrix elements also contain informa-
tion up to EX° . This means that the reference state used in the normal ordering

3max"*

and which also enters the many-body calculations is actually no longer the proper
reference state from the point of view of the obtained normal-ordered interaction.

To demonstrate the effects of using reference states that do not correspond to
the employed interaction, in Figure 5.21 CCSD ground-state energies are shown
for 180 and %°Ca, using inconsistent Esm.x values in the Hartree-Fock calculation
and the subsequent normal-ordering, with EiY) =8 and EYO =14. The leftmost
bars show the results for this combination of E3zmax values while the rightmost bars
represent the result obtained for the consistent values Ey = ENO =14 which is

called exact in the following. In the case of 6O, for instance, the corresponding
results disagree, for the & = 0.02fm"* Hamiltonian about 3 MeV and for ¢ = 0.08 fm*
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Figure 5.21: CCSD ground-state energies from emax = 12 model spaces and 12 = 24 MeV, for 160
and *°Ca for the NN+3N-full Hamiltonian in NO2B approximation with E3ma, = 14
using different HF reference states (see text). The iterative HF normal ordering con-
verges immediately to the results obtained for consistent HF and normal ordering.

about 700 keV. These results demonstrate the importance of consistency between
the Esmax Of the reference state and of the normal-ordered interaction.

To correct for this inconsistency, the normal-ordered interaction can now be
used in yet another HF calculation in order to determine a corrected version of
the reference state 3. This reference state now contains also E}O information at
the NO2B level and will be close to the exact reference state corresponding to
ENO , due to the good performance of the NO2B approximation. Therefore, using

3max’
this updated reference state in a subsequent normal-ordering for EXY© will then

3max

yield a more consistent combination of reference state and normal-ordered matrix
elements. This procedure can then be iterated until consistency is achieved.

The CCSD ground-state energies calculated using normal-ordered interactions
from reference states obtained from these additional iterative HF calculations and
normal orderings are also shown in Figure 5.21. From there it is apparent that
already after the first iteration the reference state is typically close enough to the
exact reference state such that the CCSD results become indistinguishable from
the exact case. As mentioned above, this fast convergence can be attributed to the

3This calculation only involves the normal-ordered zero-, one-, and two-body matrix elements
and can be performed very efficiently.
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capability of the NO2B approximation to capture most of the 3N information in
the lower-rank normal-ordered matrix elements.

5.9.2 Role of the SRG Model Space

For practical applications, the SRG operator flow equation (1.29) has to be con-
verted into matrix representation. To that end, resolutions of the identity in form
of infinite summations are inserted between adjacent operators, as it is done to ob-
tain (1.32). Since these infinite summations have to be truncated to finite sums, er-
rors are inevitably introduced in the evolution. The energy and momentum range
that the SRG model space spans depends on the oscillator frequency of the HO
states in which the flow equation is represented. Particularly for small frequen-
cies this range may not be sufficient for the model space sizes that are accessible
in practical computations. As is discussed in more detail in [86, 156], this issue
may be overcome by solving the SRG flow equations at a large enough parent fre-
quency and subsequently transforming the obtained matrix elements to smaller
target frequencies through a basis transformation. The latter step is facilitated by
the fact that the evolved matrix has a band-diagonal structure which makes the
transformation numerically more accurate.

Figure 5.22 illustrates the importance of the frequency conversion in a series
of CCSD ground-state calculations for nuclei ranging from “°Ca to "8Ni, for which
the frequency-converted matrix elements have been generated from the parent fre-
quency 7§22 =36 MeV. In the cases where no frequency conversion has been applied,
i.e., where the matrix elements corresponding to a specific value of 72 have been
computed from SRG evolutions in a model space spanned by HO states of same
frequency 7, the insufficient energy span of the model space causes an artificial
increase of the ground-state energies at smaller frequencies. The ground-state
energies obtained using frequency-converted matrix elements, however, show a
much more natural behavior. Since for the considered nuclei the energy minimum
is located at smaller frequencies, accurately evolved matrix elements are particu-
larly important in this frequency range. In fact, as can be seen in Figure 5.22,
the artificial increase of the energies obtained using the non-converted matrix ele-
ments shifts the energy minima to higher frequencies and, thus, to smaller binding
energies.

The use of the frequency-conversion technique mentioned above allows to cir-
cumvent limitations of the SRG due to the insufficiency of the three-body SRG
model space for small frequencies by converting matrix elements corresponding
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Figure 5.22: Comparison of CCSD ground-state energies corresponding to matrix elements ob-
tained with (full symbols) and without (open symbols) frequency conversion. The
calculations were performed in a HF basis with emax = 12 and using the NO2B ap-
proximation with Esmax = 12. The matrix elements were evolved in the ramp40C
SRG model space at parent frequency hQ2 = 36 MeV.
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to a higher parent frequency to lower frequencies. Consequently, the SRG model
space has at least to be sufficiently large in order to accurately evolve the Hamil-
tonian at the parent frequency. Specifically, the SRG model space is parametrized
by the way the infinite summations in the resolution of the identity in (1.32) are
truncated. In the present case, these summations are truncated using a truncation
Egspg in the energy quantum number of the three-body Jacobi states in which the
identity is resolved [86], i.e., in a schematic notation,

E(|¢§)))SESRG
1® By phH®3)
D I e (5.16)
P
Since the SRG evolution can be performed for each total angular momentum J
of the Jacobi states separately, and larger J are expected to be less relevant, this
motivates the definition of a J-dependent truncation parameter Eggg.

Figure 5.23 (top) presents different parametrizations of the SRG model spaces
in terms of Esgg, which will in the following be referred to as ramps. The parame-
trization used so far in this work corresponds to ramp 40C, in which the maximum
value Esgg =40 is used for the smallest angular momenta J =1/2,...,5/2. Then, the
truncation parameter is linearly ramped down to Esgs = 24 at J = 13/2, where it
remains for all higher values of J. The largest SRG model space considered in
the following corresponds to ramp 40], and the effects of different choices of the
truncation parameter Espg, such as the 38G, 40C, 40F, 40K or 40L 4 ramps from Fig-
ure 5.23, are assessed by comparing CCSD ground-state energies corresponding
to these ramps to ground-state energies corresponding to the 40] ramp.

Figure 5.23 shows at the bottom a comparison of the 40C ramp to the 40] ramp
based on CCSD ground-state energies for nuclei ranging from 3¢Ca up to 42Sn,
where the experimental ground-state energies are shown as well. As mass num-
ber grows, increasing deviations of the 40C from the 40]J results are clearly visible,
indicating that the 40C ramp becomes less sufficient for heavier nuclei. For the
40C ramp, the heavier nuclei are even almost unbound.

These deviations are considered in more detail in Figure 5.24, where at the top
the 40C ramp is once again compared to the 40] ramp, this time in terms of the
absolute deviation of the corresponding CCSD results. While for the lighter nuclei
there are moderate differences in the ground-state energies related to the different

4The number in the name of the ramp denotes the starting Espc at small angular momenta,
while the letter has no further meaning.
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Figure 5.23: Top: Various choices of parametrizations of the SRG model space in terms of the
truncation parameter Esgg. Bottom: Experimental ground-state energies compared
to CCSD results from a HF basis with emax = 12, obtained from the 40C and 40] ramp
and the NN+3N-full Hamiltonian at a = 0.08fm* and in NO2B approximation with
E3max = 14, using frequency-converted matrix elements at Q2 = 24 MeV with parent
frequency of 36 MeV.
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Figure 5.24: Deviations of CCSD ground-state energies (per nucleon) corresponding to ramp

40] to the other SRG ramps from Figure 5.23, for the NN+3N-full Hamiltonian at
a = 0.08fm* in NO2B approximation with Esmax = 14, using frequency-converted
matrix elements at Q2 = 24 MeV with parent frequency of 36 MeV. While ramp 40C
is completely inappropriate in the heavy regime, the small deviations for ramp 40K
and 40L suggest that ramp 40] allows for accurate calculations. The calculations
employed a HF basis with emax = 12.
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choices of SRG model spaces, for *Ni these deviations already reach 0.5 MeV per
nucleon. From there, the deviations increase quickly, reaching values up to 7 MeV
per nucleon for 2°Sn. Therefore, ramp 40C is far from sufficient for calculations
of nuclei with mass numbers A > 60. There are distinct jumps in the deviation
plot, occurring, for instance, between nuclei 5878Ni or '201325n. Such jumps occur
each time a new high-momentum single-particle orbit in Figure 4.1 is occupied
in the reference state. For example, the reference configurations of ®Ni and 8Ni
differ by the 1g%: shell, and the configurations of 2°Sn and 32Sn differ by the
1h11/2 shell. This observation hints at a growing importance of the large-J part of
the SRG model space, which is subject to much stronger truncation for ramp 40C
than the low-J part is.

Consequently, the other ramps presented in Figure 5.23 perform much better,
as they imprint less truncations on the large-/ SRG model space than ramp 40C
does. This is illustrated in the bottom plot of Figure 5.24. Among these alternative
ramps, even the one corresponding to the smallest model space, ramp 38G, shows
deviations of less than 0.25MeV per nucleon from the 40] ramp. By comparing
the 38G ramp with 40F, the effect of the Esgg cut for the small angular momenta
J <5/2 can be probed, which turns out to have only a minor effect. Therefore, it
may be concluded that for these small J the SRG model space is sufficiently large
at Esgg = 40. Similar comparisons suggest that, with respect to 40C, increasing
Egpg for large angular momenta is crucial. Ground-state energies corresponding
to ramps 40K and 40] then only differ by at most 50 keV over the whole mass range.
This indicates that ramp 40] is an appropriate choice for nuclear calculations up
to mass numbers A =150, with uncertainties related to the SRG model-space trun-
cation below 100 keV per nucleon.

The use of larger SRG model spaces also has a decisive impact on the previ-
ously observed Esm.c-dependence of the ground-state energies. Figure 5.25 com-
pares the Esn. dependence of ground-state energies, measured by their difference
at the two Ezmax values of 12 and 14, corresponding to frequency-converted matrix
elements obtained from ramps 40C and 40]J. The striking observation is that for
the larger SRG model space the Ejn.« dependence does not increase, while it does
for the smaller model space. This indicates that much of the previously observed
Esmax dependence was induced by the use of insufficient SRG model spaces and
that heavier nuclei may be accessible with manageable values of E3pay.
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Figure 5.25: Comparison of the Esmax-dependence of CCSD ground-state energies for the NN+3N-
full Hamiltonian in NO2B approximation evolved in the SRG model spaces cor-
responding to ramp 40C and 40]. The ground-state energies are evaluated for
Esmax = 12 and Esmax = 14, and the energy difference (per nucleon) is shown in the
plot. The results clearly indicate an enhancement of the Esmax-dependence due to the
insufficient model space corresponding to ramp 40C, which increases with the nuclear
mass number. Other parameters of the calculations as in Figure 5.24.
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5.9.3 Results for Heavy Nuclei

The discussion of heavier nuclei will be based on SRG-transformed Hamiltoni-
ans at flow parameters a = 0.04 fm* and 0.08 fm* for which the Coupled-Cluster
method provides nearly converged results. Examples for convergence patterns of
ground-state energies of nuclei ranging from *Ni to 132Sn are shown in Figure 5.26.
Except for the heaviest nucleus 325n considered in Figure 5.26, all other calcula-
tions are reasonably well converged within the model spaces up to ema.x = 12. The
cluster expansion also converges quickly. For %Sn and the NN+3N-full Hamil-
tonian at a = 0.04fm*, for instance, the reference energy is —-590.8 MeV, the CCSD
correlation energy amounts to —-375.5 MeV and the CR-CC(2,3) triples correction
contributes —26.3 MeV, which is less than 3 % of the total binding energy. For
a = 0.08fm* the convergence is naturally faster, with reference energy of —767.2
MeV, CCSD correlation energy of —218.8 MeV and the triples correction of —17.7
MeV. These numbers suggest that even in the regime of heavy nuclei the Coupled-
Cluster method is expected to provide, for a given Hamiltonian at fixed «, the
corresponding nuclear ground-state energies up to an accuracy of few percent.

In a next step it is necessary to identify the values of Esnmax required for calcu-
lations of heavy nuclei. Figure 5.27 presents CCSD ground-state energies of vari-
ous nuclei for Ejnmay values ranging from 10 to 18. For all but the heaviest nucleus
1326n convergence is achieved at Esma = 18, and for most of the lighter nuclei al-
ready at much smaller values of Esmay. It is noteworthy that for the energies using
SRG-evolved matrix elements from ramp-40] model spaces the Esn.x dependence
is larger for the softer interaction, which is opposite to the observations made for
ramp 40C and lighter nuclei. This may hint at the growing importance of SRG-
induced 3N interactions.

Another interesting aspect of the Esnmax truncation is its impact on the 7Q de-
pendence. In Figure 5.28 the 7Q2 dependence of CCSD ground-state energies of
nuclei 4°Ca, 6Ni and '32Sn is studied at various values of Esn.c. For 4°Ca, the 72
dependence decreases with increasing Esmax up to the point where it is practically
flat for Esmax = 16. The fact that the curves have positive slope for smaller values
of Es3max implies that for nuclei like °Ca, too small values of Ejnay shift the optimal
oscillator frequency to smaller frequencies, which is also confirmed by the 56Ni re-
sults. For 1325n, the situation is reversed. Here, the optimal frequency is shifted to
larger frequencies if a too small Esnay is used. In fact, the Espmay = 16 results suggest
that the optimal frequency for !325n lies even somewhat below 79 = 24 MeV.

A systematic survey of CR-CC(2,3) ground-state energies of medium-mass and
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Figure 5.26: Convergence and ACCSD(T) (open symbols) and CR-CC(2,3) (full symbols) ground-
state energies of “8Ni, 88Ni, 190Sn and 1325n for the NN+3N-full Hamiltonian in
NO2B approximation with Esmax = 14 and using a Hartree-Fock basis with Q) = 24
MeV. The arrows indicate the CCSD results from the emax = 12 model space.
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Figure 5.27: Convergence of CCSD ground-state energies for medium-mass and heavy nuclei
ranging from *8Ca to '32Sn, for the NN+3N-induced and NN+3N-full Hamiltonian
in NO2B approximation, with respect to Esmax. All calculations are performed in a
HF basis with oscillator frequency hi) = 24 MeV and at emax = 12.
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Figure 5.28: Frequency dependence of CCSD ground-state energies of **Ca, 56Ni and '32Sn for the
NN+3N-full Hamiltonian in NO2B approximation for various values of Esmax. The
calculations employed a HF basis at emax = 12.
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heavy nuclei ranging from 6O to 325n with emphasis on the Ca, Ni, and Sn iso-
topic chains is presented in Figure 5.29. All results are obtained using Esmax =18
and for the two SRG flow parameters & = 0.04 fm* and a = 0.08 fm*, which are used
to quantify the flow-parameter dependence of the results. In panel (a), the NN+3N-
induced Hamiltonian is employed. The corresponding ground-state energies show
a significant increase in the flow-parameter dependence, rising from about 0.1
MeV per nucleon for 50O to about 1 MeV per nucleon for 32Sn, indicating grow-
ing contributions of SRG-induced 4N (and multi-nucleon) interactions out of the
initial NN interaction. From the direction in which the ground-state energies
move for smaller values of the flow parameter it can be concluded that the in-
duced many-body interactions have an attractive net effect. In order to confirm
that this is a general property of chiral NN Hamiltonians, in panel (a) also the
N2LO-optimized chiral NN interaction is used [159]. The flow-parameter depen-
dence is very similar to the former calculations for light and medium-mass nu-
clei, and is reduced for heavy nuclei, resulting in a flow-parameter dependence of
about 0.5 MeV per nucleon for 132S5n. Even with the reduced amount of induced
4N and multi-nucleon interactions for the N?LO-optimized interaction, induced
many-body interactions out of the initial NN interaction are a new challenge in the
heavy-mass regime which, if not addressed, will prevent any attempt to reliably
calculate ground-state energies of heavy nuclei based on chiral interactions. In
order to emphasize that the observed flow-parameter dependencies are indeed to
be attributed to induced many-body interactions and not truncations in the many-
body treatment such as the cluster truncation, in panel (b) the contributions of the
CR-CC(2,3) triples correction are shown.

Considering the large flow-parameter dependence of the NN+3N-induced re-
sults, the much reduced flow-parameter dependence of about 0.1 MeV per nu-
cleon for the results shown in panel (c) using the NN+3N-full Hamiltonian with
the Asn = 400 MeV regular cutoff is remarkable. This reduced flow-parameter
dependence has to be the consequence of a delicate cancellation of the attractive
induced 4N contributions from the initial NN interaction with additional repul-
sive 4N contributions originating from the initial 3N interaction. The direction
of the flow-parameter dependence of the ground-state energies is reversed to the
NN-+3N-induced case, indicating that the attractive induced interactions are in
fact slightly overcompensated. Since for the NN+3N-induced case the contribu-
tions of induced many-body interactions grow with the nuclear mass, while the
NN-+3N-full results exhibit a virtually constant flow-parameter dependence over
the whole considered mass range, the contributions from the repulsive induced
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Figure 5.29: Ground-state energies from CR-CC(2,3) for (a) the NN+3N-induced Hamiltonian starting from the N3LO and N?LO-
optimized NN interaction and (c) the NN+3N-full Hamiltonian with Asn =400 MeV and Asy =350 MeV. The boxes
represent the spread of the results from a = 0.04 fm* to a =0.08 fm?, and the tip points into the direction of smaller values
of a. Also shown are the contributions of the CR-CC(2,3) triples correction to the (b) NN+3N-induced and (d) NN+3N-full
results. All results employ hQ2 =24 MeV and 3N interactions with Esmax = 18 in NO2B approximation and full inclusion
of the 3N interaction in CCSD up to Esmax = 12. Experimental binding energies [160] are shown as black bars.
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Figure 5.30: Charge radii obtained from Hartree-Fock calculations for the NN+3N-induced and
NN+3N-full Hamiltonian with parameters as in Figure 5.29. Experimental val-
ues [161] are shown as black bars.

many-body interaction grow the same way with the the nuclear masses as the con-
tributions from the attractive induced many-body interactions do. This statement
can be confirmed by reducing the initial 3N cutoff from Azy =400 MeV to 350 MeV.
For light nuclei this cutoff reduction is known to weaken the repulsive 4N com-
ponent originating from the initial 3N interaction [86]. Consequently, the flow-
parameter dependence of the ground-state energies for the 350 MeV NN-+3N-full
Hamiltonian points in the same direction as for the NN+3N-induced Hamilto-
nian, because the repulsive contributions are no longer able to overcompensate
the attractive contributions. Furthermore, the 350 MeV NN+3N-full Hamiltonian
results exhibit a flow-parameter dependence that increases with mass number.
This shows that in addition to the fact that the repulsive contributions are not
only smaller for the A;xy = 350 MeV NN+3N-full Hamiltonian compared to the
400 MeV case, but that they also grow slower with the nuclear masses. Therefore,
an almost constant flow-parameter dependence of the NN+3N-full results over
the whole mass range is not a general property of NN+3N-full Hamiltonians and
may only be achieved in a small window of initial 3N regular momentum cutoffs
around Asy = 400 MeV.

Taking advantage of the robust cancellation of SRG-induced 4N terms for the
NN-+3N-full Hamiltonian with Azy =400 MeV, resulting in a very small a depen-
dence, the obtained ground-state energies may be compared to experiment. The
ground-state energies of the oxygen isotopes are very well reproduced. Starting
from the Ca isotopes, a systematic and slowly increasing deviation of the theoret-
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ical results from experiment is visible, which is of the order of 1 MeV per nucleon.
Apart from this constant energy shift, the experimental trend of the binding en-
ergies is nicely reproduced. Therefore, these results represent a first confirmation
that chiral Hamiltonians that have been determined in the few-body sector are
also capable of qualitatively describe heavy nuclei. Furthermore, since the many-
body problem can be solved very accurately using ab initio methods, potential
shortcomings of the input Hamiltonian may be identified. In the present case,
the overbinding of the NN+3N-full results are well beyond theoretical uncertain-
ties and, thus, may be considered a deficiency of the current chiral NN+3N-full
Hamiltonian. This outcome is of course not surprising given the inconsistent chi-
ral perturbation order of the employed NN and 3N interaction and the neglect of
the chiral 4N force at N3LO.

While chiral Hamiltonians provide good results for binding energies with de-
viations from experiment that might be resolved using improved chiral Hamil-
tonians, charge radii come out significantly too small. Figure 5.30 shows charge
radii on the HF level for nuclei for which the experimental value is known [161].
An increasing deviation from experiment is apparent, about 0.3 fm or 10 % for
160, up to about 1 fm or 20 % for !32Sn. It should be noted that the radius oper-
ator has not been SRG evolved. However, neither the consistent evolution of the
radius nor beyond-HF correlation effects are expected to have a significant impact
on these findings.
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The two foundations of ab initio nuclear structure theory — the fundamental de-
scription of the nuclear interaction, and methods that provide accurate solutions
to the many-body problem along with some estimate of the errors involved — have
both seen impressive progress in recent years. The goal of the present work was
to combine and advance these developments into a theoretical and computational
framework capable of performing accurate ab initio nuclear structure calculations
of medium-mass and heavy nuclei.

The main focus of this work is the treatment of nucleon correlations in the
many-body problem. Here, the Coupled-Cluster method with iterative single-
and double-excitations contributions combined with a non-iterative treatment of
triply excited clusters constitutes a framework that is both, efficient and suftfi-
ciently accurate in solving the many-body Schrodinger equation in order to make
acceptable estimates for nuclear ground-state energies. The spherical formula-
tion of Coupled-Cluster theory was one key element to the success of this work.
However, while Coupled-Cluster theory in its m-scheme formulation is already
notorious for the human effort required to derive and implement the method, the
spherical formulation multiplies this demand. Nevertheless, even under these
circumstances, spherical Coupled-Cluster theory has highly appealing properties
that make implementing the method worthwhile in the long run. For one, it ex-
tends the reach of ab initio Coupled-Cluster calculations to large mass numbers
way beyond the reach of an m-scheme formulation. Furthermore, the spherical
scheme is also sufficiently efficient to allow calculations including explicit 3N in-
teractions which makes the Coupled-Cluster method a favorable tool to test ap-
proximation schemes for 3N interactions, such as the normal-ordering approxi-
mation. Through the inclusion of triples excitation effects in form of a posteriori
non-iterative energy corrections, the degree of convergence of the cluster expan-
sion at the level of the triply excited clusters can be estimated. Using SRG-softened
interactions, the results suggest fast convergence of the cluster expansion. How-
ever, for harder interactions or even the bare nuclear interaction, the quality of
triples-corrected CCSD ground-state energies is questionable. Since full CCSDT
calculations cannot be done at present time, two different triples-correction meth-
ods have been considered in order to estimate their quality. The respective results
lie sufficiently close, motivating the claim that both represent reasonable approx-
imations to the exact triples contributions to the energy.

Three-nucleon forces play a central role in present-time nuclear structure the-
ory and applications. Chiral three-nucleon forces are known to be important for
the description of nuclear properties, and the framework of chiral effective field
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theory provides nuclear physicists with a convenient approach to the construc-
tion of QCD-based nuclear interactions and electro-weak currents, due to its abil-
ity to assign power-counting orders to the many possible operator structures of
the interactions, which in turn allows to identify the most relevant ones of these
operator structures. This is a particularly important feature of the chiral pertur-
bation approach for the derivation of three- and more-nucleon interactions, be-
cause their treatment is much more complicated in a purely phenomenological
approach. The generation of chiral interactions still is a dynamic field, even more
today after the great potential of chiral interactions has been realized in nuclear
many-body and reaction calculations. The most obvious improvement over the
current status of chiral interactions concerns the availability of the 3N interaction
at N3LO in order to achieve consistency between the NN and 3N interactions in the
chiral expansion. This will further be a next step towards assessing convergence of
nuclear observables with respect to the chiral expansion parameter which, how-
ever, would in principle also require the consideration of the chiral 4N interaction
at this order. The inclusion of the A degree of freedom, which also causes a shift
of certain diagrams to lower power-counting orders, is another exciting prospect
for the future.

But even without chiral three-nucleon interactions, nuclear-structure calcula-
tions that rely on SRG-evolved or otherwise renormalized interactions, are in-
evitably confronted with induced three-nucleon forces. Regardless their origin,
the inclusion of three-nucleon interactions into the many-body calculations poses
a challenge which has to be met with caution in order to avoid the introduction
of severe sources of uncertainty, and lots of research has been dedicated to this
issue. This work demonstrates that a proper inclusion of three-nucleon interac-
tions is possible for many-body calculations operating up to nuclear masses of
about A~ 150, using manageably large SRG model spaces and reachable values
of Esmax. It was shown that an approximate treatment of 3N interactions in the
many-body calculations via the normal-ordering two-body approximation is sat-
isfactory at the level of overall accuracy targeted at in ab initio nuclear structure
calculations. A remarkable outcome of this work is that a single Hamiltonian,
more precisely the SRG-evolved NN+3N-full Hamiltonian with reduced cutoff-
momentum of 400 MeV provides, within the computational framework used in
this work, a qualitative description of nuclei ranging from %O to !325n, and maybe
even beyond. Given the still quite preliminary status of the chiral interactions, al-
ready these results are sufficiently encouraging to conclude that it is worthwhile
to proceed further along this path of research.
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In conclusion, ab initio nuclear structure theory is a vivid branch of physics
and the results of this work indicate great potential of the first-principle descrip-
tion of the nuclear many-body problem. Future research will have to address fur-
ther observables besides (ground-state) energies. For example, although energies
are reasonably reproduced by the chiral interactions, radii come out too small.
However, when using SRG-transformed Hamiltonians, the observables have to
undergo analogous transformations, and electromagnetic observables require the
inclusion of chiral electro-weak currents into the calculations. As already men-
tioned above, the chiral 3N interaction at N3LO will be a next step towards the
description of nuclear properties using interactions at consistent power counting
orders, giving insight in the convergence properties of the chiral expansion and
may enable uncertainty estimates. In the long run, nuclear theory will have to deal
with 4N interactions, either in form of the initial chiral 4N interaction at N3LO, or,
unless novel generators are found that reduce the amount of SRG-induced 4N
contributions, with these induced 4N interactions.
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The spherical EOM-CCSD method considered in this work enables calculations
of excited states of closed-shell nuclei. The low-energy spectra of such nuclei
typically consist of simple particle-hole excitations and collective rotational or vi-
brational states. The current method of choice for collective states has been the
Random Phase Approximation (RPA) [78], in which excited states are described via
linear 1p1h (de-) excitations on a ground state which contains certain correlations.
This approach has also been extended to include 2p2h (de-) excitations, known as
second RPA [162,163]. Since the quasi-Boson approximation that enters the deriva-
tion of the RPA equations works better for collective states than for single-nucleon
excitations, RPA methods have difficulties to describe the latter type of excited
nuclear states. The EOM-CCSD approach also employs linear excitations up to
the 2p2h level. However, since these excitations act on the fully correlated CCSD
ground state, EOM-CCSD is considered superior to the RPA approaches and may,
therefore, be able to describe single-nucleon excitations as well as collective states.

Typically, those excited states are rather high-lying, beyond the neutron sepa-
ration threshold, and no longer bound. These states are, therefore, not expected to
be highly accurate reproduced in calculations in which the continuum is not prop-
erly taken into account. Additionally, some of the low-lying 0 states in closed-
shell nuclei, such as 'O, are suspected to have a-cluster structure [164] and would,
consequently, require 4p4h excitations for an accurate description, which is be-
yond the scope of EOM-CCSD.

This section focuses mainly on the computational aspects of EOM-CCSD cal-
culations rather than a thorough physical discussion, although it will address the
question raised above as to whether EOM-CCSD is able to describe single-nucleon
excitations as well as collectivity within the same framework. The EOM-CCSD
eigenvalue problem constitutes a non-Hermitean eigenvalue problem, which can
reliably be solved using non-symmetric Lanczos methods provided by the Arnoldi
Package [165]. Since the matrix-vector multiplications can be distributed via MPI,
these multiplications can be evaluated quickly using multiple computing nodes.
This way, matrices of linear dimensions of hundreds of millions can be diagonal-
ized. However, for large linear dimensions the orthogonalizations of the Lanczos
vectors, which are performed on a single computing node only, does in practical
calculations eventually spoil the scaling.

When calculating excited states it is important to take spurious center-of-mass
excitations into account. While ground states are approximately free from center-
of-mass contaminations [152], these contaminations cannot be ignored for the ex-
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cited states. One way to probe the degree of center-of-mass contamination is to
use the Hamiltonian (1.3),

IZA (pi—p;> ZA ZA

T 7NN 73N 2

H = Z T + Vij + Vijk + ACMHCM; (Al)
i<j i<j i<j<k

augmented by the center-of-mass Hamiltonian Acu Hey with
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and to study the dependence of the eigenvalues on the parameter Acy. In the exact
case the nuclear wavefunction factorizes into an intrinsic and a center-of-mass
part, and the intrinsic energies are clearly independent of Acy. Furthermore, for
Acm # 0 the center of mass will then be in a Hey eigenstate |n) with eigenenergy

Ecmn = Acmnhiflcm (A.3)

that scales linearly with the parameter Acy. At large enough values of Acy only
the center-of-mass ground states |0) will be visible at the lower end of the energy
spectrum. In the following calculations the oscillator frequency Qcu of the center-
of-mass potential is chosen to coincide with the HO basis frequency ©, but other
choices are possible as well [152].

Figure A.1 shows the Acy-dependence of CCSD ground-state energies of 16240
and *%48Ca for the chiral NN-only and NN+3N-full Hamiltonian, at two values of
the SRG flow parameter. The energies change only very little when Ay is varied
from 0.0 to 1.0, about 250 keV for %O and about 500 keV for 4°Ca. Excited states,
however, exhibit a much stronger dependence on Acy, as can be seen in Figures A.2
and A.3, where the lowest 10 J* =01 and J™ =2+ states of 0 and #°Ca are shown.
In Figures A.2 and A.3 it is clearly visible how spurious excited states are linearly
shifted upwards linearly with Acu. Typically at values of Acy around 1.0 the low-
energy spectra have become stable with respect the Ay variations.

Another important information is the rate of convergence of the EOM-CCSD
calculations with respect to model space size. The convergence of the 3 lowest J* =
0*,2%, and 4+ states of 62O and 448Ca is considered in Figures A.4 and A.5. The
calculations used Acy = 1.0. Regarding convergence, the results are encouraging.
Most states, and in particular the low-lying ones, are converged already in smaller
Coupled-Cluster model spaces. This allows a clear identification of high- and low-
lying states.
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Figure A.1: Dependence of 'O and *°Ca CCSD ground-state energies on Acm using a HO basis
with emax = 10, and at 72 = 20 MeV.

Figures A.2 and A.3 show that beyond some threshold energy, EOM-CCSD
yields a bulk of excitation energies that lie closely together. These spectra strongly
resemble the results for collective excitations obtained from RPA. Apart from that,
EOM-CCSD is also capable of providing some low-lying excitations, as is appar-
ent from Figures A.4 and A.5. For 2*O, two low-lying 2+ states are obtained, the
lowest at an excitation energy of 6.5 MeV. This might be a candidate for the ex-
perimentally known 2" state at 4.8 MeV (experimental values from [166]). The
calculations also show a low-lying 4" state at about 9.4 MeV, for which there is no
experimental evidence. For #Ca, there are also low-lying 2+ and 4+ states. The
lowest 2+ state is at 5.0 MeV excitation energy, which is a candidate for the exper-
imentally observed state at 3.8 MeV. For the calculated 4" state at 5.6 MeV there
is also a possible match in the observed “Ca excitation spectrum at 4.5 MeV. No
low-lying 0%, 2%, or 4" states are obtained for 60 and “°Ca. However, the 0+ and
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Figure A.2: Dependence of the 10 lowest J™ = 0% and J™ =27 states of 180 on the parameter Acm.
The energies are obtained from EOM-CCSD using the NN+3N-full Hamiltonian in
NO2B approximation with Esmax = 14 and at a = 0.08 fm*. The calculations employed
a HO basis with emax =10 and 72 = 20 MeéV.
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Figure A.3: As in Figure A.2, for 4°Ca.
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2" spectra are less converged than the low-lying states for other nuclei, indicating
that the 60O states are rather complicated. Experiments show low-lying 0* states
at6.1 and 3.3 MeV for 160 and “°Ca, respectively, but these are potentially a-cluster
states [164] and, therefore, expected to be out of reach of the EOM-CCSD. There
are also low-lying 2* states at 6.9 and 3.9 MeV for 50 and °Ca, respectively. Since
there is also no evidence for these in the calculations, it may be speculated they
also have a complicated structure, such as multi-particle-hole excitations, which
EOM-CCSD is simply not able to describe with linear 2p2h excitations.
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Figure A.4: Convergence of the 3 lowest J™ = 0% , J* =2%, and J™ = 4% with respect to emax.

Other parameters as in Figure A.2, with Acm = 1.0.
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Figure A.5: As in Figure A.5, for °Ca and *8Ca.
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As an application of Coupled-Cluster theory beyond common atomic nuclei, the
ground-state energies of neutrons trapped in an external potential are considered
in the following. Since pure neutron systems are not bound, the external potential
is required to prevent the neutrons from moving apart. Thus, the Hamiltonian is
of the form
A ﬁz A A A
Ho= Qg+ 20l + 20N + D VY (B.)
i i i<j i<j<k
where the external potential considered is a harmonic-oscillator potential with
frequency Qap

trap i

- 1
OualFs) = m@ 77 (B.2)

Unlike for the nuclear case, in (B.1) the total, rather than the intrinsic kinetic energy
is used because the external potential also acts on the center-of-mass coordinates.
One motivation for considering neutron drops is that they provide a very simple
model of neutron-rich nuclei in which the core is approximated by an external
well acting on the valence neutrons [167]. Additionally, it allows to investigate
properties of the interaction in the neutron-neutron or three-neutron sector.

First, basic properties of the many-body calculations are considered. All cal-
culations employ SRG-evolved matrix elements from ramp-40C model spaces,
and with applied frequency conversion from parent frequency 7 = 28 MeV. Fig-
ures B.1 and B.2 show for various neutron drops and interactions, and at fixed
trap potential frequency 7Qy., = 10MeV, the dependence of the CCSD ground-
state energy on the harmonic-oscillator frequency. For the NN-only, the NN+3N-
induced, and the NN+3N-full (Asxy = 400 MeV) Hamiltonians, the CCSD energies
for SRG flow parameters a = 0.04fm* and a = 0.08fm* are sufficiently flat in the fre-
quency range 72 = 16,20,24 MeV so that any of these frequencies may be chosen
as optimum. The results for a =0.02fm*, where available, suggest an optimal fre-
quency at around 72 = 28 MeV, however, for reason discussed below, an optimal
frequency of 2= 16MeV is more convenient and will be chosen in the following.

The results for the NN+3N-full (Azxy = 500 MeV) Hamiltonian show an odd fre-
quency dependence, where for the heavier neutron drops the CCSD energies keep
on decreasing with increasing frequency, which clearly hints at a defect in the in-
teraction matrix elements. Indeed, this unnatural behavior may be explained by
an insufficient E3nay cut. Figure B.3 shows the frequency dependence of the CCSD
energies for the heavier neutron drops for the two values Ejnax =12 and 14. From
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Figure B.1: Frequency-dependence of CCSD ground-state energies for various Hamiltonians and
various neutron drops and interactions in an external harmonic-oscillator potential
with frequency hQap = 10 MeV. The 3N interactions are included via NO2B approx-
imation with Esmax = 14, and a HF basis with emax = 12 is employed.
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Figure B.2: As in Figure B.1 for the neutron drops 22n, 4°n, and 5%n.
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Figure B.3: Dependence on the HO frequency of the CCSD ground-state energy for various neu-
tron drops for the NN+3N-full Hamiltonian with chiral 3N cutoff Asn = 500 MeéV for
E3max = 12 (open symbols, dashed lines) and Esmax = 14 (full symbols, solid lines).
Parameters of the calculations as in Figure B.1.

Coupled Cluster Theory for Nuclear Structure 239



Appendix B. Trapped Neutrons

160 a=0.04fm* a=0.08fm*|n | a=0.04fm* «a=0.08fm*
Eret [MeV] 340.8 339.1 1467.0 1459.8
AE(CCSD) [MeV] -10.2 -8.0 -28.1 -17.3
6 EACCSDT) [MeV ] -0.7 -05 -1.3 -1.0

Table B.1: Contributions from different orders of the cluster truncation to the ground-state energies
of %1 and 5°n for the NN+3N-full (Asx = 400 MeV) Hamiltonian. Parameters of the
calculations as in Fig. B.4, with emax = 12.

this it becomes apparent that the problematic frequency dependence is enhanced
for smaller values of E3nm,.x and may vanish for sufficient large values. However, for
the frequency 7Q2 =16 MeV chosen as optimum, there is virtually no Esna effect on
the energy scales considered in Figure B.3, while the effect increases with the oscil-
lator frequency. From these observations it may be concluded that is 72 =16 MeV
is the most appropriate choice for the NN+3N-full (Asxy = 500 MeV) Hamiltonian.
As in the case of nuclei, the insufficiency of the ramp-40C SRG model spaces for
heavier neutron drops is expected to cause the problems mentioned above.

Next, the convergence properties of the calculations and the size of the differ-
ent contributions of the cluster expansion are discussed. In Figure B.4, the emax-
dependence of the reference energy, as well as the CCSD and ACCSD(T) ground-
state energy is depicted. The a = 0.04 fm* and 0.08 fm* results are well converged.
This is not quite the case for a = 0.02 fm* results, showing a more linear, rather
than exponential, convergence pattern which would also not allow for reliable ex-
trapolations to infinite model-space sizes. Therefore, the a = 0.02 fm* results will
not be considered in the following.

In Table B.1 the contributions from different orders of the cluster expansion
to the ground-state energies of ®n and *°n for the NN+3N-full (Asy = 400 MeV)
Hamiltonian are listed. These numbers show that the beyond-HF contributions
are very small. For the a = 0.04 fm* Hamiltonian, the CCSD correlation energy
contributes only 3.1 % to the ground-state energy of '°n, and 2.0 % to the ground-
state energy of *n. The ACCSD(T) triples correction is practically negligible, con-
tributing about 0.2 % and 0.1 % to the ground-state energy of 'n and 'n, respec-
tively. This, not surprisingly, indicates that the most part of the binding energy
stems from the external potential while the neutron interact only weakly within
the trap.

The Esm.x cut does not pose a problem in most of the present calculation of
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Figure B.4: Reference (dashed line), CCSD (dotted line) and ACCSD(T) (solid line) ground-state
energy for various neutron drops and interactions in an external harmonic-oscillator
potential with frequency hQuap = 10 MeV. Parameters of the calculations as in Fig-
ure B.1, with HO basis frequency 12 =16 MeV.
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a , NN+3N-full  NN+3N-full
[fme] NNFSNHNA 500 MeV  Awy = 400 MeV

o, 004 0.00 0.00 0.00
0.08 0.00 0.00 0.00

oy, 004 0.07 2011 0.00
0.08 0.05 ~0.03 0.03

w004 0.82 ~0.58 0.27
0.08 0.79 0.08 0.50

w004 3.96 0.53 413
0.08 401 1.25 4.47

Table B.2: The Esmax effect in the ACCSD(T) ground-state energies, measured by (B.3), for various
neutron drops and obtained from emax = 12 modes spaces. Other parameters of the
calculations as in Fig. B.4.

neutron drops at HO basis frequency 7€ = 16 MeV. This can be seen in Table B.2
where the differences in the ACCSD(T) ground-state energies

EACCSD)(p,  — 14)— EACCSDD)(p. 1) (B.3)

are listed. In the calculations of the lighter neutron drops the Esnay effect is com-
pletely negligible. For “°n, the absolute Esnm.x effect ranges from 0.3 MeV to about
0.8 MeV, which is still small regarding the large energy scales involved. For n,
the Esmax effect rises dramatically. This is most likely a signature of a problem in
the input matrix elements, and it may well be caused by the 40C ramp used for
the SRG evolution which also led to the observations made in Figure B.3. In con-
clusion, apart from n, the Coupled-Cluster results are expected to be accurate
with uncertainties well below 1 %. The full set of ACCSD(T) ground-state energies
is presented in Table B.3.

It should be noted that in the calculations the external potential is not SRG-
evolved. However, the SRG is not expected to have a large effect there because
the SRG alters mainly the short-range behavior while the external potential has
long-range character. Apart from the NN-only results, the ground-state energies
show very little flow-parameter dependence, even for the NN+3N-full Hamilto-
nian with Azy = 500 MeV. This outcome may indicate that the (7, M) = (3/2,3/2)
isospin channels of the chiral NN and 3N interactions are not the driving force
behind SRG-induced 4N (and beyond) contributions. Therefore, pure neutron
systems give the opportunity to compare the results for Azy = 500 MeV NN+3N-
tull Hamiltonian to the Asy = 400 MeV variant. As can be seen in Figure B.4, the
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a . NN+3N-full NN+3N-full
(fme]  UNonly  NN+3N-nd. - cho Vv Auy = 400 MeV
o 004 1336 1342 135.1 1355
008 1335 134.4 135.3 135.6
o, 004 3267 330.0 332.0 335.1
008  326.0 330.5 3325 335.6
o, 004 4218 4271 432.8 4365
008 4203 427.9 4333 437.2
w, 00k 6628 674.7 680.7 690.8
008 6594 676.0 681.3 691.8
o, 004 10132 1042.6 10583 1080.2
008  1005.3 1045.1 10583 1081.7
o, 004 13659 1437.6 1449 1 14923
008 13542 14415 1448.1 1494.2

Table B.3: Ground-state energies from ACCSD(T) in MeV for various neutron drops in a
harmonic-oscillator trap with NQyap = 10 MeV. The calculations used frequency-
converted matrix elements with Q) = 16 MeV, obtained from the parent frequency
nQ =28 MeV. The 3N interactions were included via NO2B approximation with
E3max = 14. The calculations were performed in a HF basis with emax = 12.

ground-state energies change noticeably when the cutoff-momentum is lowered
from 500 MeV to 400 MeV. The initial 3N contributions are in any case repulsive,
as is apparent from the comparison of the NN+3N-full energies with the NN+3N-
induced results. However, lowering the cutoff in the initial chiral 3N interaction
leads to an enhancement of these repulsive contributions, which is also found to
grow with the neutron number, as can be seen in Table B.3.

Finally, the Coupled-Cluster results using chiral interaction are compared to
Green’s function Monte Carlo (GFMC) calculations [168] using the Argonne V&
(AV8’) potential [169], either alone or in combination with the Urbana IX (UIX) [169]
or the Illinois-7 (IL7) [170] three-nucleon interaction. The comparison is shown in
Figure B.5. For ®n, all methods and interactions give the same result on the en-
ergy scales considered in Figure B.5. However, for larger neutron numbers the
results increasingly deviate from each other. Up to *°n, both Hamiltonians that do
not contain initial 3N forces, the chiral NN+3N-induced and the AV®’, give very
similar results. Even closer to the AV8’ results is the NN+3N-full Hamiltonian
with 500 MeV cutoff momentum. As already discussed above, the NN+3N-full
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Hamiltonian with 400 MeV cutoff shows noticeable deviations from the 500 MeV
results, due to an enhanced repulsion. Even more repulsion is produced by the
UIX three-body interaction, such that for °n, the AV8’+UIX results are clearly dis-
tinguishable from the other ones. For example, the AV8’+UIX ground-state energy
for on differs to the NN+3N-full (A3 = 500 MeV) result by about 1.5 MeV per neu-
tron, and to the NN+3N-full (Asy =400 MeV) by about 0.9 MeV per neutron. On
the other hand, the AV8’ potential in combination with the IL7 three-nucleon in-
teraction produces significantly less repulsion than the other interactions. This
demonstrates once more that different current 3N interactions lead to very differ-
ent results in many-body calculations.

In conclusion, neutron drops represent convenient systems to test the extreme-
isospin properties of nuclear interactions. The Coupled-Cluster framework con-
sidered here is capable to provide very accurate energies, and the effects of SRG-
induced many-body interactions are very limited. Therefore, the uncertainties in-
volved are much reduced compared to nuclear calculations in such a mass range.
Particularly for heavier neutron drops, differences in the interactions become visi-
ble. This may help to understand the behavior of these interactions in the calcula-
tion of neutron-rich nuclei. A particularly interesting observation in the context of
this work are the different results for the NN+3N-full Hamiltonians for different
regulator cutoff momentum.
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Figure B.5: Comparison of ground-state energies per neutron of neutron drops obtained from

ACCSD(T) and Green’s function Monte Carlo calculations employing various inter-
actions. The Coupled-Cluster calculations used the chiral NN as well as two variants
of the chiral NN+3N interactions in form of the NN+3N-induced, the NN+3N-full
(Asn = 500 MeV), and the NN+3N-full (Asn = 400 MeV) Hamiltonian. The GFMC
calculations used either the AV8' two-nucleon potential, or the AV8’ potential together
with the Urbana IX model 3N interaction [168]. The Coupled-Cluster results can be
found in Table B.3.
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C.1 Diagrams
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Figure C.1: CCSD correlation energy and Ty diagrams.
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Figure C.2: CCSD T diagrams.
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C.2 Spherical Equations
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Figure C.3: Spherical expressions for the CCSD Ty amplitude equations.
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Figure C.4: Spherical expressions for the CCSD T, amplitude equations.
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Figure C.5: Spherical expressions for the CCSD T, amplitude equations, continued.
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Figure C.6: Spherical expressions for the CCSD T, amplitude equations, continued.
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C.3 Diagrams for Three-Body Hamiltonians
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Figure C.7: CCSD correlation energy and Ty diagrams for three-body Hamiltonians.
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Figure C.8: CCSD T diagrams for three-body Hamiltonians.
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Figure C.9: CCSD T diagrams for three-body Hamiltonians, continued.
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C.4 Spherical Equations for Three-Body Hamiltonians

U J 00 Ii#
(TyAa) R W~ ) H ~AW o
+ 3 it JTIZ J{klallwllcdi) (¢|flk) (d|t]l)
cdkl 7 IO#
] J JM JM
(T;Ab) Iy v v v
+ 13 J(klalwlledi) (cd)ilk1)
cdkl ] |0#
J J 00 00 00
(o), 1 -1 L B I A S A e
- 37 e Iy J{klallwl|cde) (¢li|k) (d]f|l) (&|t]i)
cdekl 7 [

cdklm Qo
J J M JM 00
(me) . W~ A ﬂ v v ]
+ 27 Z Z J (klm|lwl[cid) (calt2|kl) {d|t:|m) +
cdklm ] IT'$

Figure C.10: Spherical expressions for the CCSD Ty amplitude equations for three-body Hamilto-
nians.
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Figure C.11: Spherical expressions for the CCSD Ty amplitude equations for three-body Hamilto-
nians, continued.
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Figure C.12: Spherical expressions for the CCSD T, amplitude equations for three-body Hamilto-

nians.
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Figure C.13: Spherical expressions for the CCSD T, amplitude equations for three-body Hamilto-
nians, continued.
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Figure C.14: Spherical expressions for the CCSD T, amplitude equations for three-body Hamilto-
nians, continued.
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Figure C.15: Spherical expressions for the CCSD T, amplitude equations for three-body Hamilto-
nians, continued.
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Figure C.16: Spherical expressions for the CCSD T, amplitude equations for three-body Hamilto-
nians, continued.
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Figure C.17: Spherical expressions for the CCSD T, amplitude equations for three-body Hamilto-
nians, continued.
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Figure C.18: Spherical expressions for the CCSD T, amplitude equations for three-body Hamilto-
nians, continued.
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Figure C.19: Spherical expressions for the CCSD T, amplitude equations for three-body Hamilto-
nians, continued.
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Figure C.20: Spherical expressions for the CCSD T, amplitude equations for three-body Hamilto-
nians, continued.
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D.1 Spherical Equations
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Figure D.1: Spherical expressions for the effective Hamiltonian matrix elements.
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Figure D.2: Spherical expressions for the effective Hamiltonian matrix elements.
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Figure D.3: Spherical expressions for the intermediates used in the calculations of the effective
Hamiltonian matrix elements.

272 Coupled Cluster Theory for Nuclear Structure



Appendix D. Effective Hamiltonian Diagrams and Spherical Expressions

M M JM M 0  JM M
vy v v

[v v v Iv A
(ajlz"1ib) = (ajlolib)+ f;lz<d|t1|k) (kjlolib)
k

00 M M

IR A
= 177 (elhli) (aj|Aalch)

c

JM M 00

JM JM JM JM
2 A

N v N Iy
Galp'lik) = (aloljk)+ 5 7, (illoljk) (alhll)
1

JM M 00

JM M JM M
v v v

N )
(ialoljk)+ ;'Y (illpljk) (@lhll)
I

JM JM 00

N L A A
et Y (1 a7 ) (€lhlk)

K v
(ialz”1jk)

+ pz](]) Jk
]IM/ ]/M/
- R N S
— CCAtoStd™ []’Zf 1’] D (1t <6ﬁi|f2|llz> (hAlic)
a0 <t T

JM JM M JM
v

N L A AR
_ % Z(_lyaﬂi—f (ail#tlcd) (cd|ts]j k)
cd

JM JM JM M JM M
[v. Iy RN A L A A
(ab|y’|ci) = (abl|d|ci)— 3 J; Z(abIVIccﬂ (d|t,]i)
d
JM M 00
B -
flk)

= Pup(J) j " (1Y) Y (aklz”lic) (b
k

Figure D.4: Spherical expressions for the intermediates used in the calculations of the effective

Hamiltonian matrix elements.
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D.2 Diagrams for Three-Body Hamiltonians
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Figure D.5: Effective Hamiltonian diagrams for three-body Hamiltonians.
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Figure D.6: Effective Hamiltonian diagrams for three-body Hamiltonians, continued.
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Figure D.7: Effective Hamiltonian diagrams for three-body Hamiltonians, continued.
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Figure D.8: Effective Hamiltonian diagrams for three-body Hamiltonians, continued.
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Figure D.9: Effective Hamiltonian diagrams for three-body Hamiltonians, continued.
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D.3 Spherical Equations for Three-Body Hamiltonians
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Figure D.10: Spherical expressions for the effective Hamiltonian for three-body Hamiltonians.
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Figure D.11: Spherical expressions for the effective Hamiltonian for three-body Hamiltonians,
continued.
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Figure D.12: Spherical expressions for the effective Hamiltonian for three-body Hamiltonians,
continued.
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Figure D.13: Spherical expressions for the effective Hamiltonian for three-body Hamiltonians,
continued.
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Figure D.14: Spherical expressions for the effective Hamiltonian for three-body Hamiltonians,
continued.
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Figure D.15: Spherical expressions for the effective Hamiltonian for three-body Hamiltonians,
continued.
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Figure D.16: Spherical expressions for the effective Hamiltonian for three-body Hamiltonians,
continued.
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Figure D.17: Spherical expressions for the effective Hamiltonian for three-body Hamiltonians,
continued.
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Figure D.18: Spherical expressions for the effective Hamiltonian for three-body Hamiltonians,
continued.
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Figure D.19: Spherical expressions for the effective Hamiltonian for three-body Hamiltonians,
continued.
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Figure D.20: Spherical expressions for the effective Hamiltonian for three-body Hamiltonians,
continued.
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Figure D.21: Spherical expressions for the effective Hamiltonian for three-body Hamiltonians,
continued.
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Figure E.1: ACCSD daiagrams for the Ay and Ay amplitude equations.
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E.2 Spherical Equations
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Figure E.2: Spherical expressions for the ACCSD Ay amplitude equations.
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Figure E.3: Spherical expressions for the ACCSD A, amplitude equations.
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E.3 Spherical Equations for Three-Body Hamiltonians
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Figure E.4:

Spherical expressions for the ACCSD A, amplitude equations for three-body Hamilto-
nians.
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Figure E.5: Spherical expressions for the ACCSD Ay amplitude equations for three-body Hamilto-
nians, continued.
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Figure E.6:

Spherical expressions for the ACCSD Ay amplitude equations for three-body Hamilto-
nians, continued.
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Figure E.7: Spherical expressions for the ACCSD A, amplitude equations for three-body Hamilto-
nians, continued.
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Figure E.8: Spherical expressions for the ACCSD Ay amplitude equations for three-body Hamilto-
nians, continued.
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Figure E.9:

Spherical expressions for the ACCSD A, amplitude equations for three-body Hamilto-
nians.
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Figure E.10: Spherical expressions for the ACCSD A, amplitude equations for three-body Hamil-

tonians, continued.
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Figure E.11: Spherical expressions for the ACCSD A, amplitude equations for three-body Hamil-
tonians, continued.
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Figure E.12: Spherical expressions for the ACCSD A, amplitude equations for three-body Hamil-

tonians, continued.
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Figure E.13: Spherical expressions for the ACCSD A, amplitude equations for three-body Hamil-
tonians, continued.
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Figure E.14: Spherical expressions for the ACCSD A, amplitude equations for three-body Hamil-
tonians, continued.
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Figure F.1: Spherical expressions for the CCSD one-body response density matrix elements.
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Figure F.2: Spherical expressions for the CCSD two-body response density matrix elements.
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Figure E.3: Spherical expressions for the CCSD two-body response density matrix elements, con-
tinued.
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Figure F.4: Spherical expressions for the CCSD two-body response density matrix elements, con-
tinued.
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Figure E.5: Spherical expressions for the CCSD two-body response density matrix elements, con-

tinued.
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Figure F.6: Spherical expressions for the CCSD two-body response density matrix elements, con-
tinued.

Coupled Cluster Theory for Nuclear Structure 313






Appendix G

ACCSD(T) Spherical Expressions




Appendix G. ACCSD(T) Spherical Expressions

G.1 Spherical Equations
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Figure G.1: Spherical expressions for the f and A amplitudes of the A\CCSD(T) energy correction.
It should be noted that the X variant of the Wigner 6j and 9j symbols (4.35) and (4.34)
are used here and in the following.
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Figure G.2: Spherical expressions for the ¢ and 2 amplitudes of the ACCSD(T) energy correction,
continued.
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Figure G.3: Spherical expressions for the t and 2 amplitudes of the ACCSD(T) energy correction,
continued.
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Figure G.4: Spherical expressions for the t and 2 amplitudes of the ACCSD(T) energy correc-
tion, continued. The (ADx) contributions are obtained from the corresponding (ACx)
contributions by Ay — F and replacing the matrix elements of the normal-ordered
two-body Hamiltonian by A, matrix elements.
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Figure G.5: Spherical expressions for the i and 2 amplitudes of the ACCSD(T) energy correction,
continued.
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Figure G.6: Spherical expressions for the t and 2 amplitudes of the ACCSD(T) energy correction,
continued.
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Figure G.7: Spherical expressions for the t and 2 amplitudes of the ACCSD(T) energy correction,
continued.
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G.2 Spherical Equations for Three-Body Hamiltonians
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Figure G.8: Spherical expressions for the 2 amplitudes of the ACCSD(T) energy correction for
three-body Hamiltonians.
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Figure G.9: Spherical expressions for the 2 amplitudes of the ACCSD(T) energy correction for
three-body Hamiltonians, continued.
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Figure G.10: Spherical expressions for the i amplitudes of the ACCSD(T) energy correction for
three-body Hamiltonians.
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Figure G.11: Spherical expressions for the t amplitudes of the ACCSD(T) energy correction for
three-body Hamiltonians, continued.
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H.1 Diagrams
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Figure H.1: EOM-CCSD %R diagrams.
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H.2 Spherical Equations
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Figure H.2: Spherical expressions for the EOM-CCSD R and Ry amplitude equations.
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Figure H.3: Spherical expressions for the EOM-CCSD R, amplitude equations.
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Figure H.4: Spherical expressions for the EOM-CCSD R, amplitude equations, continued.
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Figure H.5: Spherical expressions for the EOM-CCSD £, amplitude equations.

332

Coupled Cluster Theory for Nuclear Structure




Appendix H. EOM-CCSD Diagrams and Spherical Expressions

Jij Jab

v [v
(jll vl Hopen |lab)

=P ()) pij(]){

00
~ l

(£2B) P e b Jii .
= (=1 Jij Jap (=1ycrotu gt e ﬁ}q (11741a) (1127 |1b)

JabMab JabMap

o N LAV K
Jiy Jap (1Y) e S S 18 lle) (ejlotolab)

c

(£20) 1
2

]z]Mz] ]lelj
v

L (1t i f Z {Jfb §11 ]ﬁb}b K12V a) <z]|3lebk)
k

(z)l

Jij Jab 00
(€E) ;4

Yoo Y L
— 3y (ijll£5 llac) {c|A11b)

Jij Jab 00

(22) e v o Y LY
= L (i N kil 85 Nab) (7141 k) }
k

Jai ]bJMbJ

O H e S Ty

1j7Jij; Jai e Tei ez al) L
1yetie=Ioi (7 2 ac c J6|kb

Db ]b]] E (=1) I|| || )( ]| A $)

© cCAtoStd@ [

Jvj JbjMpj

+pab(])pij(]){
Jij Jav JavMap  JabMap
(£2H) v [y v Ty
+ 1> (18 lcd) (cd|Aslab)
cd

JijMij ]’]Ml] ]l] Jab

(221) v [V
+1> <u|yf2|kl> <kl||>:(”||ab> }
kl

Figure H.6: Spherical expressions for the EOM-CCSD £, amplitude equations.
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Figure H.7: Spherical expressions for the EOM-CCSD £, amplitude equations, continued.
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H.3 Spherical Equations (Scalar)
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Figure H.8: Spherical expressions for the scalar EOM-CCSD Ry and R, amplitudes.
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Figure H.9: Spherical expressions for the scalar EOM-CCSD R, amplitude equations.
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Figure H.10: Spherical expressions for the scalar EOM-CCSD £, amplitude equations.
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Figure H.11: Spherical expressions for the scalar EOM-CCSD £, amplitude equations.
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