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Abstract

Pairing correlations play a crucial role in nuclear phenomena: their effects range from the odd-even
mass staggering in nuclear structure to the phases of matter found in neutron stars. Nuclear
Density Functional Theory (DFT) is a framework applicable to different systems, from few-body
nuclei to nuclear matter. In this thesis, we describe pairing and its manifestation within nuclear
DFT, in both infinite and finite systems.

Starting from a wavefunction combining all spin-isospin channels of a pair condensate in infin-
ite nuclear matter, we obtain the most general density matrix and pairing tensor. Our interaction-
independent analysis shows that although the different proton-neutron channels separate in the
Thouless matrix, they mix in the pairing tensor and the density matrix, suggesting that the relation-
ship between pairing tensor and pair condensate cannot be taken for granted.

In finite systems, we compute B(E2;2] — 0;) of 7' = 1 multiplets, as the dependence of £2
matrix elements on isospin projection 7, is linked to the conservation of isospin symmetry. We show
that 7, = 0, 7' = 1 nuclei should be described by a coherent superposition of blocked 7" = 1 proton-
neutron pairs atop the even-even quasiparticle vacua. The computed B(E2 |) in doubly-blocked
configurations of the odd-odd 7, = 0 nuclei "’Br and "*Y—cases of experimental interest—show
that, individually, they do not correspond to isospin-symmetry conservation. We analyse B(E2)
rates for even-even 7' = 1 mirror nuclei with 42 < 4 < 98, and demonstrate that collective effects are
crucial for describing experimental data near the N = Z line.

We introduce a new algorithm for computing finite-range interactions in nuclear DFT for direct,
exchange, and pairing channels. The new technique is based on eigendecomposition truncation
and exploits properties specific to Gaussian matrix elements to accelerate DFT calculations of
finite-range interactions. This procedure reduces the CPU time by ~ 60 — 90% without sacrificing

numerical precision.
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“Would you tell me, please, which way I ought to go from here”

“That depends a good deal on where you want to get to,” said the Cat.

“I don’t much care where—" said Alice.

“Then it doesn’t matter which way you go,” said the Cat.

“—Solong as I get SOMEWHERE” Alice added as an explanation.

“Oh, you’re sure to do that,” said the Cat, “if you only walk long enough.”

Lewis Carroll

To the worm who first gnawed on the cold flesh of my corpse, I dedicate

with fond remembrance these Posthumous Memoirs

Machado de Assis
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Abbreviations

EFT Chiral Effective Field Theory
AMP angular momentum projection
BCS Bardeen-Cooper—Schrieffer
DDQM density-dependent quark mass
DFT density functional theory

EDF energy density functional

EoS equation of state

GSM Gaussian Separalisation Method
HF Hartree-Fock

HFB Hartree-Fock-Bogoliubov

HO Harmonic Oscillator

IAS isobaric analog states

LN Lipkin-Nogami

LQCD lattice quantum chromodynamics
NM nuclear matter

NN nucleon-nucleon

NS neutron star

OES odd-even staggering

PNP particle-number projection
QCD Quantum Chromodynamics
qp quasiparticle

RMF relativistic mean-field

s.p. single-particle

TOV Tolman-Oppenheimer-Volkoff

Note that, following the nuclear physics tradition, we will synonymously use the abbreviations

HF and HFB for unpaired and paired DFT, respectively.
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Introduction



One

The nuclear many-body problem

Setting aside technical details, we shall understand some of the difficulties bebind the nuclear many-
body problem and why density functional theory is a remarkable framework among current theoretical
methods. We shall also understand why the problem of proton-neutron pairing is worth investigating,
and. the structure of this thesis.

[...] we can see how the whole becomes not only more than but also very

different from the sum of its parts.

Anderson 1972

As any physics student eventually comes to know, there is no closed analytical solution for a
three-body problem. In fact, many-body problems are analytically unsolvable in general. Nuclear
systems are not only quantum many-body problems, but the constituents of a nucleus are not
elementary particles themselves. The interaction between nucleons, i.e., protons and neutrons—
called nuclear interaction—is also nota fundamental one, but what arises after the strong interaction
between quarks and gluons confines their constituents into composite particles, which interact
with each other. Even the underlying and fundamental strong interaction, described by Quantum
Chromodynamics (QCD), cannot be solved exactly apart from the very specific conditions of high
temperature and low density, where Lattice QCD is applicable (Greiner, Schramm and Stein 2007).
Moreover, the nucleus is not charge neutral, which further complicates the problem. The delicate
balance between Pauli blocking, short-range correlations, Coulomb repulsion, the repulsive short-
range and attractive medium-range strong interaction, gives rise to a very rich phenomenology.
As one would expect from the complexity of the nuclear many-body problem, describing the
plethora of phenomena observed in nuclei—such as shell structure, pairing or nuclear superfluidity,
collective motion, clustering, the diversity of shapes and transitions between difterent shapes, and
so on—is no trivial task. Over the decades, this gave rise to different theoretical approaches, from

different starting points. This chapter motivates the choice of density functional theory (DFT),

2



1.1. Why nuclear density functional theory? 3

the theoretical framework we use throughout most of this thesis, and also introduces pairing, the

main theme of our work.

1.1 Why nuclear density functional theory?

When faced with the difficulties of the nuclear many-body problem, one could choose to tackle
the problem from different principles. Schunck 2019 lists the reductionist and the emergent
viewpoint, which relate to the degrees of freedom you choose. The first argues that all nuclear
phenomena can be described from the properties of nucleons, considering protons and neutrons
as the fundamental degrees of freedom. The latter argues that understanding the behaviour
of such complex systems entails the introduction of new and different degrees of freedom. A
second categorisation introduced in Schunck 2019, section 1.1.3, is the vertical and horizontal
philosophies, related to how you build many-body correlations. A vertical approach consists of
building correlations through a set of particle-hole excitations atop a symmetry-restricted vacuum,
preserving all symmetries from the original Hamiltonian. The horizontal, on the other hand,

introduces a series of non-orthogonal, symmetry-breaking vacua.
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Figure 1.1: Segre chart for nuclei listed in the Atomic Mass Evaluation (Wang et al. 2021a), listed by decay
mode. Figure produced with the GitHub package from Karthein 2024.



4 1. The nuclear many-body problem

Figure 1.1 shows all observed or extrapolated nuclei by 2020. The three major frameworks for
nuclear structure are b initio, shell model, and mean-field or density functional theory. Ab initio
consists mostly of reductionist and vertical methods, based on solving the many-body Hamiltonian
from interactions between nucleons, utilising protons and neutrons as the relevant degrees of
freedom. The interaction between nucleons for current ab initio calculations is derived from
Chiral Effective Field Theory (yEFT). As an effective field theory, results coming from yEFT have
the advantage of providing a systematic way to quantify theoretical uncertainties associated with
the truncation of the chiral expansion (Ekstrém et al. 2023). The clear downside of having, in
general, a reductionist and vertical theory is that the full configuration space grows exponentially
with the system size. This hinders the applicability of the method, as computing heavy systems
is increasingly demanding. Moreover, describing properties of medium-heavy nuclei, even when
computationally possible, remains an outstanding challenge (Machleidt and Sammarruca 2024).
Nevertheless, it remains a lively area of research, with various techniques focused on solving the
many-body problem—e.g., self-consistent Green’s function, coupled cluster, in-medium similarity
renormalisation group, no-core shell model, and quantum Monte Carlo (Hergert 2020).

The shell model, which comes from the pioneering work of Goeppert-Mayer 1949, also consists
mostly of a vertical approach. It consists of selecting an inert core, typically a doubly-magic nucleus,
choosing a configuration space, building an eftective Hamiltonian, and diagonalising it within a
truncated valence space to solve the many-body Schrédinger equation. Except for the no-core shell
model, which falls under the umbrella of an 26 initio method, shell model approaches typically
use phenomenological effective Hamiltonians, which are adapted across the nuclear chart and are
dependent on experimental data (Liu and Yuan 2023). Restricting the valence space due to the
inert core makes it possible for shell-model calculations to reach higher masses than those of 26
initio, but a rapidly growing dimensionality still means calculations in the mid-shells remain a
known challenge.

Nuclear DFT, on the other hand, is quite different from both ab in:tio and shell model. It s
rooted in the Hohenberg-Kohn theorem and Kohn-Sham theory (Hohenberg and Kohn 1964;
Kohn and Sham 1965), which formally establishes the existence of a universal energy density
functional (EDF) for which the solution of the many-body problem is exact. While the existence
of such a functional is guaranteed, the form of the true nuclear EDF is unknown. In practice,
EDFs are parametrised and calibrated in a more phenomenological way, where the free parameters
are adjusted from nuclear structure data (Bender, Heenen and Reinhard 2003), even though the
roots of nuclear DFT are those of an @b initio* and exact’ theory (Bartlett 2010). The Kohn-Sham

formulation allows us to map an interacting many-body system into an auxiliary many-body system

*In the sense of being from first principles.
"Which we cannot yet access in practice.
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of non-interacting particles moving in a mean field. To this end, we use one-body densities as degrees
of freedom, and the energy becomes a functional of these one-body densities. In practice, the
auxiliary system from Kohn-Sham is represented by a product state. Consequently, the dynamical
equations of the system take the same form as that of Hartree-Fock or Hartree-Fock-Bogoliubov
(HFB), which is the reason behind the common use of these terms when referring to unpaired and
paired nuclear DFT (Sheikh, Dobaczewski etal. 2021). Nuclear mean field solutions often break the
symmetries of the underlying Hamiltonian, such that it constitutes a horizontal philosophy, deeply
rooted in spontaneous symmetry-breaking. The restoration of broken symmetries, therefore, is an
extension which takes the method beyond the mean field approximation (Sheikh, Dobaczewski
etal. 2021). Overall, nuclear DFT is a unified approach capable of computing nuclear properties
across the entirety of the nuclear chart. These features make DFT a powerful framework, especially

for describing heavy and mid-shell nuclei, as covered in some chapters of this thesis.

1.2 Why proton-neutron pairing correlations?

The concept of pairing emerged from systematic experimental observations (Brink and Broglia
2005; Ring and Schuck 1980). Figure 1.2 represents one of these observations, which is the neutron
separation energy. If B(N, Z) is the binding energy of a nucleus with N neutrons and Z protons,

S, (N,Z) = B(N,Z) - B(N - 1,Z) (1.2.1)

is the energy required to separate the last neutron. As there is an odd-even staggering in nuclear
masses/binding energies, the one-neutron separation energy S, is also observed to be larger for even
neutron numbers than for odd ones. This reflects the additional energy associated with forming
pairs: removing one neutron from the odd system makes it even; removing a neutron from an even
system entails breaking a pair. To describe this phenomenon, early models such as the liquid drop
model introduced a pairing term (Bethe and Bacher 1936; Weizsicker 1935), which accounts for

the evenness of the nucleus

+9, if N and Z even
I(N,Z) =J0if N + Z odd (1.2.2)
-9, if N-and Z odd,

indicating that a system with an even number of particles (be it NV and/or Z) is more bound than
one with an odd number of particles. Another example, which also led to the idea of pairing, is the
difference in spectra of even-even and odd nuclei. While even-even nuclei have few levels, which
can be interpreted as rotational and vibrational bands, odd nuclei have a much larger level density

in the same energy interval. This can be understood if one considers that breaking a pair requires
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more energy than the simple particle-hole excitations, which are possible at low energy cost in odd
nuclei. Moments of inertia of deformed nuclei are another evidence of pairing, as superfluidity
generates a departure from what is expected of a rigid body. Moreover, pair transfer reactions
are sensitive to the correlations between the particles involved, and are both evidence of nuclear
superfluidity and a very useful experimental tool to probe different pairing modes (Sagawa, Bai
and Colo 2016).
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Figure 1.2: Experimental neutron separation energies from the Atomic Mass Evaluation (Wang et al. 2021a).
Magic neutron and proton numbers are marked with dashed vertical lines and bold pink lines,
respectively. The inset details Sn isotopes. Figure produced with the GitHub package from
Karthein 2024.

From early on, pairing correlations started being understood as the result of a short-range
attractive force (Goeppert-Mayer 1950). This point of view stands to this day, where the micro-
scopic origin of pairing is largely attributed to the short-range attractive part of the underlying
nucleon-nucleon interaction (Dean and Hjorth-Jensen 2003; Rios, Polls and Dickhoff 2017).
Shortly after the theory of superconductivity was developed by Bardeen, Cooper and Schrieffer
1957, it was promptly adapted to superfluid nuclear systems (Bohr, Mottelson and Pines 1958;
Cooper, Mills and Sessler 1959; Mills et al. 1959). Similarly, after the work of Bogoliubov 1958,
HFB became a core feature of nuclear theories (e.g. in Marshalek 1965 and Satpathy, Goss and
Banerjee 1969). Like-particle pairing has since become well established as a central aspect of nuclear
structure.

On the other hand, the role of unlike-particle proton-neutron (pz) pairing remains an open
subject (Frauendorf and Macchiavelli 2014; Qi 2026; Sagawa, Bai and Colo 2016). Close to the
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N = Z line, protons and neutrons occupy similar orbitals close to the Fermi surface. The large
spatial overlap between the proton and neutron wavefunctions allows for different pairs, where
they may couple to a total angular momentum / = 0 and total isospin 7" = 1 (called isovector
pairing), or to total angular momentum / = 1 and total isospin 7" = 0 (called isoscalar pairing).
This problem becomes particularly interesting for odd-odd N = Z nuclei. Odd-odd nuclei are
notoriously complicated systems for both theory and experiment. While experimentalists face an
enormous level density, theorists must address dynamic core polarisation arising from the time-odd
fields of unpaired nucleons. In the N = Z line with p» pairing, further complications arise from the
need to restore multiple broken symmetries (Romero, Dobaczewski and Pastore 2019). Moreover,
N = Z nuclei are also key systems in the study of isospin symmetry (Lenzi and Bentley 2009), a
subject we shall study in this thesis. As pn pairing remains a central question, and experiments
continuously access data for heavier nuclei close to the proton drip line, elucidating p» pairing

from nuclear theory remains an outstanding open question in nuclear structure.

1.3 Thesis structure

This thesis is divided into four parts.

* PartI, to which this chapter belongs, introduces the framework for our research. Chapter
2 briefly introduces self-consistent many-body methods, which are the building blocks of
everything that follows. Chapter 3 offers a perspective of what defines a paired state, starting

from any many-body wavefunction.

* Part II consists of works within the topic of pairing. Chapter 4 introduces a novel approach
to the description of proton-neutron paired states in infinite nuclear matter within nuclear
DFT. Chapter S turns to the subject of finite nuclei, and discusses the assessment of pairing
strengths in a study of electromagnetic moments. Chapter 6 introduces concepts related to
isospin symmetry and tests thereof, showcasing the importance of proton-neutron pairing

to the accurate description of nuclei close to the N = Z line.

* PartIIlis devoted to research questions outside the topic of pairing. Chapter 7 introduces the
problem of computing two-body magnetic dipole moments within nuclear DFT. Chapter 8
introduces a novel algorithm for computing finite-range interactions in DFT, which is crucial
for enabling the progress of this increasingly resource-demanding theoretical framework,
including that of pairing correlations. Chapter 9 briefly introduces equation of state studies
for neutron stars within hadron effective models, showcasing some results of my work in the

area. Lastly, Chapter 10 draws the conclusions from the collection of works presented.
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* PartIV consists of the appendices, containing intricate details from the works of the previous

chapters.

1.4 Reading guide

This thesis is written for readers with a strong background in quantum mechanics and nuclear
physics. To allow for a stronger emphasis on original research, the introduction to the framework
of nuclear DFT is a brief review rather than a detailed derivation. Chapters 4, 6, and 8 constitute
the three major projects of my PhD, which were led by me. Therefore, the discussion therein
is thorough. Chapters S, 7, and 9 are contributions I made to larger research projects, so their

discussion is more succinct.

N, &



Two

Self-consistent methods

For completeness, we briefly introduce the techniques we utilise to describe nuclear systems in the
following chapters. Due to our focus on pairing, we introduce: (i) the Hartree-Fock-Bogoliubov (HFB)
method for even and odd states, (i) how to constrain calculations to desired expectation values, (iiz)

the most popular energy density functionals (EDFs), and (iv) the process of symmetry restoration.

It would, indeed, be remarkable if Nature fortified herself against further
advance in knowledge behind the analytical difficulties of the many-body
problem.

Max Born

This chapter serves the purpose of providing a summary, as textbooks on the topics discussed here
are plentiful. Readers interested in many-body methods are referred to Ring and Schuck 1980
and Shavitt and Bartlett 2009, while those interested specifically in density functional theory are
referred to Schunck 2019, Petkov and Stoitsov 1991, Dreizler and Gross 1990, and the introductory
material by Colo 2018.

2.1  Hartree-Fock-Bogoliubov method

To account for pairing, we shall use the HFB formalism, and look for guasiparticle product states
instead of the usual particle product states (Ring and Schuck 1980; Schunck 2019). The Bogoliubov
transformation gives the quasiparticle creation and annihilation operators as combinations of
particle creation and annihilation operators,

@) = > (4,4 +B,a,), (2.1.1)

v

2, > (45,4, + By ab), (2.1.2)

v

respectively. The HFB vacuum is a zero-quasiparticle state

1Y) =¥ ]]a,10), «l¥) =0, (2.1.3)

9



10 2. Self-consistent methods

where the product runs over the so-called essential quasiparticles «,, that is, those that do not
annihilate the particle vacuum, «,|0) # 0, and ¥ is a normalisation constant. We note that: (i) if
the number of essential quasiparticles is even (odd), the state |¥) is a linear combination of states
with even (odd) numbers of particles, and (ii) the phase of state |¥) depends on the product of
phases of all essential quasiparticles. For an even number of particles, the quasiparticle vacuum can
also be expressed as the Thouless state (Thouless 1960), which corresponds to the most general

pair condensate
1 *x + +
|\I/>even = ‘/Vexp (z Z Z[upd‘u, dy) |0>3 (2.1.4)
‘u'V

where Z,, is the anti-symmetric Thouless matrix, which is linked to the Bogoliubov transformation
via Z = BA™!, and 4" are the particle creation operators. This representation shall be incredibly

useful for the work developed in Chapter 4, and is only valid for (0|¥).,, # 0, which is equivalent

even
to 4 being non-singular. All the information about state |¥) is contained in the generalized density
matrix

B'B" B A"
A'B" 44"

, R =R, (2.1.5)

*

o
-« 1-p"

which commutes with the quasiparticle Hamiltonian. We can apply the variational principle using
the pair-condensate state of eq. (2.1.4) as a trial wavefunction, which leads to the HFB equations
Hd = A, or explicitly

B =2 A E 0
_ , 2.1.6
SR (2 R 210
where o is the Bogoliubov transformation,
A B
o = , (2.1.7)
B A

E is a diagonal matrix containing the quasiparticle energies, and % is the HFB matrix. 4’ is the
single-particle (s.p.) Routhian operator, 4 is the Fermi energy, and A is the pairing (or particle-
particle) mean-field. Since 4" depends on the density matrix p and A depends on the pairing tensor
x, defined in eq. 2.1.5, the HFB quasiparticle Hamiltonian % has to be diagonalised iteratively
until the self-consistent solution [%, %] = 0 is found, that is, the columns of the Bogoliubov
transformation ¢/ (the quasiparticle wave functions) become eigenstates of #. For each state ,
there is a quasiparticle y, with energy E, and a quasihole ¢, with energy —E,. y and ¢ can be written

explicitly in terms of the matrices of the Bogoliubov transformation as

- (B*), (2.1.8)
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x and ¢ are eigenvectors of & with eigenvalues 0 or 1, respectively, so they refer to empty and
occupied quasiparticle states. A schematic diagram for the self-consistent loop in the HFB method

is given in Figure 2.1

A and B ansatz

Y

Compute p and

Y

Update A, B Compute hand A

TNO v

Diagonalise HFB matrix

Converged?

lYes

Return A, B

Figure 2.1: Schematic representation of the HFB method.

An important remark is that in the limit of zero pairing, where A = 0, the HFB method is
equivalent to Hartree-Fock. Moreover, the Bogoliubov transformation of eq. (2.1.2) mixes particle
number. This is a canonical example of how breaking a symmetry can introduce new correlations
to the system, and the quasiparticle vacuum of eq. (2.1.3) corresponds precisely to the definition
of a horizontal approach to building correlations, from the definition given in Chapter 1. To
circumvent the downside of this unwanted symmetry-breaking, one can perform a constrained
calculation, in which Lagrange multipliers are utilised to fix the average value of an observable. A
different option is to go from the symmetry-broken state to the symmetry-restored state via particle-
number projection. We shall briefly discuss constrained calculations and symmetry restoration in
Sections 2.2 and 2.4.
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2.1.1  Odd particles: The blocking approximation

The blocking approximation is the standard tool for describing odd-4 and odd-odd nuclei. Within

this approach, a quasiparticle « is created atop the even-even state of eq. (2.1.4)

1 .
I, )odd = ./Va; exp (—Z ZZWﬂ;a:) [0). (2.1.9)
‘llv

This corresponds to replacing column y, with the column with opposite energy ¢,. After the
column replacement, one of the s.p. states becomes fully occupied, and thus does not contribute to
pairing correlations (see Chapter 3). The effects of blocking include an increase in the total energy
of the system by the corresponding pair-breaking contribution and changes in deformation due to
polarisation.

Moreover, it is important to select the correct desired blocked state, as it is responsible for the
angular momentum of the nucleus, as long as the even subsystem is fully paired and has /* = 0".
One of the difficulties in solving the HFB equations for blocked states lies in accurately following
the desired configuration, as the quasiparticle energies shift from one iteration to the next. To
address this issue, the blocked configuration should be tagged so that the correct state is blocked
in every stage (Dobaczewski, Satuta et al. 2009b; Wibowo, Backes et al. 2025). This relies on the
following: In each iteration of the self-consistent loop, we must look for the largest overlap between

the fixed-tag s.p. wave function, B> and the quasiparticle states. Scanning the two-component
*
v

quasiparticle wave functions ¢, =

), we determine the overlaps between the upper B; and the

v

lower time-reversed component 7'4: 7', keeping the greater of the two 6, = max ((¢# 1B)), (¢, |74: f")).
The quasiparticle with the greatest overlap with the s.p. state is then chosen to be blocked during
that iteration. This procedure is insensitive to whether the quasiparticles are of the particle or hole

variety, as it follows the desired state despite of eventual crossing of the Fermi energy.

2.2  Constrained calculations

Notably, self-consistent solutions from the procedure of Section 2.1 only yield results for the
(hopefully global) minima of a potential energy surface. To cover different conditions—e.g., to
compute the potential energy surface as a function of different electromagnetic moments, or simply
to fix the average particle number from an HFB calculation—we must obtain a wavefunction
which minimises the energy under a constrained expectation value. If an observable Q must have

the expectation value g,

g={¥0Y), (2.2.1)
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we can add a Lagrange multiplier to the Hamiltonian %, and minimise the total
(#') = () - 2Q), (22.2)

where 1 is determined after linking eq. (2.2.1). Procedures such as the Augmented Lagrangian
Method are more robust enforcements of constrained self-consistent calculations (Staszczak et al.
2010).

2.3 Nuclear density functional theory

As briefly discussed in Chapter 1, the dynamical equations of paired density functional theory
(DFT) take the same form as that of HFB, although with a different interpretation and an interac-
tion carried out in the form of an EDF. The nuclear EDF can be split into different terms: kinetic,

potential, pairing, Coulomb, and centre-of-mass correction

%[P; K*’ K] = %kin [ﬁ] + %pot [P] + %pair[ﬁﬂ K*, K] + %Cou[ﬁ] + C(‘gc.o.m [ﬁ], (231)

where p and « are the normal and anomalous density matrices. The nuclear forces comprise the
potential part, which can have many different forms and parametrisations. Note that EDFs are
expressed in terms of different densities and derivatives of densities, such as the kinetic density 7,
spin density s, and current density j. Further information on this decomposition and different
nuclear EDFs can be found in Schunck 2019. Here we briefly list the two most famous types of

functional generators, which we utilise throughout this thesis.

2.3.1 The Gogny EDF

Introduced by Dechargé and Gogny 1980, this consists of a finite-range functional generator, based
on a sum of two Gaussians of different ranges. The goal behind this generator was to have a unified
treatment of particle-hole and particle-particle correlations at the HFB level. The Gogny force
reads

|A-%1*

2
VoogyWh) = > e (W +BL -HP - MLP)

M

Il
—

J

v, (14 308) 36 - 2)° (152 (23.2)

+iW, (3 + 3) - kT x 37 - )k,

where P, and P, are the spin and isospin exchange operators, respectively, and £ is the relative
momentum with adjoint £". The first line of eq. (2.3.2) corresponds to the sum of Gaussians, the

second line is the density-dependent term, and the third is the spin-orbit interaction.
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2.3.2  The Skyrme EDFs

First proposed by Skyrme 1959, the Skyrme family of forces now constitutes a class of zero-range,

momentum-dependent forces which typically takes a form similar to

> > > > 1 7 > > > >\7
VoigrmeFB) = 1 (L+xB) 3G = ) + 31, (1+x,B) (K20 = ) + 07 - %))
v (L mB) B 3G - D+ g (L) 3G -2 (152] 239)

+iWy (7 + &) -k % 3( - B)E.

Note that, as there are no finite-range terms, the computational burden associated with Skyrme

DFT calculations is considerably less than that of Gogny.

2.4 Beyond mean-field: Restoration of broken symmetries

As we alluded to when first introducing nuclear DFT, and later exemplified by HFB, mean-field
solutions may break symmetries of the many-body Hamiltonian. A typical terminology in the
literature is that symmetries of a state are broken in the intrinsic frame, whereas the laboratory frame
refers to the state after symmetry restoration. The procedure behind restoring broken symmetries
is denoted projection, and is rooted in group theory. A complete review of projection techniques is
given by Sheikh, Dobaczewski et al. 2021. Within the topic of nuclear electromagnetic moments—
which is relevant for Chapters 5, 6, and 7—it is imperative to restore rotational symmetry through
angular momentum projection. This procedure is detailed in Section 7 of Dobaczewski, Backes
etal. 2026.

n, & x
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What is pairing?

Hitherto, we have mentioned or discussed the effects of pairing, such as differences in the spectra
of even-even and odd nuclei, and the odd-even staggering. In this chapter, rather than observing

the effects or questioning the origin of pairing, we shall understand what constitutes a paired state.

3.1 Whatare pairing correlations?

The question we pose in the title of this chapter is part of a category of easily asked and hardly
answered questions. One way of understanding pairing is to observe the experimental facts which
led to the idea of pairing correlations, and link these facts to the short-range part of the nucleon-
nucleon interaction. Here, we approach the title question in a somewhat orthogonal manner to
this notion. A common theme throughout this thesis is utilising the many-body wavefunction as
a starting point to our understanding of physical properties. Therefore, before considering the
consequences of pairing interactions among indistinguishable fermions in many-body systems, we
shall analyse the fundamental aspects of identifying pairs of fermions within many-body wavefunc-
tions. First, we shall consider the particle number operator ]\Q = a;a#. This operator is projective,
N7 = N,, and thus can be seen as a measurement of the probability 77 of the single-particle (s.p.)
state |¢) being occupied in the fermion state |¥), with K‘Z = (‘I’|]\A§4|‘I’) and 0 < V[f < 1. Similarly,
the projective operator Z\@Nv, for 4 # », built of two commuting projectors, []\AL,]\AZV] = 0, measures
the probability I/!;zv = (‘I’|]\A//'4]\A/'V |'Y) that two s.p. states |x) and |v) are simultaneously occupied in the
state ['¥). We can now define the pairing correlation factor C,, as a surplus probability of finding

both fermions simultaneously over the probability of finding them independently, that is,

_ 2 21,2
C/.w = V[;V - V[z v
= (YN Y) - (Y|, (YIN ). (3.1.1)

15
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We emphasize that the definition of the pairing correlation factor C,, applies to any many-fermion
wavefunction |¥). First, we observe that C,, = 0 whenever the state |) or |») is either fully occupied
or completely empty; that is, for]\Al;|‘I’) = |Y) or]\m‘l’) = 0, or for N,|'¥) = |'¥) or N|¥) = 0. This
indicates that only partially occupied states can form correlated fermion pairs. To illustrate this

issue, we may use the example of the simplest four-fermion state

+ o+ o+ o+
|uvaB) = a,a,a,a; |0), (3.1.2)
where a;, s ﬂ; represent the fermion creation operators in normalized and orthogonal s.p. states

), ..., | B), with all indices different from one another, x # ... # 4, and |0) represents the particle

vacuum. We can write this state as different pair creation operators I?; = a,4,, 1;; = a,4,,..., such
that state (3.1.2) can be seen as six different fermion pairs, arranged in three different ways
_  Dtpt _ Dt D _ Dt D
waf) = BIBLI0) = —BLEYl0) = b0, (3.13)

or of any linear combination of them. We can now note that despite the possible representations
of state (3.1.2) in terms of pairs (3.1.3), there are no correlated pairs in |uvaf). If we consider
pairing in the context of correlations, this state is simply unpaired. Moreover, because state (3.1.3)
is invariant under the unitary mixing of the four s.p. states |), ..., | ), none of the mixed states can
form correlated pairs either. We shall now analyse more intricate examples of how eq. (3.1.1) can

help us identity pairing correlations.

3.1.1 The canonical basis

Perhaps one of the most valuable examples comes from what is called the canonical basis for product

states. This corresponds to the basis on which the density matrix, p, is diagonal
o

P =0 f= ¢ : (3.1.4)

E

2
v
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where the v[f correspond to the occupation probabilities. In this basis, the pairing tensor is antidiag-

onal

Uty

7= C . (3.1.5)

U0

The barred state, z, corresponds to the “partner” of the p-th state, and is said to be canonically
conjugated or time-reversed. #, corresponds to the probability that x is unoccupied, and is linked
to y, via the normalisation condition

14: + v: =1, (3.1.6)

and s; = s, corresponds to a phase factor, 5;5, = 1. On the right side of eq. (3.1.5), we have utilised
the convention of 5 =1 which is commonly adopted in literature. In the canonical basis, the
quasiparticle vacuum corresponds to the simple form of a Bardeen—Cooper—Schriefter state

Y) =e"¢H (u, + s,0,a547) |0), (3.1.7)

vyvTy v
>0
where the product runs over » > 0. This indicates that only labels without a bar are present, which

suffices to cover all canonically conjugated pairs. Note that eq. (3.1.6) normalises the state (3.1.7).

To compute the correlation factor for this state, we may start by separating the product into

|¥) = ¢? (u‘u +.v‘uv‘ua#ﬂ‘u) H (u, +s,v,a5a7) |0) = (u +5,0,4 aa ) o > (3.1.8)

v>0,v#u

so that the expectation value of the particle-number operator simplifies to

VIR = (Flia, V)
= (Yooulln, +s,9,4,a;)a;4,(u, +x#v#d#a/‘)|\l’n0#)
= v:, (3.1.9)

where terms containing only ,, or mixing s, and #,, vanish due to an unequal number of creation
and annihilation operators. This explicitly verifies the previous statement that the factor v: corres-
ponds to the average number of fermions occupying the x-th state of the canonical basis. As the
next step on obtaining the correlation factor, we shall use the following relation for a fermionic

system and operators ABCD, coming from Wick’s theorem (Shavitt and Bartlett 2009):

(Y| ABCD|Y) = (Y|AB|Y){¥|CD|¥) — (Y| AC|¥)(¥|BD|Y) + (Y|AD|¥)(¥|BC|¥). (3.1.10)
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This result simplifies the expectation value of states z and » being simultaneously occupied

(YN, | ¥)

(¥laj 0,00, 1Y)
(¥la a, 1Y) (Flata, [¥) — (¥|a a? [¥) (V] aya, 1Y) + (Y]} a, | ¥)(¥laa; 1Y)
v{fuz —(Y|a, 2, |Y)(¥]2,4,|¥) + (¥]a,4,|¥)(¥|a,q; ¥). (3.1.11)

v

It is useful to analyse the remaining terms carefully. Explicitly, we have

(¥|a, = (0] H(u + 5 U,a,a;)a, 4, ﬂ)(uﬂ +5ﬁvﬂa;§ag)|0). (3.1.12)

a>0

By looking at the terms coming from the full bra, (¥, it is easy to see that this term vanishes if x

and » are not canonically conjugated. We can rewrite (3.1.12) as

(Y|a,4;1¥)d;,

(¥|a,a;|Y)

= (Ynoy|
= —s5un,; (3.1.13)

(O

(w, +s,0,a,a;)a,a (u + v#aﬂa#)|‘1’noﬂ)

and analogously

(Y]a,a,|¥) = (Yl|a,a;|¥)d,

= (Ynoullu, + 5 9,4,a;)a,a;(n, +sﬂvﬂaﬂdﬁ)|‘1’n0#)5ﬁy
= 1,500 (3.1.14)

The remaining terms, (‘I’|a;a1, |'¥) and <\I’|d‘uﬂ: |'V), are zero for u # », and hence are irrelevant for
evaluating correlated pairs. Finally, the correlation factor reads
22

C, = 1,0,0,;. (3.1.15)
This very interesting result shows that the probability of finding canonically conjugated pairs is
higher than the product of the probabilities of finding them individually. This is the very core
of the concept of pairing in many-body systems. Moreover, we can also see explicitly that if the
states are fully occupied (vﬁ = Lu, = 0), the correlation factor is zero. Again, only partly occupied
states can be correlated, which comes naturally for states with mixed particle number. This is a
beautiful aspect of Hartree-Fock-Bogoliubov theory, where we break a symmetry of the nuclear
system (particle number), and in return we obtain an accurate description of pairing correlations,

which we know are also a feature of nuclear systems.
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3.1.2  Correlations of a single Thouless pair

As another example, which is intrinsically related to Chapter 4, we shall compute the correlation

factor for a wavefunction of the form

ZZ s | (3.1.16)

This corresponds to the single-pair term of a Thouless condensate,

= exp{ ZZaﬂadaﬂ} (3.1.17)

The probability that the state |¢) is occupied is given by

(¥| X, 1Y) <\P| fa, %)

= = Z ZZQY 0 (0] a,asa,a,a; a5 |0) . (3.1.18)
a,@ V2

The vacuum expectation value of creation and annihilation operators can be obtained via the Wick

theorem, and is given by the fully contracted terms®. Given that

M, [ [l [
laj 5 » aja;=aa;= 4j4}=0, (3.1.19)

eq. (3.1.18) reduces to

] manuAREERl

* + + + + o+
% 2342372#3 a,a58,4,d,d; + 4,d34,d,4,45 + 4,454,4,4,4, 4 a;aﬂa[‘aaaﬁ
ap v

— Z 2237 «p ( 1959 = 3% = %P + 2 ﬁ‘%ﬁ‘;ﬂa)

- 4%2{}(zﬂuzﬂﬂ+z 2y~ ZisZn = 235 Z5,)
ap Yy

= 2 12,0 (3.1.20)

(Y| N, |¥)

*As a crude “user’s guide”, the rules for looking at the following diagrammatic expressions are: (i) All creation and
annihilation operators must be connected; (ii) Only lines connecting an annihilation operator on the left and a creation
operator on the right are allowed; (iii) The final result will be expressed in terms of deltas, following the definition given
in eq. (3.1.19); (iv) The sign accompanying the deltas corresponds to (-1)¢, where ¢ is the number of line crossings.
Readers are referred to Shavitt and Bartlett 2009, Chapter 3, for a formal and detailed introduction to Wick’s theorem
and its use in computing matrix elements of many-body systems.
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Similarly, the probability that both |x) and |») are simultaneously occupied is given by the eight

Wick contractions
ERRERE i1
(Y] ]\A@NV ¥y = - Z 2257 0 | 450,80, 4,4,00 + 4,450,4,8,4,4,dy + 4,453,4,d,4,d,4;

a,B yo

i

an nununi L
+4743¢z/‘a#ﬂvavdaﬂﬂ +a,a5a,a,d;4,4,d, + 4,y 4,4, 5
+ dydsﬂ#ﬂ#ﬂvﬂvdaﬂﬂ +a dgﬂ#d#ﬂvavﬂaﬂﬂ)
= 4 Z ZZB;/ 274 ( 531/ ‘uaé\vﬁ 8514 "y vﬁ + 8 33/45:110: vB + 4, 539& uy 1/1@
360,000 = D D60 = 5,800+ 0,8,3,0,0)
= |2,1"+ Z o (3.1.21)
0

Note that, as eq. (3.1.16) is zot a product state, we cannot use (3.1.10), and the expressions above
for the vacuum expectation value are a compact way of obtaining 7/,. As the expectation values

should be normalised, we must write

1 L(rLl, o
i Z Z 2,2 ayayz:a; + ayézyz;a;
= 3 ZZZay Zug (=355 + 063)

= 3 Z |Z,s1 (3.1.22)
22

(YY)

Finally, considering the collective pairs of (3.1.16), we obtain the correlation factor
c ) | |2 42“[(; |Za/4|2|Z/ZV|2
b Z af |Z | Zd[g},g |Zaﬁ|2|Zy5|2'

Unlike the correlation factor in the canonical basis, eq. (3.1.23) is not strictly positive. This shows

(3.1.23)

that the single-pair term of a Thouless condensate can be correlated, uncorrelated, or anti-correlated,

depending on the structure of the Thouless matrix.

3.2 Pairing correlation factors of mixed states

Lastly, we shall derive properties of the pairing correlation factor (3.1.1) under the unitary mixing

of the s.p. states |¢) and |v),

¥ (cos(9)a; +sin(9)a; ), (3.2.1)
% (sin(9)a, — cos(9)a; ). (3.2.2)

+
a,
“w

+
a,
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The particle number operators are

]\A/;, = ﬂ;,olﬂ = (cos(S)a; + sin(S)aj) (cos(é)aﬂ + sin(&)ay)
= cos*(O)N, +sin* (9N, + cos(9) sin(2) N, (3.2.3)
N, =apa, = (sin(d)a; - cos(d)a;) (sin(d)a, - cos(9)a,)
= sin? (9)]\2‘ + cos? (9N, — cos(?) sin(é)]\%, (3.2.4)
where the hermitian operator ]\zw reads,
]\zw = 4;41, + a:ay =1 ((ﬂ; +a;)(a, +a,) - (ﬂ; - 4;)(a, - av)) . (3.2.5)
Then we have,
NN, = (cos” ()N, +sin® ()N, + cos(d) sin(9) N, ) (sin® ()N, + cos> (9N, - cos(d) sin(9) A, )
= cos*(d) sinz(B)]\A@ + cos‘*(&)]\?;]\}; — cos’(9) sin(é)]\};]\%
+sin* ()N, N, + sin’(3) cos*(9) N, — sin*(9) cos() N, A,
+sin’ (9) cos() N, N, + cos’ () sin(9) N, N, - sin*(9) cos” (). (3.2.6)
However, it easy to check that
NN, = aa,(a,a,+4d5a,)=a,a,=(a,a,+a,a,)a,a,=N,N, (3.2.7)
]\A[V]\Zw = agaaa,+aya,) =aya, = (4,4, +aya,)a,a, = Z\AIK",]\L (3.2.8)
N, = N,+N,-28N, (3.2.9)

which gives

Z
2>
[

cos®(3) sin’ (9N, + cos* (NN, + sin ()N, 1, + sin®(3) cos* ()N,
—sin*(9) cos*(9) (N, + N, ) +2sin”(9) cos’ (DN, N, = N, N, (3.2.10)
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Taking the average values of egs. (3.2.3) and (3.2.4), for N, = (J\A/;w) we obtain the pairing correlation

factor (3.1.1) of states |x') and |+),
Gy = C,+V7V}
(cos (3)V2 +sin*(9) V7 + cos(d) sin(9)N, ) (smz(é)V[‘2 +cos* ()7 — cos(d) sin(a)]\%)
= G, + (cos (9) + 2 cos?(9) sin*(9) + sin (5)) VAV?
— (cos* ()17 + sin® ()17 + cos(9) sin(A)N,, ) (sin* ()77 + cos”()1}” = cos(3) sin()N,, ) .
= G, - cos?(9) sin®(9) (V};2 - V,,z)2
- (sinz(a‘)Vz + cos* ()12 —cosz(a\)V2 sin®(3)V; )cos(é‘) sm(é‘)N + cos?(9) sin (é‘)N2

= G, —cos’(9) sin(9) ( V- V1,)
+(cos*(9) = sin®(3)) (777 = 177 cos(d) sin(9)N,,, + cos™(9) sin” ()N,
= G- (72-12) + L (cos(@9) (12 - 12) +sin@)N,,)’. (3.2.11)

For a pair of states in the canonical basis, for which all oft-diagonal matrix elements vanish,

Y|a'a,|¥) = 0for u # v, we have N, = 0, and thus,
u“y H wy

. 2
Cow = G,—1sin*(2d) (7 -17), (3.2.12)

that is, the pairing correlation factor of mixed states in the canonical basis is never larger than that
of unmixed ones. If, in addition, the pair of states has degenerate occupation probabilities, V; =77,

the pairing correlation factor becomes independent of the mixing,
C., = C. (3.2.13)

As canonical pairs have degenerate occupation probabilities, this is always valid for states ¢ and z.

This interesting result shows that mixing does not affect the correlation of canonical pairs.

N, & x
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Proton-neutron pairing correlations
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Four

Homogeneous and isotropic nuclear

matter

We shall build our understanding of pairing corvelations in nuclear matter by constructing the most

general paired wavefunction, showing that one can separate the Thouless matrix into two different
blocks, corresponding to different linear momentum-dependent subspaces. From the most general
Thouless wavefunction, we will build the most general pairing tensor and density matrix through
different approaches, and see that the proton-neutron pairing channels are mixed in nuclear matter,
whereas the spin-isospin channels are not. As a result of the mixing, the proton-neutron structure of
the paired wavefunction does not correspond to that of the pairing tensor.

Ce qui est simple est toujours faux.

Paul Valéry

After the theory of superconductivity was developed by Bardeen, Cooper and Schriefter 1957,
the idea was promptly adapted to the description of superfluid nuclear matter (NM) (Cooper, Mills
and Sessler 1959; Emery and Sessler 1960; Mills et al. 1959). Nuclear superfluidity is analogous
to electronic superconductivity, where pairs of time-reversed particles condensate near the Fermi
surface. In the nuclear case, the isospin degree of freedom must also be accounted for. Typically,
the allowed pairs are scalar-isovector (with total spin § = 0, isospin 7" = 1, and isospin projection
T, = 0, £1), vector-isoscalar (with total spin § = 1, isospin 7" = 0, and spin projection S, = 0, +1), or
scalar-isoscalar. Equivalently, neutrons (») and protons (p) can form the standard nz, np, pn, and
pp pairs.

Notably, pairing plays a crucial role on a neutron star’s thermal evolution by suppressing the
neutrino emission during the cooling stage (Yakovlev, Levenfish and Shibanov 1999), and may
suppress exotic phases in the star’s interior (Pelicer et al. 2023). Beyond the interests of nuclear
astrophysics, models for NM can be used to study general features of the nuclear interaction. As
the strong interaction governs both nuclei and astrophysical objects, a universal energy density

functional (EDF) should be able to reproduce the properties of both vastly different systems. To

24
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this end, the nucleon pairing gaps in infinite nuclear matter (INM) can be used to adjust new
energy density functionals (Da Costa et al. 2024; Grams et al. 2025), which are suitable to describe
both astrophysical phenomena and finite systems.

Within a different framework from density functional theory (DFT), the bare nucleon-nucleon
(NN) interaction—i.e., a pair of nucleons interacting in free space—is typically expressed in terms of
partial waves and phase shifts obtained from NN scattering experiments. The pairing gap is linked
to the attractive part of the NN interaction, and an attractive (positive) phase shift corresponds to a
positive pairing gap. Due to this relation, the energy dependence of the phase shifts offers valuable
insight on which pair condensates are likely to be formed in different regions of a neutron star: the
laboratory energy relates to the Fermi energy and momentum via Eyy, = 4ep = 44k /2My when
considering a non-interacting Fermi gas”, and the Fermi momentum is linked to the density via
ke = (37 p)'/*(Bohr and Mottelson 1998). Therefore, assessing the phase shifts for partial waves as
a function of the laboratory energy allows us to draw a rough estimate of which pairing channels
should appear in different density regimes. As shown in the review by Dean and Hjorth-Jensen
2003, the 'S, channel, following the spectroscopic notation (***'L,), is the most attractive at low
densities. Thus, it is also the most prominent in studies of pairing in NM from the NN interaction
point of view, especially concerning neutron matter (e.g., Elgaroy and Hjorth-Jensen 1997; Pelicer
et al. 2023). Proton-neutron (p») pairing, on the other hand, is generally mentioned in the context
of symmetric nuclear matter (Elgaroy et al. 1998; Yin et al. 2023). In these studies, p» pairing in
INM relates to the *S;-*D; channel, which couple the S- and D-waves driven by the tensor part of
the NN interaction. It is important to note that this approach relies on the in-medium pairing
force being similar to its vacuum counterpart. The reader is referred to the in-depth review of the
topic from the b initio point of view by Dean and Hjorth-Jensen 2003.

In this chapter, we focus on the description of homogeneous and isotropic NM from a general
perspective of paired DFT, irrespective of the interaction. This is appropriate to the use-case of
both equation of state studies and EDF fitting. In all these approaches, one would often assume
that building a pairing tensor with non-zero values between the specific desired proton-neutron
channels would carry over that same information to the respective Hartree-Fock-Bogoliubov (HEB)
wavefunction. However, what is the relationship between the structure of the pairing tensor and
the wavefunction itself in nuclear matter? To address this question, we propose a different approach
to the problem of proton-neutron pairs in INM. We move the horse before the cart by building
a DFT wavefunction with a combination of all different ST channels, and from it we obtain the
most general density matrix and pairing tensor of nuclear matter. We emphasize that through

this procedure we do not make any assumptions about the interaction, which allows us to focus

“Note that for HFB calculations, the nucleons are in-medium and adopt an effective mass. Further commentary
on this can be found in Section 2.3 of the article by Bender, Bennaceur and Guillon 2026.
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solely on the relation between the wavefunction and the pairing tensor to obtain a general result
applicable to any paired DFT solution of nuclear matter.

The structure of the chapter is as follows. We introduce the general properties of a paired
wavefunction in nuclear matter in section 4.1, showing that we can divide the Thouless matrix
into two linear-momentum-dependent sub-matrices. We then proceed to analyse the pairing
tensor in nuclear matter in different cases: The simplest one is that of an anti-symmetric Thouless
sub-matrix, for which we have a full analytic solution presented in section 4.3; The second case
corresponds to z-aligned pairs, with zero spin and isospin z projection, presented in section 4.4;
Finally, we generalise this approach in section 4.5, and obtain a general pairing tensor for pairs with

an arbitrary orientation in spin and isospin space in section 4.6.

4.1 A general paired wavefunction

As discussed in Chapter 2, the core concept of nuclear DFT is to apply the variational principle to
a many-body trial wavefunction. In the case of paired states, the trial wavefunction corresponds
to the quasiparticle vacuum (Ring and Schuck 1980; Schunck 2019), which can be conveniently

presented in the form of the unnormalised Thouless state representing the pair condensate |Z)
|2) = exp {2} |0), (4.1.1)

where Z' denotes the fermion pair creation operator, and |0) is the particle vacuum. When describ-
ing finite nuclei, the basis utilised in nuclear mean-field or shell-model approaches consists of 4
single-particle (s.p.) states. Thouless pairs Z' are then defined in terms of the fermion creation
t _
operators 4, for u = 1,.. M,
St _ 1 . ff
Z'=3 ZZHVa#ﬂV’ (4.1.2)
[uV

where Z,, are the elements of the complex antisymmetric M x M Thouless matrix, Z. The norms

of condensates (Z|Z), pairing tensors «,,, and one-body density matrices p,, can be determined as
follows (Ring and Schuck 1980; Schunck 2019),

(z|Zz) = det(1+Z°2)' (4.1.3)
(Zla,a,|12) -

Ky = —<Z|§> =—((1+Z¢Z)IZI)W, (4.1.4)
(Z|a)a,Z) -

P = ﬁ:((nziz) Z*Z)W, (4.1.5)

where the double dagger (f) represents the Hermitian conjugation of the antisymmetric pair

amplitudes, Z;, = Z;, = -Z;,.
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In nuclear matter, expressions (4.1.2)—(4.1.5) must be generalised to the relevant case of an
infinite and continuous basis of space wavefunctions, combined with finite and discrete bases for
spin and isospin. Limiting ourselves to the case of homogeneous (independent of position) and
isotropic (independent of dzrection) nuclear matter, translational symmetry must be conserved.
Hence, the single-particle wavefunctions of the basis should be eigenstates of linear momentum
k, forming a continuous and infinite basis, in contrast to the aforementioned finite and discrete
basis of M-s.p. states for nuclei. Then, to also account for spin and isospin, the appropriate basis

of INM is that of plane waves, spinors, and isospinors

Brs (xo7) = 2m) P My (), (0), (4.1.6)

where o = +3 and 7 = + are the spin and isospin projections, and y, (#) = 9, and z, (¢) = 9, , are
the spinors and isospinors, respectively.

For the sake of clarity, we now omit the sub-indices z of s, and #,, and adopt lower case s and
¢ when referring to the z-projection of spin and isospin. The pair-creation operator (4.1.2) in
the aforementioned basis can be expressed in the momentum and coordinate representations as,

respectively,

2 /dk A D Zy o s (4.1.7)

st,s't!

fdrldr2 2 Z (e sty 1,5t )ay, al iy (4.1.8)

st,s't'

A

ZT

The antisymmetric momentum or position amplitudes, Z; or Z*(r,st,1,s't"), should be

kst k,s't
represented by different symbols; for simplicity, we differentiate between them by using the indices
or arguments, respectively. A double Fourier transform” relates the corresponding pair amplitudes
as follows

dk dk z -r+ik, 1, *
Z (rpstmys't) = T2 e (4.1.9)

To assess translational invariance, it is useful to transform the integrals (4.1.9) to the standard

total and relative momenta, K = k; +k, and k = 1(k; - k,), leading to
dKdk ez'K-R+z'k-l‘ 7

(S o K)o

where the centre-of-mass and relative coordinates are denoted by R = 3(r; +r,) andr =1, —r,.

(4.1.10)

As we are concerned with homogeneous and isotropic nuclear matter, translational invariance is

“We have employed a unitary convention for the Fourier Transform, under which the transform and the inverse are
1
both preceded by a factor of N



28 4, Homogeneous and isotropic nuclear matter

conserved, which requires that the physics remain unchanged if the system is translated in space by

a. Under such a transformation, we have

r,—or +a, r, > r,+a

R >R +a, r—r.

Thus, the right-hand side of eq. (4.1.10) cannot depend on the centre-of-mass coordinate R. In
the momentum representation, this translates into the following pair amplitude
Zi ioir =302, =304k Z5 (4.1.11)

1stk,s't

where the first equality holds for the variables K and k in eq. (4.1.10), while the second is valid after
using the Dirac delta d(k; +k,) in eq. (4.1.9). It is now clear that the pair-creation operator (4.1.7)
depends only on the relative momentum. This allows us to introduce 4x4 k-dependent spin-isospin
matrices defined by Z* (k)

(+) and (T") symbols to represent the matrix spin-isospin Hermitian conjugation and transposition,

= Zy e~ FOI these, we have Z* (k) = —Z* (-k), where we use the

sts't'

respectively, of k-dependent functions (e.g., Z* (k),, , = Z"(k),,,, and Z" (k),,. ., = Z(k),, ;). With
this, we have
AR / dk > Z*(K), pal a' ., (4.1.12)
st,s't!
S / dk > 2t (&), al (4.1.13)

st,s't

Note that the minus sign of the k-dependence above, which is in the identity Z* (k) = -Z* (-k),
does not appear in (4.1.13) as the sign of k is exchanged in the creation operators. This notation
allows us to separate the integration over momentum k in eq. (4.1.12) into two arbitrary halves
of momentum space, k > 0 and k < 0. By defining a k-dependent 4 x 4 Thouless submatrix as
Z(k) = Z (k), we have,

Z-1 /k kY (T Wy~ T Wl ) (4.1.14)

sts't!

Explicitly, at every momentum k > 0, the integrand in eq. (4.1.14) can be defined in terms of the

following eight spin-isospin states,

)= ektan), [5)=|-kta),
2= ki), 16)=|-kin), (6115)
3)=lktp), 7= ki,
)= [tk 1p), 18)= -k Ip)
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In this representation, the two terms in eq. (4.1.14) appear as two off-diagonal 4 x 4 blocks of the

8 x 8 antisymmetric Thouless matrix Z* (k) defined as,

0z
—z*k) 0

0 Z'(k)

)
21 —z'(k) 0

(4.1.16)

We note that the Thouless matrix Z* (k) must be antisymmetric, and this is fulfilled regardless of

the symmetry of Z. Here and below, we utilise the tilde to represent 8 x 8 k-dependent matrices.

4.2 The k-dependent density matrix and pairing tensor

In agreement with eqs. (4.1.3)-(4.1.5), here and below, we use the double dagger (1) to represent
the Hermitian conjugation of the antisymmetric momentum amplitudes defined in eq. (4.1.7),
Zli(zx’t’,klxt = Zl*(lst,kz,r’t' = _Zli
for generalizing products of matrices Z*Z, eqs. (4.1.3)-(4.1.5) to the infinite and continuous basis.

1. Therepresentation oft-diagonal in k, eq. (4.1.12), is inconvenient
2! b |

For that, we must start with the original representation of eq. (4.1.7). In this representation, we get

" "
lext,kz.r’t’ = 1“kz—” /dk Z kst k""" k:t kst /dk ZZk.rt kl_ng:t Kk, s't
" " "
/ dk Z ok, +k )zk,,f,,,,,,klﬁ}{s(k +15) Ziogr g}
_ _ *
a(k, - kz) Z e Zornioer = 0k = k) D Zp o Za o o
o

s(kl—kgzz K)o Z0s) 000 = 0y ko) [Z7(k)ZT ()] o (42.0)
"t ?

Hence, the Hermitian matrix Qy i > Q° = Q, is diagonal in linear momenta k; = k, and at each

st

relative linear momentum k = k, = k, is equal to the Hermitian product of k-dependent matrices

defining the diagonal representation of the Thouless pair (4.1.16),

7 (k) Z (k) 0

(k) = Z" (k) Z" (k) =
Q(k) = 2" (k)Z* (k) 0 7 (0% ()

for 0" (k) = O(k).
The overlap and density matrix of egs. (4.1.3) and (4.1.5) can then be clearly expressed as

(212) ),

det (1 +Q(k) (4.2.2)
(1+ Q(k)) O(k). (4.2.3)

We may also explicitly obtain the pairing tensor from the original representation via a similar

e

procedure. Writing
Sklxt,kzxt = (1 + Q) lstkzst (4.2.4)
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and noting that x = —SZ¥, we obtain

= [—gr* - _ " 3
Kk stkys't = [ SZ ]klft,kzj’t’ /dk ZSkl‘t’knxﬂt”Zk”:”t”,kzy't’
o
_ _ " " " *
- f dik" > {5 (ky + K') S g} 10 (6 +10) Z3 o}
o
X
= Ok -k) > S kyst,-k, "0 L gk
o

= 0k ko) > Sy Z (k) g = =0 (kg — k) [Sk)ZT(Ky)] . (42.5)
"t

sts't’

From eq. (4.1.16) we can write

7 (k) = ( 0 -2k , (4.2.6)
F'k) 0
so that the pairing tensor can be expressed as
c o= —(1+00) 7 Z ). (4.2.7)

Writing the density matrix explicitly in terms of the Thouless submatrices gives

(1+22) "2z = (1+0(K) " O(k)

_ﬁ =
_ |z )ZkK) 27 (K)Z(K) o_1 (428)
0 (1+Zz 0=z (k) ZKZ (k)
and the pairing tensor
ko= —(1+22)" Z = - (14 0) " 2' (k)
_ 0 . -(1+Zz'k)Zk) Z'(k) . (4.2.9)
(1+ 2z Z" (k) Z'(k) 0

Note that we have used the explicit product of matrices in the original representation, egs. (4.2.1)
and (4.2.5), to obtain the expressions above for x and p. The k-dependent blocks can be further
simplified. Defining the 4 x 4 matrix #(k) = - (1 + Z"(k)Z (k))_1 Z* (k), which corresponds to

one of the two blocks of the pairing tensor, we can write the other oft-diagonal block as

ezl 0) k) = [1rzoz ®)] (@ ®)

-7 T
[(1+z(k)z+(k)) ] (Z" (k)

|7 (1) (1 + z(k)z*(k))‘l]T
-#" (k), (4.2.10)
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where we have used the identity Z* (k) (1 + Zi;’(k)ZZf*(k))_1 =(1+Z" (k)ZZf(k))_1 Z*(k), which can
be proved via
X = k) (1+ZKZ (k)
(1+Z"(k)Zk)X 1+Z7kzk)Z" (k) (1+Zk)Z" (k))‘1
k) (1+ ZR)Z (k) (1+ ZW)ZF* (k) = Z*(k),
(1+Z"()ZK) " Z* (k).

X=2'k) (1+ZK)Z (k)"

Henceforth, the pairing tensor and density matrix can also be defined in term of the submatrices

. ( _%(; . %(()k) ) , - ( —%(kgz(k) _%T(lg ™. (42.11)
Lastly, the overlap, eq. (4.1.4), can also be expressed in terms of the k-dependent submatrices
as
(z|z) = det(1+2'2)""?
= det(1+ 2 (RFK)" det(1+ F W)F (k). (4.2.12)
Using the fact that transposing does not change the determinant, we have
det(1+ 2 1 (1)) = det(1+ 2(R)F* (k)" (4.2.13)
and further for non-singular matrices
det(1+Z'(WZK) = (det(Z (k) + Z" (K)) det(Z (K)))"”
= (det(Z(K)) det(Z ' (k) + Z* (K)))"”
= det(1+Z(K)Z" (k)" (4.2.14)
such that
Z12) = (zk)|Z((k))> = det(l+Z"(k)Z(k)). (4.2.15)

Finally, the pairing tensor may also be expressed via the Onishi theorem (Onishi and Yoshida
1966; Ring and Schuck 1980) as

0
U +
=z logdet(1 + Z* (k)Z(k)). (4.2.17)

This form is crucial for the results that follow over the next sections. From now on, we shall drop
the explicit k dependence and write the submatrices purely as Z and #. We will now go through

an example, and later derive the most general pairing tensor for infinite nuclear matter.
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4.3  Asimple case: Antisymmetric Thouless sub-matrix

As defined in eq. (4.1.16), the 8 x 8 Thouless matrix Z* is antisymmetric by construction, regardless
of any structure of Z. Henceforth, when dealing with the Thouless submatrices, not only do they
not need to be antisymmetric (as the 8 x 8 matrix is antisymmetric by construction), but they also
do not have to be symmetric at all. In particular, the different linear momenta allow for like-particle
pairs with the same spin orientation, which is unusual in describing nuclear matter. The freedom
in the structure of Z presents difficulties in obtaining the most general pairing tensor for nuclear
matter, which shall be discussed over the next sections. Firstly, we limit ourselves to the familiar
case of an antisymmetric Thouless submatrix with different 7" channels. In particular, we begin by
considering the space-symmetric components, and thus channels S7" = 01 and 10 only. Omitting
the linear-momentum arguments of k, everything relies only on the Thouless submatrix Z* (i.c.
the off-diagonal part of Z). In the basis of four spin-isospin states ordered as |1) = |1 2), [2) = || 7),
13) = |1p), and |4) = || p), we can write

bt x4+ * + o+ * + + * + o+ x o+ x o+ +
£ = zay,d), +zal,a), +2al,al, + 7 a),a), + 2ay,a), +2la),an,. (4.3.1)

The first two pairs are scalar-isovector with projections of 7, = +1, the next two are vector-isoscalar
with projections of S, = +1, and the last two pairs are those with S, = 7, = 0.

For a scalar and isoscalar interaction, we have the liberty of choosing an arbitrary orientation
of the pair’s spin and isospin. For example, Romero, Dobaczewski and Pastore 2019 chose the
orientation along the spin and isospin z axes, which in the spherical tensor representation corres-
ponds to S, = 7, = 0, and thus utilised only the last two pairs of eq. (4.3.1). Here, we seek a general
understanding of spin and/or isospin-polarized systems, for which the complete wavefunction is
required. We choose the pair’s orientation in the planes perpendicular to the spin and isospin z
axes, which in the spherical tensor representation corresponds to §, = +1 and 7, = +1. By keeping

all pairs, and assuming an antisymmetric Thouless submatrix, we have

-z 0
F = ” Ll (4.3.2)
-z =L 0 2
-z, -z -z, 0
and the product Z*Z
|z, | + |ZT|2 + |z, |2 2+ 2,2 —2,2_ + 2,2, —%,%, — %%,
2 2 2

— 2z + 22, 2, "+ |2, 1" + [2_] 2,2 + 2|2, 2,3, — 2.2,
-2z, + 2,3, 213, + 2,3, |zp|2 + |le2 + 2| Zz, +212

—2)3, ~ 2,% 2,2, — 2,2 2,2 + 22 |zp|2 + |zl|2 + 2,2
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This product of Thouless submatrices has two doubly degenerate eigenvalues

gp= 3 (5l + 1z + 12,1 + 15,17 + 12, ° + 2|
£ (5] + |z + |2, + 12,1 + 2,17 + [ [*) = 4l2_2, + 2,2, — 22, [}/?), (4.3.3)
which can be expressed as
%, = 7(1 £ cosa), (4.3.4)
where
7 = 3z +15,1" + 15 + 171 + |5 " + 2],

sin(a) = [z,2- + 2,2, — 27| /7.

The spectrum of Z*Z is directly linked to the occupation probabilities. We have previously estab-
lished that this product can be represented by the block diagonal matrix of eq. (4.2.2), and since
the eigenvalues of the diagonal blocks of a matrix are also eigenvalues of the full block matrix, the

spectra of Z*Z also lead to the following doubly degenerate occupation factors

) 21, 7(1 £ cosa)
U1p = =

l+z, 1+z7(l+cosa)’ (4.3.5)

Obtaining the pairing tensor and density matrix analytically from this product, however, becomes
anontrivial task, as the eigenvectors have a complicated structure that depends on all six parameters.
In this case, the aforementioned derivation following from the Onishi theorem becomes hugely

beneficial. The overlap is obtained from the submatrices following eq. (4.2.15), and reads

(Z|Z)=(1+|ZT|2+|zl|2+|z| +lz >+ |z | + 2, )% + |z,2 + 2 zp—szll) (4.3.6)

Obtaining the pairing tensor then requires following eq. (4.2.17), where we shall find the compon-
ents of % by computing derivatives of the overlap of eq. (4.3.6) respective to the components of
the Thouless submatrix (4.3.2). To this end, we shall utilise the often called Wirtinger calculus
for complex-valued functions. If we suppose a complex number z = x + 7y, with x and y being real
numbers, and a complex function f x,7) : C — C which is real-differentiable”, this function can
also be expressed as £ (x,7) = f (2(x,), 2 (x, 9)) = f(x + iy, x — iy). By applying the chain rule, we

can easily obtain that

of _ (9f of ) of _ (f f ) (43.7)

0z 2\ox oy a7 2\ox "oy

which allows us to introduce the Wirtinger derivatives

o 1(d .0 o 1(2 .0
==5lm-5) =23 i) (4.38)

"Note that £ need not be complex differentiable.
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The fundamental inputs continue to be the real numbers x and y, although in practice one can
simply proceed with the £ notation of a complex function and merely treat z and 2" as two in-
dependent variables. The introduction of the complex difterential operators (4.3.8) is crucial,
as we wish to compute derivatives of the overlap of paired wave-functions which is written in
terms of the absolute values |z;|, which is not complex differentiable. For a detailed overview of
complex-differentiable calculus, the reader is referred to Remmert 1991, chapter 1, section 4. As a

practical example, the 21 component of # is obtained from

0
H,y = . log(Z|Z) (4.3.9)

_ (ZTZ> 2 212 (4.3.10)

The derivative involved in computing the 21 component of the pairing tensor is, explicitly,

0
£(1+|zT|2+|zl|2+|z| + |z | +| 1>+ |2, |* + |2,2 +zzp—szl|)

n

]
@(Z|Z>

2z, + 2, (2,20 + 2,2, — 2:2))V(Z]Z).

Similarly, all other derivatives of components of Z read

az (212) = 20z +5,(zi5" + 22 - 212 (Z12),
ai (Z12) = 202 +2 (22" + 22, — 212)) (Z]2),
L1212) - 20 + 5,065 + 55 - DNIZIZ)
aiT<ZIZ) = 2z -2, (2 + 5z - 22)ViZ12),
"’il (Z12) = 20z -2 (22" + 252, - 52 V(Z]12).

Noting that the inverse of the Thouless submatrix is

1 1 —Z, 0 z, =%
- b
2,2, + 23,8~ %2, 5, -z, 0 2
%z -z 0

we can see that the pairing tensor can be written as

2(F" + )+ 2,2~ ‘gt
g o 2F tlamp raa e ), (4.3.11)
(Z12)
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such that when we have

2,3, + 2,2_ = %3] (4.3.12)

the Thouless submatrix and the pairing tensor are equivalent. The first block in the diagonal of

the density matrix is

R = -HE, (4.3.13)

so that we can also immediately write the density matrix from the pairing tensor and the Thouless

submatrix
UF'E +1|2,2, + 2,2 — 2,2, |
a2 oty + 212~z ) (4.3.14)
(z12)

These results show explicitly that even in the simple case of an antisymmetric Thouless submatrix,
the different proton-neutron channels do not easily separate in nuclear matter: although they may
appear separately in the wavefunction, they are strongly mixed in the pairing tensor and density
matrix. Specifically, a strong proton-neutron mixing appears in the pairing tensor of nuclear matter,
which could not be inferred solely from the wavefunction. This intriguing result, however, does
not paint the full picture: some of the proton-neutron channels were not present in this derivation,
and a general result would require Z to have an arbitrary structure, and thus, 16 free parameters.
Obtaining the overlap for such a system analytically does not provide any clarity, as the expressions
become extremely complicated, so the next sections outline a different approach that enables us to

access the full pairing tensor.

4.4 A simple generalisable case: z-aligned pairs in the ST basis

It has now become clear that proceeding with the basis of four spin-isospin states, as discussed in the
previous section, is unfeasible in the case of general proton-neutron pairs in NM. In the following
sections, we switch to the coupled ST representation |SS,77}), for which all transformations are
detailed in Appendix A. We shall start in the simplest way possible: including only pairs with zero
spin and isospin projections. This choice includes all proton-neutron channels, for which the new

basis states read

10000) = F(I12)|Lp)=|1p) lLn)+[Lp) It n) =1L n) |1 p)), (4.4.1)
11000) = (112 |Lp) =1 p) L) =[Lp) |1 n) + 1L n) |1 p)) (4.4.2)
10010) = F(It 2 |Lp)+ |1 p) L) =L p) It n) =1L n)|1 p)), (4.4.3)
[1010) = 5(1t2)[Lp)+[12) [La)+ |l p) 11 n)+1Ln) |1 2)) (4.4.4)
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and correspond to the following Thouless submatrices, denoted by the ST" quantum numbers:

0 0 0 +1 0 0 0 +1
. 0O 0 -1 o0 . 0O 0 +1 O
Zoo = ) Zy0 = )
0 -1 0 O 0o -1 0 0
+1 0 0 0 -1 0 0 0
0 0 0 +1 0 0 0 +1
. 0O 0 -1 o0 . 0O 0 +1 O
£y = > Z =
0O +1 0 O 0O +1 0 O
-1 0 0 0 +1 0 0 O

Therefore, the linear combination of the aligned pairs,

F = 75,]0000) + z,|1000) + 25, |0010) + 2;,]1010), (4.4.5)

Z

corresponds to the following Thouless submatrix, which is neither symmetric nor antisymmetric,

0 0 0 2

0 0 2 0
- , (4.4.6)

0z 0 0

Z 0 0 0

for

2y = 250+t 3,+20 + 30 (4.4.7)
2L = =250+ 210 — 201 + A (4.4.8)
2= =z — 20t 201 + 211 (4.4.9)
2y = 25— %0 — %0 + 211 (4.4.10)

However, its symmetric and antisymmetric channels separate and the eigenvalues and eigenvectors

read
VE V7 0 0
NE R . =z, JZ_ R P ‘/z_ . (4.4.11)
z -7 0 0

If we decide to proceed via the route of computing « and p via Onishi theorem, we must start

o

from the overlap
(Z,12,) = (1+ |2, ) (1 + || (1 + |2, 1) (1 + |2,1%), (4.4.12)
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from which we easily obtain the pairing tensor as in eq. (4.2.17). For 7, j = z,,z_, 7, and z_, we have

1

d 1 * 2
Ziz) A =z 1A 5, (4.4.13)
Z ¢4 7 z z ];ﬁl
which can also be expressed as
19 _Zlz) 5

ARSI ARV (E D R ey (4.4.14)

so that the (subspace) pairing tensor reads
e 4.4.15
T = T 12, ) (4:4.15)

Due to the simplicity of the z-aligned wavefunction, we can also obtain x and p directly
from (4.1.4)-(4.1.5), as well as from the definitions given from the subspace Thouless matrices (4.2.11).
Naturally, all definitions yield the same density matrix

£

. 0 0 0 0 0 0 0
1+]|z, | )
|z
0 hT 0 0 0 0 0 0
lz_|?
0 0 15 _f 0 0 0 0
0 0 0 Ll 0 0 0 0
o = BEE . (4.4.16)
0 0 0 0 0 0 0
+[z,1
lz_|?
0 0 0 0 0 5T 20 0
l2.|
0 0 0 0 0 0 &7 f
|2,
0 0 0 0 0 0 0 i
and pairing tensor
0 0 0 0 0 0 0 -
0 0 0 0 0 - 0
. +|z_|
Z_
0 0 0 0 _ ~TET 0 0
0 0 0 0 —1s 0 0 0
x = - *lz.| . (4.4.17)
0 0 0 — 0 0 0 0
. +[z,1
0 0 o 0 0 0 0 0
Z_
0 o 0 0 0 0 0 0
o 0 0 0 0 0 0 0
+Iz,

Note that, as these states produce a diagonal density matrix, this corresponds to the canonical

basis. Differently from the previous section, we note that the different spin and isospin channels
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are not mixed in the case of z-aligned pairs. If one of the different ST channels is omitted in the
wavefunction, it also disappears in the pairing tensor and density matrix. This result completes the
derivation of our main conclusion: the general intuition of assuming decoupled proton-neutron
channels is not correct; only the ST channels of the paired DFT wavefunction decouple. The
next section deals with generalising these results such that we may have pr pairs with an arbitrary

orientation in both space and isospin space.

4.5 The path to the most general pairing tensor of nuclear matter

The Onishi formalism for deriving the pairing tensor presents us with a unique opportunity. Ana-
lytic expressions for the overlap of a general paired wavefunction are complicated, and even the
general Thouless matrix has a rich structure, which makes obtaining the pairing tensor appear
unfeasible. However, eq. (4.2.15) makes it clear that the overlap can be determined from the determ-
inant of k-dependent Thouless submatrices. Since the determinant is invariant under rotations—as
the determinant of any rotation matrix is always equal to 1, and also due to multiplicativity, i.e.
det(4B) = det(4) det(B)—any overlap can be utilised to determine x. Henceforth, the very simple
expression for the z-aligned overlap (4.4.12) can be used directly to cover the entirety of space and

isospin space and determine the pairing tensor via

ot _ 1 J

wy <Z |Z)@<Zz|zz)i (451)
2 14 uy

provided we also obtain the rotated Thouless submatrix Z™".

4.5.1 Rotating ZZ’; in spin and isospin space

The starting point for obtaining a general paired wavefunction consists of the z-aligned pairs given

in eq. (4.4.5). We must then define the spin and isospin rotation operators, R; and Ry, respectively

Rlag, o) = ¢ Se B g (4.5.2)

it il i (4.5.3)

Ry (eers Brs )

where the corresponding «, 8 and y correspond to the Euler angles, characterised by an active

rotation over the z, y, and z axes. As a simple example, a rotated state in spin is given by

1SS,) = Rg(as, b5, ) 1S0) (4.5.4)
= > |8S) (55)] Ro(as, fis25) 150) (45.5)

S;
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where the matrix elements correspond to one of the Wigner D-functions (Varshalovich, Moskalev

and Khersonskii 1988), defined as

D (s Bsrs) = (5] Ry(as, B> 35) |55)
— e‘z-x'asdjs(lgs)e—i:;@’

and similarly for isospin

DﬂTt(“T’ng’7T) = (Tf’| kT(”‘T’ Bryr) |Tt)
— e—z‘t'sztT!'t (ﬂT)g—z’tyl..

Following the notation of Appendix A for the ST basis, i.c.,

|SS,TT;) = Z Crey Cry 139580 5s50),

1,1-1
sSst't=x1/2 2°2° 2°

we can write the S7" = 00, 10,01, 11 parts of Z, respectively, as

25010000) =z > CY  CY | 1355)15s50),

sstr=21/2 2°2° Zfz

40110000 = 2y > CY 4 CY 1553003830,
ssmalj2 273 203t

i 10010) = g > CY CF 133 5s30),
ss=a1j2 2%2° 303t

a1 11010) = &y > €Y CF 155300 5830,

ssmalj2 2927 273t

(4.5.6)

(4.5.10)

(4.5.11)
(4.5.12)
(4.5.13)

(4.5.14)

We shall now apply the rotations (4.5.2) and (4.5.3) to all ST channels. From now on, we

shall adopt Q¢ and Q- as the notation for the Euler angles for compactness. The scalar-isoscalar

proton-neutron pairs are naturally invariant under § and 7 rotations, and thus, we shall start from

the vector-isoscalar pairs, i.e. ST' = 10, which read

115, (€)00) = R (Qs) (QS)R (QT)R (Qr) (Zm Z C Colo
Sst't=%1/2 2 25 2t2’

Since this state is a scalar in isospin space, it is invariant under rotations, and we can rewrite it as

|15, (€)00) R (QS)R (Qy) (210 Z C Colo 1 |§5,1f,
§st't=+1/2 2 zf 213t
1

ZIOZCOlOl Z C DD2 ‘>|%

t't=+1/2 2020 s +1/2 2

>|;x;f>)

(4.5.15)
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As the Wigner D-functions have the same arguments, i.e., as these rotations are coupled, we may
expand them as a series of Clebsch-Gordan coefficients (Varshalovich, Moskalev and Khersonskii
1988)

lﬂ(QQD Q) = 2: c“;zf G”l, (4.5.16)
ss'ii=x1/2 2927 293¢
which after substituting in eq. (4.5.15) gives
15,(Q6)00) = 25y > c? y 25 cv . ¢ Aagscﬁs 1151151

1 l..
tt=x1/2 203¢ 5z +1/2 2 2‘r 2539 2°2°
— & <& 2

%1950
00 1
gg > CY > DLC

ft=x1/2 2 2‘:; +1/2

c!
1
2
o x 00 11
_ZIOZCII ZDsol
2

vi=si2 293t esii)

LRI
EI

S 11,01 1
1 |25 21’)'5521’). (4517)
s 25
Note that we have chosen to rotate |s¢) states in the expressions above, for clarity. This is
equivalent to utilising the Wigner D-functions directly into |ST') states.

Analogously, the ST = 01 pairs are invariant under spin rotation, and we can write

0017,(Q)) = RoAQPR(Qp) |7 > CY Cl_° 1 13550 15571)
Sst't=x1/2  2° 25 2035t
* 12’ / /
=z :E: cﬂ? h :g: DLyCyy 15550 5532, (4.5.18)
ss=x1j2 2°2° ri=xi)2 3¢5t

Lastly, for the ST = 11 channel, both rotations in spin and isospin space are allowed, which gives

1S(ONT(Qp) = > DiCh*, > Diy 11 11514 Lk, (4.5.19)
2

s's=+1/2 2 2 t't=+1/2

The Wigner D-functions which appear in the rotated wavefunctions are

zﬁMQ)=—9%?a“, JJQ)—E%?*”, DL(Q) = cos . (4.5.20)

Note that as we start from pairs which are aligned to the z direction, the dependence on y—which
comes from rotating the system around the z axis—naturally disappears. The explicit expressions

for the rotated states are written in Appendix B.

. +
4.5.2 'The rotated Thouless submatrices, £ rot,ST

The expressions shown in Appendix B make it possible to write the rotated Thouless submatrices,

+ .
Zrot,ST .
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0 0 0 +1

% I
rot,00 2 >
0 -1 0 O
+1 0 0 O
0 0 —sin fge " cos B¢
T - %o 0 0 cos fg +sin fget'*
. b
rou10 +sin fBge™" —cos fq 0 0
—cosfy  —sin fse 0 0
0 —sin Bre 0 cos B
- _ oy | +sin Bre T 0 —cos By 0
roeot 2 0 cos By 0 +sin Bt ’
—cos B 0 —sin Bpeer 0
sin Bpe*7 sin fge ™% —sin Bre "7 cos fg
- _ & | —sin Bre " cos By —sin Bre” T sin fget'
roett 2| —cospBysin fees cos By cos g
cos B cos fg cos fy sin Bge™%s
—cos By sin e ™% cos B cos B
cos By cos fg cos B sin fse™%s

—sin et sin fge % sin Bre*T cos fg

sin Bre™*r cos By sin Bretr sin fget'

where the first and last two columns of Z7, ;; are written separately due to space. The complete
rotated Thouless submatrix consists of the addition of all ST channels. For the sake of clarity, it is

useful to write the full Z}; element-wise. This is shown in Appendix C.

4.5.3 Writing the partial derivatives

Having the expressions for the rotated Thouless matrix, Z,,, we must compute the partial derivat-

rot>
ives 0/9(Z,y),, to compute the pairing tensor
1 0

(Frot)w = mm@@)- (4.5.21)

Noting that the overlap, (Z,|Z,), does not depend on the Euler angles, we have that

0 0
—(Z|Z,) =—(,]|2,) =0. 4.5.22
aﬂs)T< Z| Z> a“S’T< Z| Z> ( )
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This simplifies the final expressions for the pairing tensor. Hence, as terms dependent on (4.5.22)
will vanish in the pairing tensor, we shall simply denote all terms dependent on the partial derivatives

of the Euler angles as 9(«4),, instead of explicitly writing them below. Explicitly, they would read

aﬂCS 0 aﬂs 0 3&£T 0 aﬂT 0

) _ 2, 9, 9 . - 4523
(aﬂ)f“’ 3(zrot)FV a”‘s a(zrot)ﬂv azgS a(zrot)#v 3sz a(zmt)/‘” a[gT ( )

The tull partial derivatives are obtained via the chain rule. The simplest case is that of the diagonal

elements of Z,,,, which depend only on z,, 8; 5, and @, ;. Omitting the partial derivatives over the

rot>

Euler angles, which vanish when we compute the derivatives of the z-aligned overlap, we can write

0 3211 N o)1
= — +0(« =1 +0(a
a(zrot) a(zrot)ll azn @B =1/, = 02y, 8211 (B
2 0
= 4.5.24
sin A etiar s1r1/3 etias 8Z1 + @l (4:5.24)
0 0z NZEior)n 0
—_— = — +d(a — = 4+ 0(a
NZ o) N ZErot)2 azn ( ‘8 =1/ 0zy; 03y ( (8)22
2 0
= - 0 45.2
smﬂ etiar smﬂ eias azl + (05{8 22> ( 5 S)
? 921, U a(zrot)SS J
— = ——— +0(a =1 +0(a
FTEN I T N =G L i  Poa PR
2 0
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which reduces to
0 21
= +d( 4.5.28
a(zrot)‘u‘u (zrot)/z/z azll ( ﬂ ( )
It is important to note that the inversion
021, 1

a(3‘31”Ot)‘u[u - m
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is only valid as long as the denominator is not equal to zero. In all expressions we computed, the
denominator would only be zero for the case on which the entire (Z,,,),,, is zero, on which the

corresponding (. is also zero. Hence, the cases on which z,, sin & 1, or cos 4;;- = 0 should

rot)‘u‘u
have the values for the angles plugged in before evaluating the expressions for the partial derivatives.
This is also valid for analogous terms in the anti-diagonal and off-diagonal. As our analysis of
mixing in the pairing tensor stems from the diagonal terms, we include the remaining derivatives in

Appendix D. Although the rotated pairing tensor is written in terms of zg, the z-aligned overlap
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must write the inverse to the transformation of eqs. (4.4.7)-(4.4.10),

is written in terms of the symmetric and antisymmetric parameters, z,, z,, z_, z_. Henceforth, we

w = gl +E -z i), (4.5.29)
a = pletE ot A, (4.5.30)
20 = %(@ -z, +z_—-2), (4.5.31)
Zp1 = %(@ -2z, —2z_+2Z). (4.5.32)
The respective partial derivatives are, then
S a6
0z 4\ 0z 0z, 029y 02, 0%p9 02_ 02y 0Z_
1(0 0 0 0
! (g O g) (4.5.33)
0 1( 0 0 0 0
0 1(0 0 0 0
= -5 (g o g) (4.5.35)
0 1( 0 0 0 0
e = il et (4536)

45.4 The pairing tensor

The simplest case to evaluate the full pairing tensor is that of the diagonal, which is fully expressed
in terms of the Euler angles and the vector-isovector parameter z,; in the Thouless submatrix (see
egs. (C.0.1)-(C.0.4)). As a reminder, the pairing tensor is written as

1 d
(zz | ng) a(zrot)[w

(‘%rot)/w = <zz | zz>

In the diagonal, denoting different pre-factors dependent solely on the Euler angles as C(a 1, fs 1),

the Thouless submatrix is

(zrot)‘uﬂ = zllc(aS,T> [gS,T)ﬂ‘u‘ (4.537)
As we have that
0 2 0
= — +0 ,
a(zrot)y‘u (zrot)ﬂ‘u az11 (“{B)y[;
the diagonal of the pairing tensor can be written as
Clasrsbsrlu 9
(Froduu = W%(leﬁ (4.5.38)
Clasys sl 0
= BCAEAN Z a—zi@;IfZZ), (4.5.39)
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where z; = z,,2,,2_, 2_ appear after applying eq. 4.5.36. Finally, we get the compact expression

* =%

i i e e (4.5.40)

+ + + )
1+ |z, 2 1+]20> 1+]z_|> 1+]z|?

-1
%;Zt = Clagy, ﬂS,T)W

Although the diagonal entries of the Thouless submatrix depend only on the vector-isovector
constant, zj, = z; + 2, +z_ + 2., and the Euler angles, the same entries in the subspace pairing tensor
cannot be written solely as a function of « -, 8 z;;. Therefore, different spin-isospin channels
are mixed in the pairing tensor, even though they separate in the Thouless matrix Z7,;. Although
the diagonal is the easiest way to visualise such mixing, it is important to notice that this is also true
for the anti-diagonal and oft-diagonal elements. However, the expressions become less clear, as

each partial derivative 9/dz; has a different pre-factor dependent on «g -, 8 ;- (see appendix D).

4.6 Rotating the pairing tensor

Although we have accomplished our goal of obtaining an expression for the pairing tensor of nuclear
matter from a general HFB wavefunction, there is one more approach we could follow as a different
check to our peculiar conclusion of mixing in the 7" channels. In principle, we could rotate the
z-aligned pairing tensor over the same Euler angles to obtain a pairing tensor with an arbitrary

orientation in space and isospin space, albeit not obtained directly from a general wavefunction.

+

This result could be compared with the Thouless submatrix obtained in the previous section, Z7,,

to analyse spin and isospin mixing. To perform such rotation in spin and isospin space, the rotation

matrix U(R) should be given by

UR) = Ur(Qr) ® Us(Qy), (4.6.1)
ie.,

U Q) Ui (Qs)  UPH(Qr) Us(Q)

UR) =\ 22
Ur (Qr)Us(Qg) - U™ (Qr) Us(Qy)

, (4.6.2)

where each entry is a 2 x 2 block matrix. We can explicitly write these rotation matrices for spin and

isospin as

S
£
|

easl? 0 cos ’i—s —sin ’i—s ¢ K12 0 (4.6.3)
0 etiasl? sin ‘% cos %‘ 0 iz |’ o

e*l‘(“sﬂ/s)/z cos %S _6*1’(0&*7@)/2 sin % (4 p 4)
ei(ﬂs—}ﬁ)/z sin % ei(“s"'?{v)/z cos % o
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Therefore, the full rotation matrix is then given by
U(R) e_"(“T‘*'}’T)/Z cos ﬂTT[]S(QS) _ —z’(gT—}/T)/Z sin & ﬁT U (QS) (4 P S)
| gl i %US(QS) Fertm2 og br /51 Ui (Q) o
and explicitly
e—i(“rﬂ’r)/ cos - lgT —l (ag+x)/2 cos 182_5 _e—l'("‘T"'}/T)/2 cos & ﬁT —l'(“s—}{v)/z sin %
¢l 12 cos &el s 2sin & o ern)2 cog —e’ (1912 cog &
UR) = (ar=11)12 g3y Br ~ilasrs) 12 g s a2 i, b )12 i £ (4.6.6)
S rTI%sin ST T2 cos 5 =TI S sin SLe T T sin 2
el‘(“r—}'ﬂ/z sin fETTEl'(“s—}/s)/Z sin & gl'(“T—?%)/z sin &gi(“ﬁ?@)/z cos ’g
=) 2 gjp £ ﬂ e ast5) 12 o6 /375 =i(ar=yr) /2 gjp E2 [g a1 [2 gjn &5 f@
—¢7 )2 5in %Te’(“f_m/ *sin ﬂ—zs —¢7 )2 gin %Te’(““m/ cos %
el'(“T"'YT)/Z cos L ﬁT —z'(zx5+75)/2 cos I%S _ei(“r*'}’r)/z cos - IBT —l'(“s“%')/z sin 1%5
61’(0&*['4’}/1) cos & (gr z(as %) /2 sin /Z_zs gi(“7‘+71)/ cos & (ET z(as+;@)/ cos /%s
From U(R), we have the rotated pairing tensor as
K= UR) KU (R). (4.6.7)

As the expressions are convoluted, we can look at the rotated pairing tensor element by element

rot _ Z *
Hi = > UpH;, U, (4.6.8)
Ip
For the diagonal, we can write explicitly
Ft = U, FLU, + U, KLU + U KU + U F U
11 = Und Uy + Updiys Uy + Ups g, Upp + Upgde, Ung
L a2 o BT i) 12 g B8 itar 2 g BT itz g B B
2 2 2 21+]z?
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_ i) [2 s IE_T —i(ag+y) /2 & i(ar+yr)[2 [gT z(as %)/2 IESL
e sin 5¢ cos >-¢ cos & 51n21+|z E
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which once again cannot be expressed purely as a function of z,, and the rotation angles, indicating
mixing of the ST channels compared to the rotated Thouless matrix, which isolates the vector-

isovector parameter in the diagonal.
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4.6.1 Considerations about rotations in the subspace

It is worth noting that a full rotation in space would also include the linear momentum
U(R) = U (Q) ® Up(Qr) ® Uy (Q), (4.6.9)

and should be applied to the full pairing tensor, «, instead of the subspace variant, #. In principle,
this could mix blocks of different linear momenta, such that the final result is no longer diagonal in
k. We can argue, however, that the pairing tensor is a/ways diagonal in k by construction, as shown
in eq. (4.2.5), such that the rotation given in eq. (4.6.1), applied to the subspace pairing tensor, %,

suffices to obtain the most general system.

4.7 Conclusions

Our theoretical work sets a formal background for how the wavefunction of NM is linked to the
pairing tensor and density matrix. We go from simple to general examples and see that the different
proton-neutron channels do not separate in the pairing tensor. This curious conclusion tells us
that approaches assuming the inclusion of only selected pairing channels can be misleading, as the
behaviour of nuclear matter is different from that of a finite many-body system. The quantitative
question of how much this mixing impacts the pairing gap in nuclear matter remains open. As our
analysis focuses solely on facets of HFB theory, this result is completely interaction-independent.

To quantify any effect, one must apply this study to a desired energy density functional (EDF)
and obtain the pairing gap, comparing it to the usual procedure available in the literature, to
understand at which point proton-neutron mixing and pairing manifest in practice. Concretely,
future work would entail selecting an EDF, solving the gap equation from the starting point of a
fully separated pairing tensor, and of the mixed pairing tensor discussed in this chapter. This would
allow us to quantify the differences between the two and establish the impact of mixing in the
proton-neutron pairing channels. Another significant work worth exploring is understanding how
the mixed pairing gap can be utilised to fit new functionals, as the pairing gap typically utilised in
EDF fittings comes from ab initio calculations of either pure neutron matter or symmetric nuclear
matter, with an identical proportion of protons and neutrons. Only after this connection has been
established can we understand the impact of this work on finite nuclei. For now, the message is that
utilising EDFs fitted with paired nuclear matter—which do not account for the intrinsic mixing in
infinite systems here discussed—introduces formal mistakes within HEB theory. Applying these
functionals to finite nuclei, especially in the pairing channel, could be misleading. A full fitting of
an EDF which accounts for both properties of finite nuclei 27d mixed pairing channels on nuclear

matter is a complicated subject, but necessary to fully bridge finite and infinite systems. Until this
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work is done, this result remains a reminder that more is different, even when the starting point is a

theory formulated for a many-body system.

n, & x



Five

Analysis of pairing strengths

We analyse pairing strengths as a source of the discrepancy between theoretical calculations and
experimental measurements of magnetic dipole moments within the Sn-Gd region. To that end, we

analyse the odd-even staggering (OES) for different pairing strengths.

Electromagnetic moments have long been a powerful source of information on the structure
of atomic nuclei (Kopfermann 1958). Electric quadrupole moments tell us about nuclear shapes,
being highly sensitive to the collective degrees of freedom (a theme which will be further explored
in Chapter 6). On the other hand, single-particle aspects, such as shell properties of the valence
unpaired nucleon, heavily influence the magnetic dipole moment (Castel and Towner 1990).

Providing a global description of electromagnetic moments is a challenge for nuclear theory.
Traditional shell-model calculations succeed in describing experimental data, but often resort
to effective g—factors or effective charges (Klose et al. 2019; Neyens 2003; Papuga et al. 2013;
Rodriguez et al. 2020). These vary according to the region of the nuclear chart considered, leading
to targeted instead of general results. The more robust @b initio approaches still face difficulties
tackling heavier systems. These difficulties are due to computational costs and technical challenges,
mainly on accounting for extensive many-body correlations (Henderson et al. 2018), or dealing
with unmanageably large phase spaces (Stroberg et al. 2022). While achieving results for heavier
systems from ab initio approaches is still not feasible, nuclear density functional theory (DFT) has
been a reliable method, achieving good results throughout the nuclear chart without requiring any
specification for different regions.

Sassarini et al. 2022 studied one-particle and one-hole neighbours of doubly magic nuclei,
achieving a global description of electric quadrupole and magnetic dipole moments without
the need for effective ¢ factors. Subsequently, Bonnard et al. 2023 extended the applicability
of current nuclear DFT calculations of electromagnetic moments by including pairing, making
the method suitable for describing all nuclei. This major development laid the groundwork for
analysing heavy, open-shell, deformed, and paired odd-nuclei within the nuclear DFT approach. In

Wibowo, Backes et al. 2025, we performed nuclear DFT calculations to determine the spectroscopic
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Figure 5.1: Comparison between the calculated magnetic dipole » moments of the »11/2” configurations in
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Backes et al. 2025
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electric quadrupole and magnetic dipole moments in heavily deformed open-shell paired odd-
nuclei. Specifically, we obtained spectroscopic moments of paired nuclear states associated with
the blocked proton (neutron) 7/2* (11/27) configurations within the Sn-Gd region. In this work,
we observed a reasonable agreement with experimental data for the electric quadrupole moment.
However, the calculated spectroscopic magnetic dipole moments fail to reproduce experimental
data in either the »11/27 or the #7/2" configuration, as shown in Figures 5.1 and 5.2, respectively.
These results suggest that the currently employed spin-spin interactions are insufficient, and that
the inclusion of more intricate time-odd interactions, or accounting for many-body contributions,
is crucial for accurately describing magnetic dipole moments. To further assess the issue, we first
analysed potential sources of discrepancy in our results. Since the magnetic dipole moments heavily
depend on the single-particle properties, especially those of the unpaired nucleon, this difference
could be due to a poor adjustment of the pairing strengths for our region of interest in the nuclear
chart. In this short chapter, we present an extended version of the results from Section 4.2 of
Wibowo, Backes et al. 2025.

5.1 Pairing in UNEDF1

The energy density functional (EDF) of choice for this work is a Skyrme functional with the
UNEDF1 parametrisation (Kortelainen, McDonnell et al. 2012). The pairing energy density is a

mixture of surface and volume pairing (Dobaczewski, Nazarewicz and Stoitsov 2002), given by

f0=Y i 20, (511)
g=pn Le
where £, (r) for neutrons (g = ») or protons (g = p) is the local pairing density, 4, = 0.16 fm™, and
Vo, and 7, are the neutron and proton pairing strengths, which may differ. To prevent the collapse
of pairing and restore good particle number, this functional was adjusted while utilising the Lipkin-
Nogami (LN) prescription, which is an approximate particle-number projection (PNP) technique
(Dobaczewski and Nazarewicz 1993; Dobaczewski 2009; Lipkin 1960; Nogami 1964). In both
Wibowo, Backes et al. 2025 and Bonnard et al. 2023, the same mixed pairing was utilised, but the
Hartree-Fock-Bogoliubov (HFB) approach was utilised without LN. Bender, Rutz et al. 2000
shows that within the LN with Bardeen—Cooper—Schriefter (BCS) approach, the particle-number-
projected spectral gaps are larger than those of the BCS by the LN second-order coefficient. Despite
the difference between BCS and HFB, the same conclusion of Bender, Rutz et al. 2000 holds for
HFB, as the canonical HFB basis coincides with the BCS approximation. To compensate for the
discrepancies in the pairing gap due to not utilising LN, one can increase the pairing strengths. This

automatically leads to an increase in the pairing gaps. In both Bonnard et al. 2023 and Wibowo,
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Backes et al. 2025, the increase utilised was that of 20%, which should be, on average, compatible
with experimental data. The effect of not utilising exact PNP has also been analysed in Wibowo,
Backes et al. 2025, Section 4.3, where it is shown that spectroscopic moments vary only about 1%

when computed with and without PNP.

5.2 Changing pairing strengths in UNEDF1

As magnetic dipole moments strongly depend on both the single-particle properties and the
polarisation of the paired core, in this section we critically evaluate the adjustment of the pairing
strengths in the studied nuclei. To that end, we determined the proton and neutron OES, i.c.,

the difference in binding energy between a given odd nucleus and the average of its even-even

neighbours
OFS = BN Zoaa) - 5 (BN, Z +1) + BN, Z - 1)), (5.2.1)
OES = B(N g Zeven) — % (B(N+1,2)+B(N-1,2)), (5.2.2)

respectively. When fitting EDFs, OES are typically the experimental data linked to pairing utilised
for the fit. To assess whether the pairing strengths are well adjusted, it is then natural to obtain
the OES, which can be compared to experimental data. The binding energies of odd nuclei in
the Sn-Gd region were computed and compared with data in Wibowo, Backes et al. 2025, and
were utilised as a starting point for the calculations with different pairing strengths detailed in
this chapter. In Wibowo, Backes et al. 2025 we utilised the UNEDF1 pairing strength paramet-
ers increased by 20% to account for not utilising LN, so for this analysis we experimented with
different percentages of the original UNEDF1 parametrisation (Kortelainen, McDonnell et al.
2012), including UNEDF1+20%. Specifically, we chose to investigate the following sets of pairing
strength parameters: UNEDF1-20%, UNEDF1, UNEDF1+20%, and UNEDF1+40%. For these
sets of parameters, we also computed the ground-state energy of even-even neighbours of odd
nuclei in the Sn-Gd region. It is worth noting that the OES values obtained in this manner are not
identical to those typically calculated to evaluate the ground-state pairing energies. By analysing
the binding energies of specific configurations, regardless of their positions in the spectra of odd
nuclei, we assess the combined effects of the pairing strengths and isomer excitation energies. In
contrast, the standard ground-state values mix the effects of the pairing strengths and configuration
changes.

For a detailed guide on the calculations of odd nuclei, one is referred to the original publica-
tion (Wibowo, Backes et al. 2025). For this analysis, we have chosen the lowest energy, i.c., the
global minima of the potential energy surface. These minima may be prolate or oblate, so that for

consistency, we have selected (i) identical shapes for the two even-even neighbours and (ii) either
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the same or opposite shapes for the odd nuclei and their even-even neighbours. We have subtracted
the isomer excitation energies from the experimental data (ENSDF 2023) from the corresponding
ground-state binding energies (Wang et al. 2021b) of odd nuclei. The neutron and proton OES
are shown in Figures 5.3 and 5.4, respectively. Different colours denote different pairing strengths,
where percentages of UNEDF1’s were either added or subtracted from the original. For complete-
ness, we also show the histograms of the total residuals of the neutron and proton OES in Figures
5.5 and 5.6, and separated by the different isotopic/isotonic chains in Figures 5.7 and 5.8. The
histograms of residuals also list the mean and standard deviation for each parameter set.

By inspecting Figures 5.3 and 5.4, it is clear that changing the pairing strength affects the OES.
Specifically, the more strongly bound pairs (set UNEDF1+40%) tend to have a larger OES, which
decreases for the other parameter sets, and is minimised for UNEDF1-20%. One important aspect
in the neutron OES is that, regardless of pairing strength, we are able to replicate the jumps around
N = 82, which are associated with the shell closure. These experimental jumps are less pronounced
than the theoretical values, with the exception of Sn isotopes (Z = 50). For heavier isotopic chains,
the shape of the OES curve is not entirely reproduced, but this issue is irrespective of the choice of
pairing strength. Our results show a better agreement with data for the proton OES, which can
be verified in the histograms of the residuals, as the mean is significantly smaller for the proton
compared to the neutron OES residuals.

For both the proton and neutron OES, the original set of OES is, on average, the closest to
the experimental data. However, it does show a higher standard deviation when compared to the
UNEDF1+20% set. It is important to notice, however, that the UNEDF1+20% pairing strength
parameter set is the one for which the most calculations converged. For other sets, many of the even
and odd nuclei did not converge, mostly due to the collapse of pairing. We also note that for Sn
isotopes, which are part of the calibration set of UNEDF1—although Sn OES data is not included
in the calibration (Kortelainen, Lesinski et al. 2010)—utilising the pairing strengths increased by
20% yields an almost perfect agreement with experimental data.

Overall, it is easy to note that changing the pairing strengths shifts the theoretical lines toward
higher or lower values, and does not address the inconsistencies with experimental values. Increasing
the pairing strengths by 20% simultaneously yields the most stable results and a good agreement
with experimental data. Henceforth, this approach is viable for calculations with this functional
when utilising the LN method for approximate particle number projection. In all other cases, the
best approach is to follow the prescription from the original publication and utilise the original
pairing strengths w:th the LN method (Kortelainen, McDonnell et al. 2012). Even though the
OES analysis does not clarify the inconsistencies in our results for the magnetic dipole moments ,
it eliminates the pairing strengths as a potential factor. Regarding this issue, Chapter 7 introduces a

difterent approach for reconciling density functional theory-calculated magnetic dipole moments
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and experimental data. Additionally, keeping a single value for the pairing strengths maintains the
generality of DFT calculations, without necessitating parameter adjustments for specific regions
of the nuclear chart, which is one of the commendable features of the theory for research on

electromagnetic moments.
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Figure 5.3: OES of different isotopes for different pairing strengths, and experimental data (ENSDF 2023).
The functional used was UNEDF1 (Kortelainen, McDonnell et al. 2012), and the proton and
neutron pairing strengths were modified by summing or subtracting different percentages of the
original UNEDF1.
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The functional used was UNEDF1 (Kortelainen, McDonnell et al. 2012), and the proton and
neutron pairing strengths were modified by summing or subtracting different percentages of the
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Figure 5.5: Residual of all isotopic chains OESs of Figure 5.3. The mean of each pairing strength is indicated
by the dashed lines.
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Figure 5.6: Residual of all isotonic chains OESs of Figure 5.4. The mean of each pairing strength is indicated
by the dashed lines.
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Figure 5.7: Residual for the individual isotopic chains OESs of Figure 5.3.
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Figure 5.8: Residual for the individual isotonic chains OESs of Figure 5.4.




Six

Odd-odd N = Z nuclei and isospin
symmetry-breaking in 7' = 1 multiplets

In this chapter, we shall understand the importance of isospin symmetry for experimental and theoret-
tcal analyses, and discuss which observables can be measured experimentally to test isospin symmetry.
We shall then focus on one key aspect: that the dependence of the E2 matrix elements on isospin
projection T, is linked to the conservation of the isospin symmetry in isobaric nuclei. To study this
conjecture, we calculated the B(E2 : 2° — 0%) rates for the even-even T = 1 mirror nuclei with 42 <
A < 98 by carrying out angular momentum projection (AMP). Analysing the AMP results against
the collective generalised Bobr Hamiltonian calculations showcases that collective effects are crucial
for describing experimental data near the N = Z line without invoking explicit beyond-Coulomb
isospin symmetry-breaking corrections. With a focus on N = Z nuclei, we discuss the requivements
for accurately describing isobaric analog states (IAS), showing that doubly-blocked configurations do
not suffice, as the IAS should instead be described via a superposition of proton-neutron pairs atop the
quasiparticle vacua. To illustrate this, we go through the B(E2 |) values for odd-odd T, = 0 nuclei " Br
and*Y in doubly-blocked configurations, and observe that none of them individually corresponds to
the linear trend set by isobar T = 1 even-even mirror nucles.

Mirror, mirror on the wall, is isospin broken at all?

Jacek Dobaczewski

6.1 Isospin symmetry

The discovery of the neutron by Chadwick 1932 marked a new era for studies of nuclear theory.
With a mass very similar to that of the proton, it was clear that the nuclear force acted similarly
on both particles. In this scenario, Heisenberg 1932 introduced the notion that the particles in
the nucleus should be characterised by their positions, their spin projection, and the projection of
a new quantum number, 7', which would indicate whether the particle is a proton or a neutron.

This concept was later refined by Wigner 1937, who introduced the name of zsotopic spin for the
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neutron Q T, = %

nucleon

1
proton . T,=—3

Figure 6.1: The proton and neutron as different isospin projections of a nucleon.

new quantum number which we now call simply Zsospin. Under this picture, protons and neutrons
are simply different manifestations of a nucleon, illustrated in Figure 6.1.
As the name suggests, isospin follows the same algebra as spin. This allows us to set the usual

z—projection operators”, where the projection is not on real space, but in the abstract isospin space

A 3 1n), f_l(l o)
i lp)==317) AU

and the isospin ladder operators, which are responsible for changing a proton into a neutron or

vice-versa

ln=lp)s Llp) =0, ;+=(0 1)’ ;_z(o 0), (6.1.1)

£, |n) =0, ;, 00 10

For a many-body system of 4 nucleons, the total isospin operators are simply

A A . A A . A A .
L=>d#  T=># o T=>F (6.1.2)
7=1 i=1 i=1
It is useful to express these operators in the language of second quantisation, where we have
A 1 1 .~ R
T; = z Z (dotnﬂpm - datpdzxp) = z(]\[n _]\[p); (613)
f; = 7; + z'f;, = TJr = Z a;nﬂap, T = Z d;pdan. (6.1.4)

“Note that under the convention employed by particle physics, the proton (#xd) would have isospin z—projection
+1 and the neutron (ddu) -, due to the isospin projection of the up (down) quark being +. This can lead to confusion,
as I experienced first-hand when comparing numerical results of Chapter 7 with those coming from ab initio nuclear
theory, which borrows the particle physics convention. My (totally unbiased) opinion is that the better convention (the
nuclear physics one) agrees with the original one proposed by Heisenberg 1932.

"There is also a freedom in defining these operators with an arbitrary phase instead of 1. Our choice corresponds
to the Condon-Shortley phase convention, which fixes the phase between proton and neutron single-particle states
(Robson 1966). These phases have important consequences under time-reversal, an anti-linear operator (Perlifiska et al.
2004).
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Note that these operators satisfy the SU(2) algebra, just as spin, and we have [T+, T_] = 27 and
[Y;,Ti] = +7,. It should become clear from these expressions that the isospin ladder operators
T, simply perform a rotation in isospin space, with a sum over all particle states on which a pro-
ton/neutron on a state « can be rotated into a neutron/proton.

In a system of N neutrons and Z protons, the total isospin is the vector sum of all the particles’
isospin, and the total z-component is well-defined

N-2)

= =

T, (6.1.5)

The total value 7" can only occur in nuclei with 7, = -7, ..., 7" and it is not an observable, although it
can usually be assigned to different states. The easiest illustration of this is that of two-nucleon
systems: np, nn, and pp. The projection 7, of these systems is 0 and +1, respectively. If the nuclear
Hamiltonian commutes with the isospin operator, there should be a correspondence between the
states in these systems with the same total isospin 7". A state with aligned spins—such as the ground
state of the deuteron with /” = 1" —cannot be assigned to the #z and pp systems, as it would violate
the Pauli principle, and thus its assigned isospin is 7" = 0 and it is called an zsosingler. On the other
hand, there are states with 7' = 1 which are present in all three systems, and form an Zsotripler. In

the two-nucleon systems, the lowest /* = 0" state is a triplet, and is unbound.

_— - —— )t »h+ T=1
2 — 3+ 20 120
_0+_____0+_____0+ T =1
— 3* =0
10 10 10
4B€6 5B5 6C4
T, =-1 T,=0 T, =1

Figure 6.2: Isospin triplets and singlets in the spectra of 4 = 10 isobars, aligning the first 7" = 1 states, i.c., 0"
(ENSDF 2023). Figure based on Ring and Schuck 1980.

Similar arguments can be made to assign a total isospin to many-body systems, keeping in mind
that in general, the states with lowest energy will also have the lowest available isospin, 7" = |7, |
(Lenzi and Bentley 2009). The only known exceptions to this rule are N = Z odd-odd nuclei

with a 7' = 1 ground state, such as **Cl. A practical example is illustrated in Figure 6.2, where
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we see the low-lying spectra for the isobar nuclei of }’Be, ;"Bs, and {’C,. The odd-odd N = Z
nucleus is the only one with singlet 7" = 0 states, while 7" = 1 states with very similar energies are
present in all three nuclei, forming a triplet. If isospin is a good quantum number, it can be used
to identify Zsobaric analog states (IAS), where a near identical behavior can be observed in systems
with the same number of nucleons. Naturally, small differences are still observed due to isospin

non-conserving forces (e.g. Coulomb).

even A T = N-Z
odd A z7 2
-2 —1 0 1 2

S NI= = oplw BN

Figure 6.3: Representation of isospin multiplets.

Beyond 7' = 0 and T = 1, we can define isospin multiplets as states with the same total isospin
and different 7, projection. These are represented in Figure 6.3, where we can see that for even
masses the total isospin is an integer, and for odd masses it is a semi-integer, and 7" < |7, | is forbidden.
Exact isospin symmetry implies correspondence between the isobaric analog states, represented by
the horizontal lines. Henceforth, tests of isospin symmetry are performed on states along those
lines, as we shall see in the next section. In particular, a mirror pair or mirror nuclei—with the
same mass number, but exchanged numbers of protons and neutrons—should have an identical
structure from the point of view of an isospin-symmetric interaction. And indeed, this property of
mirror pairs has successfully been used by experimentalists to help identify level schemes. Although
the concept works best in light nuclei, where the Coulomb energy is nearly negligible, studies
of isospin symmetry have been extended to medium-heavy nuclei, and from low-lying states to

high-spin yrast states (Lenzi and Bentley 2009).
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6.2 Isospin symmetry-breaking

As just exposed, isospin symmetry is a powerful tool for theory and experiment alike. However, just
as important as its concept is the understanding of when it is broken instead. To begin with, it is
simply not an exact symmetry. The strong interaction is not charge-symmetric, which manifests at
the quark level via the different masses of the up and down quarks (Miller, Opper and Stephenson
2006). Likewise, the masses of the neutron and the proton also differ. Exact charge symmetry
would require the proton-proton and neutron-neutron interactions to be the same, which can
be probed via nucleon-nucleon scattering. Notably, there is a small shift between the scattering
length in both measurements (Machleidt and Miither 2001). An even more strict condition is that
of charge independence, requiring the p interaction tobe 7, = (V,, +7,,) /2, and it is also not
fulfilled exactly (Gonzélez Trotter et al. 1999)". A more general criterion for charge independence
is that the nuclear Hamiltonian commutes with 7, and 77, i.e., is invariant under rotations in charge

and isospin space
[H,T;] =0, (6.2.1)
[H,T%] = 0. (6.2.2)

Apart from the criteria on the nuclear interaction itself, the effect of the Coulomb interaction
becomes relevant in heavy nuclei, further breaking isospin symmetry. Henceforth, although
extremely useful, isospin cannot be considered a “perfect” quantum number, in contrast to, e.g.,
angular momentum.

From the point of view of the interaction, so long as there are no charge-dependent terms in
the nuclear Hamiltonian, isospin should be conserved apart from Coulomb. It is worth noting
that an excess of either V or Z is known to introduce isospin impurities in mean-field Hartree-Fock
results, known in the literature as spurious isospin symmetry-breaking (Brink and Svenne 1970;
Engelbrecht and Lemmer 1970; Satuta, Dobaczewski et al. 2009). However, by comparing DFT
results with experimental measurements on IAS, we should then be able to gauge whether or not
charge-independent functional generators suffice to describe the properties seen in experiment'.
We shall now list tests relevant to assessing the limits of isospin symmetry, and delve into detail for

the test of greater interest to this work.

6.2.1 Tests of isospin symmetry

As isospin conservation is directly linked to charge dependence, it is natural that electromagnetic

transitions are used to test isospin symmetry-breaking. As an example, some E2 and M2 transitions

“These properties refer to the bare nucleon-nucleon interaction, which is not necessarily the same as an effective
in-medium interaction.
"This view is both “correct” and naive, as we shall see by the end of this chapter.
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are forbidden if isospin is a good quantum number. Differences in excitation energies between
IAS also probe isospin symmetry-breaking, an analysis of what is typically called Coulomb energy
differences. Other tests of isospin symmetry are the isobaric multiplet mass equation, which assesses
how the binding energy splitting is described in a multiplet when charge-violating interactions are
present. None of these techniques is the focus of the experimental data confronted with the present
theoretical work, and they are mentioned here for the sake of completeness. A reader interested in
the topic can find comprehensive information on both the background and experimental results on
all these techniques in the review paper and lecture notes by Bentley and Lenzi 2007 and Lenzi and
Bentley 2009. The next Section delves deeper into the so-called /inearity rule, which we examine

in more detail over the course of this chapter.

6.2.2  The linearity rule

The proton matrix elements (41,) are the matrix elements of the electric multipole moment of

order 2, Q*, between states of the same 7" and 7, and initial and final angular momenta j; and Jp

respectively

ML) =TT Q| 41T (6.23)

Within strict isospin symmetry, there are exact predictions for how the transition matrix ele-
ments of IAS vary with respect to 7. These predictions originate from the separation of the
nuclear current density between isoscalar and isovector components (Warburton and Wessner
1969). Strictly speaking, the £2 transitions, which are of main interest in this study, depend on the
distribution of the nuclear charge density s, rather than the proton density p,. As discussed by Re-
inhard and Nazarewicz 2021, 4, is obtained by folding o, with the nucleonic charge distributions.
Additional corrections come from the effect of center-of-mass projection. We estimated these
corrections to have practically no effect on the quadrupole moments and B(E2) rates, considering
the typical experimental uncertainties. Therefore, in the following, we base our discussion on
the proton density. Note that the decomposition we utilise is different from that of proton and
neutron operators. An operator that depends linearly on the isospin z-projection operator, , is
called isovector. An operator that is independent of Z, is called isoscalar. Extending the isoscalar

and isovector decomposition of the current density to the quadrupole moment

Q"= 0"+ 'O, (6.2.4)

we can rewrite the proton matrix elements. Note that M, is a proton operator, as only protons

have electric charge, but due to the isoscalar and isovector separation, it can be written as
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=

1
AN (k)
kZ 0

Via the Wigner-Eckart theorem, we can write it as a sum over the Wigner 3 — ; symbols and the

]Z-TY;> (6.2.5)

reduced matrix elements, which depend only on 7', but not 7,

1 T k T A
ML) = (1) ( ) T (1@ | ). (6.2.6)
=0 -, 0 1,
Explicitly, the isoscalar and isovector components can be written as
T 0 T A 1
_1)T: 70| f1) = ——— M), 6.2.7
- (_EM)@ [ p—— (627)

T 1 T R
(=1)7% 17| |0M]| 7Y = z MY, 6.2.8
T 0 T U [l ]) JTT+ 1)@l +1) (6.28)
leading to the proton matrix element
M,(T) = R FYOIN LM(I) =a+bT, (6.2.9)
P T 1 JT(T +1) ?

which is the so-called linearity rule, where A1 © and Y represent the reduced matrix elements
for the isoscalar and isovector components, respectively, which depend only on 7" and the angular
momenta of each state. The reduced transition probabilities are then given by

2
M(EA J; = Jp)
B(El;],-—>]f)=| £ S| f‘ . (6.2.10)

It is worth noting that for an operator with an isotensor component, terms such as

(1) " (_7; . ;) U |6

appear, which contribute with a quadratic term in 7,. The Coulomb interaction, for example, is

JT) = M T+ M?,  (62.11)
VI(T +1)(2T +1)(2T +3)(2T - 1)

predominantly a combination of isoscalar and isovector terms, but it also includes a small isotensor

component that induces departures from a linear trend.

6.3 Isisospin broken at all?

To assess isospin purity via the linearity rule, we need three high-precision transition-rate measure-

ments. This experimental data has been collected below 4 = 50, but becomes challenging as we
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approach the proton drip line in heavier isospin triplets. A previous exploration on lighter triplets
showed that although not perfect, the linear trend of eq. (6.2.9) works fairly well (Boso et al. 2019).
The most recent measurements for isotriplets, however, tell a different story. For the 4 = 70 triplet
("Kr, "Br, °Se) the B(E2) transition rates of "’Br and "°Se were already known, with the value of
the odd-odd being significantly reduced from the 7, = +1 nucleus. Wimmer et al. 2021 performed
the first measurement of B(E2) in "°Kr, obtaining a value 60% larger than that of its mirror partner.
This result led them to suggest that shape variation across the triplet would be necessary to interpret
the results, which would be a clear breaking of isospin symmetry. Their analysis is shown in Figure
6.4, where the line showcases the trend set from "°Br and 7°Se. The 4 = 70 triplet is the heaviest
for which all B(E2)s are known, but the available experimental data for 4 = 78 follow a similar
pattern. The B(£2) of ”*Y (odd-odd, 7; = 0) is significantly reduced when compared to the one of
78St (7, = +1) (Llewellyn et al. 2020), and if the linearity trend would be set by these two values, the
B(E2) of the proton-rich *Zr would be highly asymmetrical with respect to its mirror.

70Kr 7()Br 70Se
55| ® Exp. weighted average
Bestfitfor T, = 0, +1
o 50 1
£ 45
& 40 .
& .
— 351
= 30 |
25
-1 0 1
T.

z

Figure 6.4: Data presented by Wimmer et al. 2021 and the linear trend set by 7Br and 7°Se.

Isospin is explicitly broken in experimental data due to electromagnetic interactions, so a
quantitative interpretation of results can be misleading. Therefore, a better question than the one
posed in the title of this section is “bow is isospin broken?” instead. The detailed experimental
information in transition-rates can be used in conjunction with theoretical calculations to shed
light on the mechanisms behind isospin symmetry-breaking beyond the Coulomb interaction.
This requires a theoretical description of nuclei in the vicinity of the N' = Z line, including odd-odd
nuclei, where large overlaps of neutron and proton wavefunctions enhance the 7" = 0 part of the
neutron-proton (zp) interaction, a driver of nuclear collectivity. Only from this point are we able
to actually understand if the current theoretical description of electromagnetic effects close to the

N = Zline is sufficiently precise.
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To address these issues, we shall first focus on which states actually represent an IAS in the
odd-odd system, showcasing that the blocking technique (introduced in Chapter 2, also utilised in
the results of Chapter 5) does not suffice. We then introduce two different theoretical approaches
utilised to compute B(£2). The first is Angular Momentum Projection (AMP), which allows us to
extract the transition probabilities from a symmetry-restored wavefunction. The second, which
we shall only briefly discuss, is the Generalised Bohr Hamiltonian, which accounts for collective
excitations, relevant to the description of nuclei in this region of the nuclear chart. These two
approaches are then applied to the description of even-even mirror nuclei with 42 < 4 < 98, and
AMP is used to describe 4 = 70,78 odd-odd nuclei in multiple doubly-blocked configurations.

6.4 The odd-odd isobaric analog state

The standard approach for describing paired odd nuclei is with the blocking approximation,
where a single quasiparticle is created on top of the even-even quasiparticle vacuum. Within
quasiparticle pairing theory, this corresponds to the occupation probability of one single-particle
state becoming equal to one and that of its canonical partner becoming equal to zero. This concept
was also introduced in Chapter 2. The corresponding independent-quasiparticle wavefunction in
a canonical-HFB representation (i.e., where the quasiparticle wave-functions are eigenstates of the

density matrix, see chapter 3) corresponds to

|\I/“070) = ﬂla’ro H/ (%!X’Z’ + sz’rﬂl’z’dzr)l())! (64.1)

ar#a,m,
where «, represents the space-spin quantum numbers of a blocked state (e.g. its Nilsson labels) and
7, represents its isospin projection of » or p, u,, and v,. are the canonical occupation coefficients,
a represents a canonical partner state, and |0) is the single-particle vacuum. The prime symbol
indicates that the product runs over half of the states, one for each canonical pair, usually denoted
by « > 0. Evidently, for 7, = n or p, state (6.4.1) represents the state of an odd-N or odd-Z nucleus,
respectively.

Now let us think about describing an odd-odd nucleus. One may assume that it could be de-
scribed by blocking simultaneously a proton quasiparticle in a state «,p and a neutron quasiparticle
in a state 47, such that its wave-function corresponds to

/

_ b ot
) N ﬂ“o]’ﬂionar¢ﬂa ”(udr + szrdzxrﬂ&,—) |0>: (642)
2

Y,

20 psaoh

where we may select the angular momentum of the blocked configurations to couple it to a desired
final /.. In the study of IAS, e.g., we could naively assume that this would be done by selecting a state

ayp close to the Fermi surface, and the partner zy» with opposite projection of angular-momentum
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on the axial-symmetry axis, which would then select a final state with J, = 0. Due to the high level
density, experimental data for neighbouring nuclei can help to identify the best candidates for the
Fermi surface. In Figure 6.5, we exemplify this approach for "*Y. As all neighbouring nuclei have
J” =5/2%, we can select a proton and a neutron state of that angular momentum and anti-aligned

projections, thus building an odd-odd state as in eq. (6.4.2).

Figure 6.5: A helpful representation of how to identify the states closest to the Fermi surface in odd-odd
nuclei. Here we display *Y, and its neighbouring odd nuclei with their respective experimental
ground states.

However, would such state be suitable to the description of odd-odd IAS? We can verify this
assumption by obtaining the IAS via isospin ladder operators, which are guaranteed to give us a
wavefunction of the same multiplet and different 7;. Extending the definition of eq. (6.1.4) to the
canonical basis, remembering that the primed sum covers only half of the single-particle spectra,

we have
=7 = Z ( Ayl + ﬂdpdm) , (6.4.3)
which gives the wavefunction of the IAS in odd-odd nuclei by acting on the ground state of

even-even 7" = 1 states

1.
YT = LT =0) = —T1,|¥
[¥ias( ) ﬁil

Approximating |¥,._ (T = 1,7, = ¥1)) by the quasiparticle vacuum

(T =1,T. = ¥1)). (6.4.4)

[Sls

z

H (15, + v)a).a.,)|0), (6.4.5)
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we obtain

1
V2
_ ‘/iz > @lyan + aly) [] e + il )10). (6.4.6)

ar

71 |\I/\+IQ.C>

[¥1as)

We can explicitly separate the terms with p and az from the right-hand side of eq. (6.4.6), which

gives

1 "+ T Tt Tt ! Tt
|\I/IAS> = T z (ﬂapﬂan + d&pﬂdn) (”;p + U;}ﬂap%p) (%;n + U;ndanﬂazn) H (%;rr + Uo:rrdzxrddr) |0>
2 o ar#ap,an
(6.4.7)

The terms with « can be rewritten as

t vt

T + + F T + + + t T
(dzxpﬂan + %pﬂo'm) (%p + v“pﬂapozdp) (uM + vmamozd”)

+ f +
(uapdzxpdam + %apddpﬂdn) (uan + Uandzznﬂozn)

+ o+t T
uzzp”om (ﬂapﬂzxn + dpzpﬂa?n)

+ o+ t toT T T or
ity Uy, (aapamamadn + %p%znﬂmﬂazn) >

where terms with more than one creation operator on the same state vanish, and we can neglect
the terms with an extra annihilation operator, as they would vanish when acting on the state of
eq. (6.4.7). Doing the same, but acting with 7, on the 7, = -1 state, we have the following IAS

wavefunction

Yias) = —2T+ [¥yac) (6.4.8)
= ‘/—lz Z’ (alnadp + al;naozp) H,(ut; + v;TaZTa;T) [0), (6.4.9)

which also can be written, after separating and simplifying the terms with p and an

T i - Tt - - 0 1
(@naﬂp + [ld”él@) (uap + Uapﬂap%p) (nm + vmézanam)

-t tor oLt t o\ () w tat
Usp (ﬂanaﬂ{pa@a@ + ddnadpadpﬂdp) (um + vmaﬂmam)

-, T Tt 1 ot
”amvap (‘Zandapdapdozp + dozndo?pﬂapﬂdp) >

and has a very similar form to the previous expression. Noting that we can write a time-even

proton-neutron pair with 7" = 1 as

T=1 _
S, =

(a* i +alat ) (6.4.10)
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we get the wavefunction of the IAS
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We note the equality of two forms of [¥1,s) given in eq. (6.4.11), which reflects the analogous

+ - _ o+
v, =, and ¢, = o3, in

the 7, = +1 mirror nuclei. By inspecting eq. (6.4.11), we explicitly see that the IAS wavefunction

equality in eq. (6.4.4), and is based on symmetry of the occupation factors v,

Zs not a product state associated with a doubly blocked even-even vacuum as eq. (6.4.2). Instead,
it corresponds to a coherent superposition of the blocked 7" = 1 proton-neutron pairs atop the
even-even quasiparticle vacua. The contributions from individual components are weighted by
factors u,,u,, = u,,0,,, i.e., they peak for states around the corresponding neutron and proton Fermi
surface. It is now clear that by taking a symmetrised combination of the double-blocked states at
the Fermi levels, as we previously exemplified, we obtain not a complete IAS (6.4.11), but only its
dominating components. In the absence of pairing, the sum in (6.4.11) will be reduced to only
one term associated with the valence neutron level « occupied in the 7, = 1 nucleus (v;,=1) with
the proton level « being empty (x;, = 1) (the opposite holds for the 7, = -1 system).

Lastly, iso-cranking offers a similar interpretation of 7' = 1 IAS states in odd-odd N = Z nuclei
(Glowacz, Satuta and Wyss 2004; Satuta and Wyss 2001), based on a false vacuum situated mid-
way between the vacua of even-even 7, = +1 nuclei. Moreover, charge-exchange Quasiparticle
Random-Phase Approximation (QRPA), which builds states via charge-exchange quasiparticle
superpositions, is a very good representation of odd-odd 7 = 1 IAS. Notably, spherical QRPA
calculations do not see changes in the energy between IAS apart from Coulomb (Fracasso and
Colo 2005), and have been used to investigate isovector and isoscalar pairing correlations (Fracasso
and Colo 2007).

6.5 Angular momentum projected DFT

As we now understand what is necessary to assess the linearity rule in isospin triplets, we shall
focus on the theoretical techniques we utilised. To perform systematic nuclear DFT calculations of
B(E2;2" — 07) forall even-even T’ = 1 mirror nuclei with 42 < 4 < 98, we utilised the code HFODD,
version (3.280) (Dobaczewski, Baczyk et al. 2021; Dobaczewski et al. 2026; Dobaczewski, Satuta
etal. 2009b). We enforced axial symmetry, followed by the exact angular momentum projection
(Sheikh, Dobaczewski et al. 2021). As a first step, we performed a series of HFB calculations
constraining the quadrupole moment Q,, on a grid with a step size of 0.5b, illustrated in Figure

6.6. This allows us to identify all local minima on the grid, and then carry out unconstrained
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calculations to find prolate, oblate, or spherical HEB solutions by starting the self-consistent loop

from a point near each minima.
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Figure 6.6: Potential energy curves, obtained with UNEDF1, with constrained quadrupole moments Q,, for
the mirror pair of 4 = 70 ("’Kr,”*Se). The energies are normalised to the energy at the spherical
shape.

The minima can be characterized using either the dimensionless Bohr deformation parameter

£ or the proton intrinsic quadrupole moments Q,(p), which are conventionally linked as follows,

<72Y20>p N
3ZR2 WQZO(]))’ (6.5.1)

B =4

where R = 1.24"* fm. We then used AMP to project each solution onto good angular momentum
I, following the procedure introduced in Chapter 2. From the symmetry-restored wave-functions,
we can determine the electromagnetic transition rates from the initial and final projected states via

2

(6.5.2)

Z Il>

BUESL — 1) = Hilﬂ (£27] |0

This allows us to extract the B(E2;2" — 0") and the respective 41, necessary for the analysis of the
linearity rule.

Beyond the global analysis of even-even mirror nuclei, our goal is to assess the isotriplets with
4 =70and 4 = 78. To calculate odd-odd N = Z nuclei, we first constrained the particle numbers
without blocking to obtain an axial false quasiparticle vacuum. This yields an even state with an
odd average particle number. Then, we break the time-reversal, signature, and simplex symmetries,
using the z-component of the isoscalar angular frequency vector of /@, = 0.001 MeV to quantize the
single-particle angular momenta along the axial symmetry axis. For these calculations, we increased
the proton and neutron pairing strengths by 20% relative to the original UNEDF1 parametrization
to account for the effects of not using the Lipkin-Nogami approximate particle number projection

(Sheikh, Dobaczewski et al. 2021). The impact of pairing strengths is also discussed in Chapter 5.
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As we previously showed, the IAS is a coherent superposition of blocked 7" = 1 proton-neutron
pairs, with contributions from different states peaking around the Fermi surface. To identify the
states at the Fermi surface, we examined the ground states of the closest isotopes (isotones) to the
odd-odd nuclei, as highlighted in the previous section. We connected them to the Nilsson labels of
the single-particle neutron (proton) states to be blocked. For neutrons (protons), we then selected
z-aligned states with positive (negative) z-projections Q_ of angular momentum, ensuring that the

total angular momentum projections summed to zero.

We note that the doubly blocked states obtained in this way break the signature symmetry,
allowing both even and odd angular momenta to be projected from the intrinsic states. However,
since the signature operator simply exchanges the blocked neutron and proton quasiparticles, the
even and odd angular momenta form the 7' = 1 and 7' = 0 rotational bands, respectively. Finally,
the doubly blocked HFB solutions were converged and projected onto good / = 0 and / = 2
angular momenta. This allowed for the determination of the B(E2 : 2" — 0%) values for individual
two-quasiparticle (qp) states (6.4.2) of odd-odd N = Z nuclei (Llewellyn et al. 2020), which shall

be discussed later in contrast to the expected behaviour of the IAS.

6.6 The Generalised Bohr Hamiltonian

A pitfall of single-reference AMP calculations is that we can only compute the B(E2)s for one
given PES minimum (i.e. deformation) at a time. This is troublesome in medium-mass N ~ Z
nuclei—like the ones we aim to describe here—as they are known to exhibit configurations of
different shapes competing energetically at very low energies (Eberth, Meyer and Sistemich 1988;
Nazarewicz et al. 1985). This leads to coexistence effects of prolate, oblate, and spherical shapes,

which cannot be described purely with single-reference AMP calculations.

To describe quadrupole collective excitations and determine the values of B(E2 : 2" — 07), we
utilized the Generalized Bohr Hamiltonian (GBH) (Klupfel et al. 2008; Préchniak and Rohoziriski
2009; Rowe and Wood 2010), which encompasses the rotational and vibrational motion associated
with quadrupole deformations (8, 7). The GBH results presented here were performed by David
Muir, a collaborator on this work. The summary below follows the description included on our
publication (Backes, Dobaczewski et al. 2025), which also offers technical details of the calculations.
The analysis of the data, which led to the results presented, was performed by me.

The general form of the GBH is given by:

A A

Hyy =Ty + T, +V (ﬂ, 7/) > (6.6.1)

rot
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where
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where I (8,7) is the potential energy of the nucleus, B, (k = 1,2,3) are 3 components of the
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(6.6.3)

rotational moment of inertia, By, By, By, are components of the quadrupole vibrational inertia
tensor, and /, denotes the k-component of the angular momentum in the nuclear body-fixed frame.
All inertia (mass parameters) are parametrised in terms of the Bohr deformations g and y. In
eq. (6.6.2), we used the shorthand notation: w = BB, B ,andr =B.BB,. The 6 mass parameters
used in the GBH have been systematically obtained via the cranking approximation (Baran et al.
2011; Girod and Grammaticos 1979) from constrained HFB calculations for each nucleus under
consideration following the procedure of Muir et al. 2020; Prochniak 2015. It is worth noting that
the rotational and vibrational inertia strongly depend on pairing (Brack et al. 1972; Préchniak and
Rohozinski 2009). The reader can find a didactic explanation of the model in the thesis of Muir
2021.

6.7 Global analysis of 7" = 1 mirror nuclei

We shall now review the results obtained following the approaches of sections 6.6 and 6.5. Figure 6.7
shows the HFB potential energy curves for even-even mirror nuclei with 42 < 4 < 98 obtained using
the UNEDF1 EDF (Kortelainen, McDonnell et al. 2012), projected onto angular momentum 7 = 0.
The calculations predict shape-coexisting minima for many mid-shell nuclei, while the systems
closest to shell closures exhibit only a spherical minimum. The largest oblate (8 < 0) deformations
are expected for the 4 = 66 and 4 = 70 systems, while the largest prolate (8 > 0) deformations are
calculated for the 4 = 74 and 4 = 78 nuclei.

The potential energy curves of 7, = +1 mirror nuclei are generally very similar when normalised
to the spherical energy. However, it is worth noting that slight shape deviations are still observed
in mirror pairs. These small shifts arise due to the Coulomb interaction, which explicitly breaks
isospin symmetry, and they are particularly evident at large deformations. As a result, the energy of
the 7, = -1 (proton-rich) system falls slightly below that of the 7, = 1 partner, which has a smaller
atomic number and Coulomb energy. This difference in total energy leads to slightly larger values
of |A] in the T, = -1 nuclei. This is particularly noticeable in minima with higher deformations,

e.g. mirror pairs with 4 = 70 and 78. Despite these shifts in 8, shape changes between mirror
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Figure 6.7: Hartree-Fock-Bogoliubov (HFB) potential energy curves, obtained with UNEDF1, projected
on ] = 0 as functions of quadrupole deformation 8 (6.5.1) for the even-even 7' = 1 mirror nuclei
considered in this study. Solid lines denote 7, = 1, and dashed lines 7, = —1. The mass numbers
are marked explicitly, close to curves of different colours. The energies are normalized to the
energy at the spherical shape.

pairs are unlikely, given the overall similarity between the potential energy curves. Notably, in the
A =70 mirror pair, the oblate and prolate minima are separated by ~ 1 MeV. This contradicts the
suggestion of Wimmer et al. 2021 that "’Kr would be prolate and "°Se oblate. An important aspect
of this discussion is that deformations are not explicitly measured, but rather they are inferred from
experimental B(E2) data, linked via eq. (6.5.2). As the quadrupole moment carries information
about the shape of the nucleus, a larger B(E2) indicates enhanced collective effects and deformation.
The specific shape, however—determined by the szgz of the quadrupole moment—cannot be

determined from the transition probabilities.

In this scenario, the GBH and AMP frameworks allow us to understand the connection
between shapes and B(E2) data in different ways. The first—and most complete—framework is
capable of describing shape coexistence, and obtains meaningful B(£2)s even for spherical nuclei.
Meanwhile, the AMP framework allows us to examine data for individual configurations and
investigate whether a specific deformation can describe the experimental data. Our results for both
frameworks are presented in Figure 6.8, with prolate and oblate configurations shown separately for
the AMP calculations. Spherical and nearly spherical solutions around shell closures are omitted,
as the projection of a spherical state is not meaningful. As expected in a region with enhanced

collectivity, the GBH calculations yield better results and demonstrate an overall satisfactory
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Figure 6.8: B(E2) values of even-even 7' = 1 mirror nuclei with 42 < 4 < 98 and the available experimental
data (Boso et al. 2019; Giles et al. 2019, 2021; Hadyriska-Klek et al. 2016; Llewellyn et al. 2020;
Morse et al. 2018; Pritychenko et al. 2016; Wimmer et al. 2021), in (a) full scale and (b) reduced
scale. 7, = 1 (7, = 1) nuclei are represented with open (filled) symbols. Stars show experimental
values, squares mark the GBH UNEDF1 predictions, and the prolate (oblate) AMP UNEDF1
predictions are shown with up-pointing (down-pointing) triangles.
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agreement with experimental data across the entire range of interest. The AMP results fall short in
comparison, indicating the importance of shape mixing to these results. This is also seen in the mass
region of 74 < A < 82, where AMP overestimates the experimental B(E2)s. The HFB calculations
predict a nearly spherical and a deformed minimum for these nuclei, and considering only the
prolate-deformed one yields B(E2) values well in excess of experimental data. This indicates that
shape mixing with the spherical-deformed minima plays an important role, and accounting for the
distribution of shapes with the GBH provides a better description. The two frameworks agree
when clear prolate and oblate minima can be identified in the AMP potential energy curves, such
as for 4 =50, 66, and 70. In all cases, the difference

AB(F2) = B(E2,T, = -1) — B(E2, T = +1) (6.7.1)

is positive. This is to be expected, as the 7, = -1 nuclei have larger electric charges, while their
equilibrium deformation is very similar and slightly larger also in the proton-rich nuclei. The
AB(E2) also frequently varies between the two approaches. This can, once again, be attributed
to shape coexistence in systems around 4 = 78. Meanwhile, for the lighter mirror nuclei, such as

A4 = 62, this is attributed to closely lying weakly deformed prolate and oblate minima.

6.8 The 4 =70and 4 =78 isobaric triplets

We will specifically focus on the 4 = 70 and 4 = 78 triplets, where deviations from the linearity
rule are anticipated. For the analysis of 44,(T;) of eq. (6.2.9), it is imperative to address the physics
of the odd-odd N = Z (T, = 0) nuclei”. From our analysis of the B(E2)s near the N = Z line, it
is clear that the collective degrees of freedom are crucial in accurately describing the quadrupole
strength. Henceforth, the GBH is the preferred formalism for describing nuclei in this region, but
the extension of the GBH model to odd-odd nuclei, including decoupled proton-neutron pairs,
still needs to be developed. Doubly-blocked calculations, on the other hand, provide a simpler
method for the description of 0odd-odd nuclei, and open the opportunity to gain insights into the
B(E2) strengths of the 7, = O isotriplet partners. Moreover, AMP is well-suited for the description of
deformed nuclei such as °Br and 7®Y, and allows for a quantitative assessment of how the puzzling
experimental results could be interpreted from a nuclear theory perspective.

As we have established in Section 6.4, the IAS in odd-odd N = Z nuclei is represented by a
superposition of blocked 7" = 1 proton-neutron pair excitations. We attempted to perform such
calculations; however, the resulting energy mixing matrix elements were strongly perturbed by the
self-interaction terms and singularities of the UNEDF1 functional (Sheikh, Dobaczewski et al.

2021). For our analysis of the odd-odd nuclei in isotriplets, we chose to compute the B(£2) matrix

*Famously, the trend set from only two data points will always be a line.
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Figure 6.9: The Nilsson proton diagrams for "°Br (top) and "*Y (bottom) obtained using the UNEDF1
EDF and plotted as a function of the total intrinsic quadrupole moment Q,,. (The neutron
diagrams are quite similar; therefore, they are not shown.) Although the wavefunctions are
strongly mixed in many cases, the asymptotic quantum numbers [Nz A]Q provided match those
of Nazarewicz et al. 1985 to simplify the identification of individual levels. The vertical lines
mark the false-vacuum equilibrium quadrupole moments of 4 = 70 (Q5" ~ 3.2 b) and 4 = 78
(Qm™ ~ 7.5 b) isotriplets. Figure is the same as the one included in Backes, Dobaczewski et al.
2025s.
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Figure 6.10: M, (£2) values computed with HFB+AMP and UNEDF1 for (2) 4 = 70 and (b) 4 = 78 triplets,
and the available experimental data (Wimmer et al. 2021). We selected the oblate solutions for
the 4 = 70 triplet and the prolate ones for the 4 = 78 triplet. The different points shown for
the odd-odd 7, = 0 nuclei correspond to different 2-qp states near the Fermi level. Even-even
results from GBH calculations are shown as squares.

elements for several 2-qp states near the Fermi level in the oblate configuration of 7Br and the
prolate configuration of *Y, knowing that none of them would represent the IAS exactly. The
known or extrapolated ground-state spins and parities of the odd neighbours of Br and "*Y are
5/27 and 5/27, respectively, and this guides the identification of which states should be used for
2-qp (two-quasiparticle) blocking. Figure 6.9 shows the corresponding Nilsson diagrams, which
support the extrapolated ground-states, as the Nilsson levels [303]5/2 and [422]5/2 are located
near the Fermi levels of N or Z = 35 and N or Z = 39, respectively. The figure also indicates that
the main contributions to the IAS wavefunction (6.4.11) are expected to arise from [310]1/2,
[301]3/2, and [404]9/2 states in "°Br, and from [422]5/2, [301]3/2, and [431]1/2 states in *Y.
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Finally, Figure 6.10 shows the values of M, for the 4 = 70 and 4 = 78 isotriplets, considering
the same shape for the even-even mirrors (oblate for 4 = 70 and prolate for 4 = 78). Once again, the
difference between the GBH and AMP results in even-even mirror nuclei stems from shape mixing,
as the same functional was employed in both calculations. The discussion on shapes, including the
competing low-lying spherical and prolate configurations in 4 = 78 is discussed in the previous
section. The A, are shown in square root of Weisskopf units (W.u.), which correspond to the

estimate of the number of nucleons contributing to radiation, given by

1.22/1 3 2 20/3 2 22
BESL — 1) = ?(m) AP Afm?, (6.8.1)

There is a significant spread in the A4, values for 2-qp states of 7, = 0 isotriplet members. This is
due to the different intrinsic quadrupole moments of associated Nilsson levels, which give rise to
different quadrupole polarisations. Notably, blocking influences the occupation numbers. As a
result, we may drive the deformation towards prolate or oblate configurations depending on the
slope of the blocked orbitals and on whether we are blocking a particle or a hole. We also highlight
in Figure 6.10 the linear trend set by the two even-even 7" = 1,7, = +1 nuclei. The extrapolated
ground-state orbitals of [303]5/2 and [422]5/2 do not correspond to the linearity rule; and in
fact, as none of the 2-qp states uniquely correspond to the IAS, deviations from the linearity rule
(6.2.9) are expected. The different quadrupole polarisations cause the spread of predictions for the
odd-odd N = Z nucleus relative to the linear trend, and states contributing to the IAS show M,
both under and over the extrapolated line.

As eq. (6.4.11) suggests, a multi-reference mixing of several doubly blocked states should be
performed to test whether the IAS hypothesis better aligns with the data. While our attempt failed,
the search for well-adjusted, spectroscopic-quality, and self-interaction-free functionals is actively
pursued (Bennaceur, Dobaczewski and Raimondi 2014; Raimondi, Bennaceur and Dobaczewski
2014; Sadoudi et al. 2013). However, the existing infrastructure is insufficient to address the B(E2)
rates in the IAS of odd-odd nuclei, and the detailed assessment of potential deviations from (6.2.9)

must wait.

6.9 Conclusions

Our theoretical work shows that nuclear DFT, with the UNEDF1 Skyrme parametrisation, de-
scribes the reduced transition probabilities of 7 = 1 even-even mirrors. This can be achieved
without resorting to beyond-Coulomb charge-dependent functionals. However, close to the
N = Zline, only collective models such as the Generalised Bohr Hamiltonian are capable of describ-
ing data due to the enhanced quadrupole collectivity and shape coexistence. Angular momentum

projection—with the UNEDF1 Skyrme parametrisation—is sufficient only when the potential
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energy curves have well-defined deformed minima, but it fails to address shape coexistence and
small deformations close to shell closures. Overall, the AMP potential energy surfaces are similar
between mirror nuclei, but small differences in deformation are still observed.

In the context of isospin-symmetry studies, the DFT results come with a caveat. No explicit
beyond-Coulomb symmetry breaking may exist in the interaction, but this does not indicate thatall
isospin symmetry-breaking effects arise from Coulomb. Collective eftects depend on the effective
pairing strengths, which differ between protons and neutrons due to the asymmetry between
corresponding shell structures across the nuclear chart. As a result, differences will always exist
between mirror nuclei in DFT, aside from a different Coulomb repulsion.

Beyond the differences in pairing strengths and the spurious symmetry-breaking related to
many-body methods, it is important to note that the nuclear Hamiltonian itself is 7oz isospin-
symmetric. Differences in the masses of protons and neutrons—as well as of the constituent «
and d quarks—exemplify this symmetry-breaking. There is an ongoing effort in the community
to introduce charge symmetry-breaking terms to energy density functionals (Naito et al. 2024).
So far, no complete analysis of the linearity rule within triplets with a charge symmetry-breaking
functional has been performed. Hence, further calculations are necessary to quantify the influence
of isospin symmetry-breaking coming from the nuclear Hamiltonian.

We have derived and discussed which state of the odd-odd nucleus is most suitable for isospin
physics studies of isobaric triplets, corresponding to a rotation of an even-even 7" = 1 state in isospin
space. The true IAS consists of a superposition of doubly blocked 7" = 1 proton-neutron pairs
atop the even-even quasiparticle vacuum. Our numerical results indicate that double quasiparticle
blocking close to the Fermi surface, without mixing, does not lead to the “linearity rule,” and the
corresponding B(E2) values vary significantly depending on the deformations and slopes of the
Nilsson orbitals. Furthermore, the same previous remark is valid: even for a mixed solution, small
deviations from the linear trend are expected, as the protons and neutrons have different pairing
strengths.

Regarding the linearity rule, we want to emphasise what follows.

* While shell model calculations, commonly used to interpret B(E2) data in isobaric triplets,
produce results within the exact isospin symmetry regime, they lack a non-perturbative
description of the Coulomb and shape polarisations, which are integral parts of the nuclear

DFT;

* No shape change is expected between 7' = 1 even-even mirrors with 42 < 4 < 98, but
shape and configuration mixing is a crucial aspect that future DFT implementations need to

address;
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* Analysing isospin symmetry-breaking from the linear trend set by the 7, = 0, +1 members of

the triplet can be misleading;

* Currently, no DFT studies accurately describe the N = Z, T = 1 IAS. The existing infrastruc-
ture is not sufficient to capture the complex physics of odd-odd nuclei. Specifically, there is a

need for multi-reference calculations using self-interaction-free functionals.

Another challenge to nuclear theory, which was not addressed in this work, is that the overlap
between the proton and neutron wavefunctions in N ~ Z leads to pn-pairing correlations, which
are also relevant to the study of IAS. Indeed, the competition between isovector 7' = 1 and isoscalar
T = 0 np-pairing modes remains a key question in nuclear structure physics. Some references on the
topic are works of Engel etal. 1997; Frauendorf and Macchiavelli 2014; Martinez-Pinedo, Langanke
and Vogel 1999; Romero, Dobaczewski and Pastore 2019; Satuta and Wyss 1997 and references
therein. Within the (quasi)local density approximation to nuclear DFT with pairing, principles
of the approach have been laid down by Perliriska et al. 2004 but have never been implemented
or tested so far. The main challenge is that such pairing implies the proton-neutron mixing (Sato
et al. 2013; Sheikh, Hinohara et al. 2014) in the particle-hole channel. Indeed, for any quasiparticle
vacuum, the density matrix p and the pairing tensor « are linked to one another by the expression
p—p* =xx" (Ring and Schuck 1980). Therefore, the presence of the three types of pairing, ,

nd

Kypo and Koups
nuclear matter, this aspect was fully covered in the work presented in Chapter 4.
Lastly, all AMP results are available online (Backes 2025). Further details on the GBH results,

and zero-point energy corrections for 4 = 70 and 4 = 78 mirror nuclei are available in the published

implies, in general, a non-zero proton-neutron mixing Pap iD the density matrix. For

manuscript (Backes, Dobaczewski et al. 2025).
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Relativistic two-body currents

In this chapter, we briefly introduce the motivation bebind studying two-body magnetic dipole mo-
ments. We introduce the two-body magnetic dipole operator, coming from meson-exchange corrections,

and underline the work necessary to describe it within nuclear density functional theory (DFT).

The notion that nuclear DFT struggles to describe magnetic dipole moments of heavy nuclei
was introduced in Chapter 5. However, this challenge is not unique to DFT. Historically, an
accurate description of magnetic dipole moments of medium and heavy nuclei relies on effective
charges or g-factors. Recent ab initio studies suggest that one-body contributions to the magnetic
dipole moment may not suffice to accurately describe the system. Specifically, electromagnetic
interactions are probed through photon-nucleus interactions. One-body terms contain a sum of
photon interactions with individual nucleons and do not account for the interaction between nuc-
leons mediated by pions. Seutin et al. 2023 suggested that higher-order contributions are necessary
for an accurate description of electromagnetic properties, and Miyagi et al. 2024 investigated the
effect of two-body currents, coming from next-to-leading-order two-body terms of Chiral Effective
Field Theory (yEFT), on magnetic dipole moments. This work aims to test the aforementioned
conjecture within the framework of nuclear DFT.

The brief introduction that follows is based on Section S of Dobaczewski, Backes et al. 2026.
The publication on the methods and results is in preparation (Wibowo, Han et al. 2026). Up to

two-body contributions, we can write the magnetic dipole moment as

A A
fi = Zﬁlb,k + Z fab ko> (7.0.1)
% k<t

where the one-body part of the magnetic dipole operator is given by

iy = EM = o Y 6780 + 5710, (7.0.2)
=N
where § = 12 and If? = —ir, x V, (with units of 7 omitted), the gyromagnetic factors (i.e.
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g-factors) and nuclear magneton uy are equal to

n n h
9" =1 g"=0 g”=2(1+x)=5587, ¢ =2%,=-3826 un=-5—  (7.03)
?
and the two-body term comes from meson-exchange corrections due to the interactions between

nucleons
(1), 1) = /dx Xx]zb(X, r;,r,). (7.0.4)

The two-body current, b, arises from two distinct Feynman diagrams, commonly referred to
as the seagull and pion-in-flight diagrams (Castel and Towner 1990). They are responsible for
accounting for next-to-leading order (NLO) pion-exchange contributions from yEFT (Miyagi et al.
2024; Seutin et al. 2023). We note that for full two-body contributions, formally, heavier meson
exchanges are also possible, and the chiral expansion also includes contact terms. Our work is
restricted to the two aforementioned diagrams accounting for NLO pion-exchange contributions
in the chiral expansion.

The two-body operator (7.0.1) has two terms, called the intrinsic

A in g A 1 A A A A A A —u
) = =S Fz(rlxmz{(u;)[(owa)-r]r—(oaxo-z)}e : (7.0.5)

and the Sachs term

3 2 —u

»Sachs (Tl XTZ) (er) [ (1 + E + 2 3 ) +0,1 67, (706)

oy (1) =

96 F2

where r is the relative coordinate and R is the centre-of-mass coordinate between the two interacting
nucleons. & and # are the spin and isospin Pauli matrices, and the tensor operator S}, is defined as
81, = 3(F-6)(f-6,) = &; - 6. The remaining constants and the values we utilised are the axial coupling
constant g, = 1.27, the pion decay constant F, = 92.3 MeV, m, = 0.7045 fm™ is the average pion
mass, and we use the scaled distance # = m,.7. To analyse the contribution of (7.0.1) to the magnetic

dipole moments, we must compute the expectation value
(b (ry, 1)) = ) Z 17| (£, 1) |7) = (171 fop (1 rz)j)Mj)Fj)TVJ'): (7.0.7)
iy
where the first term is the direct contribution, and the second is the exchange, which includes the

spatial-, spin-, and isospin-exchange operators. To compute these values numerically, it is useful to

analyse egs. (7.0.5) and (7.0.6). Both include the same isospin term

. . A(1) A (2)
(7(1) X 7(2)) =857 Y



85

where we denote the different directions in the conventional way of x = 1,y = 2,and z = 3,
and we denote the operators from the first and second nucleon between parentheses, for clarity.
These operators mix the proton and neutron wave-functions in the direct channel, such that for
mean-field DFT calculations there will be no contribution from (7.0.7) in the direct channel. To

compute the contribution of the exchange channel, we first write the isospin exchange operator
A 1 %) A()A(2
Pr= 2507 + 2087 (7.0.8)
and compute the isospin exchange term

AeXC ~(1) £(2) pr
fobr = BTG, 71 P

I va@ 1 c)a)y(2) 4
D80+ 3eu@ BN E05)

1l
|
"N
T
N\
<2
+

— é\;%/e = Z‘Ez'km%m + a\i/e%O
[NCUNCIN A ) 22) 5 2@
=357 G T 55k [(”/enpfp + 0Ty )(lfzanq + 97 )]

 Gnpling = 3/«19;”1 - 9/«:;5}71

1 (1 1 DA2) (1) 1)A(2 A(1) A2
—z%kz/e()fz()ﬁ%w[“)\kz S0 | 020 g 020 g 5020
1 AD)a2) L AMA@) . A1) A2 . A(1)A)
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For the spin part, (7.0.6) has scalar, vector, and tensor contributions. The scalar terms are

AEXC _ A(1) A(2) o

fuzb,a,scalar =9 9 p
= 207 -7
_ a0 L), 2020
=050 L (504 4050)
a2 1 a2 | a() @)
=29, "9, _5(’70 % T% #)

1, A2 (1)@
=5 e - 405,
and the vector spin terms are analogous to those derived for isospin, i.e.,

AEXC

(1) & (2) "
“ 2b,s,vector )lP

= (4
_ [0 AQ2) _ A1) A(2)
=i|o 0 —9 9 ]
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For the tensor operator, we can use the property
S,P7 =8, (7.0.9)

directly when writing the tensor exchange terms. For the pairing channel, the derivation is more
intricate. It requires utilising the coupling scheme from Perliriska et al. 2004, such that lastly, one
obtains that the contributions from 7.0.1 vanish in the pairing channel.

This chapter expands on the summary of Dobaczewski, Backes et al. 2026, focusing on aspects
crucial to the numerical development. It is worth noting that the radial terms are separated into

five different form factors, F(x),

F(u) =, (7.0.10)
B(x) = (1 . i) 2—2 (7.0.11)
A=, (7.0.12)
Ew) = 1+ 34 %) ;—3 (7.0.13)
E(n) = (1+2+%)"7 (7.0.14)

that can be rewritten as a Gaussian expansion (Wibowo, Han et al. 2026). The computation of
Gaussian matrix elements in nuclear DFT is the theme of the next chapter, where it shall become
clear that new computational techniques are crucial for the advancement of nuclear theory. Lastly,
some of the numerical results coming from this work are available (Bissell et al. 2026), while the

main publication is in preparation.

n, & x
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The Gaussian Separalisation Method

In this chapter, we briefly discuss some of the computational challenges of modern nuclear DFT and
introduce a new algorithm to accelerate the computation for finite-range functional generarors. We
shall present the specific properties of Gaussian-type interactions that enable the new approach, discuss

the findings of our implementation, and consider its limitations.

The efficiency of high-performance computing in physics depends not only on the computers’
ever-growing speed but also crucially relies on the algorithms used to solve fundamental equations.
This is particularly important when solving equations that describe quantum systems of many
particles and fields. Examples thereof are ubiquitous. From the Liischer’s algorithm (Liischer and
Weisz 2001) to solve the QCD equations on the lattice to the Lanczos algorithm (Caurier et al.
2005) to diagonalize the shell-model Hamiltonian of 10'° dimensions, progress has been driven by
advanced ideas in constructing powerful numerical algorithms.

Within nuclear theory, ab initio methods are more severely impacted by this issue, since the
Hamiltonian scales exponentially with the system size (see Chapter 1). While less costly, progress
in Nuclear density functional theory (DFT) also becomes constrained by computational resources
as the community tackles increasingly difficult problems. Notoriously, the use of finite-range
functionals requires an order of magnitude more resources over local functionals (Dobaczewski,
Satuta et al. 2009a). Furthermore, modern approaches to fission require an exact computation
of the Coulomb exchange interaction (Sinchez-Fernindez et al. 2025), and obtaining two-body
meson-exchange contributions to magnetic moments (Wibowo, Han et al. 2026, also briefly
introduced in Chapter 7) requires the expensive computation of two-body operators. Uniting
these problems is the approach of utilising Gaussian expansions to describe finite-range interactions.

Due to the property (Girod and Grammaticos 1983)

L2 T e 2

e ﬁfo exp{-( =)/} (8.0.1)
it is usual to approximate potentials such as Coulomb and Yukawa by a sum of Gaussian potentials

87
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with different ranges and scales (Dobaczewski, Satuta et al. 2009a)

G(ry,r,) i a, exp{-4,(r, - 1,)*}, (8.0.2)

w=1

especially when dealing with the Harmonic Oscillator (HO) basis (Schunck 2019). This is the
approach of choice for our aforementioned examples, which require exact contributions to finite-
range interactions. As shown in section 2.3.1, this also applies to the class of finite-range energy
density functionals (EDFs): the Gogny pseudopotential (Dechargé and Gogny 1980) uses a sum of
two Gaussians with different ranges, or the regularised pseudopotentials which employ a Gaussian
form factor for the regularisation (Dobaczewski, Bennaceur and Raimondi 2012). This showcases
the vital importance of developing new and more efficient algorithms for Gaussian-type functional
generators for nuclear DFT.

To further illustrate the challenges of computing matrix elements from these functional gen-
erators, let us consider the special case of Cartesian coordinates. Since the Gaussian potential is
separable, we can write the matrix elements of the 1-dimensional component of the potential,

G = é(ul,uz), with # = %, %,

Gm’m,n’n = < ' ) >
) (8.0.3)
= [ i [ diy ()0, 00 G o 1) )45 ).
The mean field is then obtained by the contraction
Z imitn, O, i n, Contm i Prven's (8.0.4)

Ty

where . is the density matrix, and m = m,, m,, m,. It is clear that the main challenge at hand
is the large number of nested loops. Being NN, the number of harmonic oscillator (HO) shells,
naively computing the mean field would require 12 independent nested loops, and an order of
N,? operations. With the introduction of partial summations, the scaling of computing matrix
elements can be reduced to N operations (Dobaczewski, Satuta et al. 2009a; Schunck 2019), which
is treatable, albeit expensive. The next section offers a primer on computational efficiency and on
partial summations for tensor contractions, which should further elucidate these concepts.

Itis in this context that we developed the Gaussian Separalisation Method (GSM), improving
the efficiency of computing Gaussian-type finite-range functional generators and aiming to enable

new directions and possibilities for nuclear DFT. The core idea of this approach is diagonalising the

1-dimensional Gaussian matrix elements Gf; . and manipulating the indices in the separalisation
!
scheme
/z i
Gmm Jn Afmn léA(,’mn (805)

(e
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which allows us to exploit features of both its eigenvectors and eigenvalue spectra. From this initial
setup, we can introduce intermediates such that the complexity of computing matrix elements is
kept to an order of Nj operations. As the spectra of eigenvalues 2, rapidly go to zero, with only a
few being of numerical significance, cut-offs are allowed without sacrificing precision. The concept
of truncating an eigendecomposition is not new. It is prominent for applications such as Principal
Component Analysis and Singular Value Decomposition (Dongarra et al. 2018; Greenacre et
al. 2022). Despite the similarities, in our case, the eigendecomposition is arguably the easiest
step in computing the energy. Instead, the most delicate part of our algorithm is exploiting the
separability of the problem and optimising the indices coupling scheme. This new approach also
allows us to exploit symmetry properties of the eigenvectors post-diagonalisation, so that sums
over Cartesian HO indices can also be optimised. In this chapter, we first introduce aspects of
computational complexity in Section 8.1, and then establish the foundation of the method by
showing key properties of the Gaussian matrix elements, eigenvectors, and eigenvalues in Section
8.2. A simplified algorithmic structure of the GSM is shown in Section 8.3. The number of
operations cut from the symmetries of eigenvectors, and from the eigenvalue spectra are shown
respectively in Sections 8.4 and 8.5. Finally, the precision of the method is analysed in Section 8.6,
and the timing results are discussed in Section 8.7. Further technical details of the implementation,

as well as the exact algorithm developed are discussed in Appendix E.

8.1 Computational efficiency

An extremely useful notion to evaluate when writing scientific code is the cost of an algorithm.
The same mathematical expression can be computed in many different ways. Typically, the cost
we evaluate is the time, or how long it takes to execute, and space, or how much memory space
it requires”. Evaluating the cost of an algorithm, or its complexity, constitutes an active area of
research in computer science (Arora and Barak 2009; Watson 2026), of which we shall only loosely
discuss the most common notions. An intuitive way of quantifying the time complexity of an
algorithm is to evaluate the number of basic floating-point operations it executes. We are often
interested not in the number of operations required for a specific problem, but in how an algorithm
scales as a function of its input (e.g., system size). To this end, it is common to use big-O notation,
defined as follows: for two functions f(r) and g(), f(») is said to be 6 (g(»)) if there exists a
constant ¢ such that f(») < cg(r). Thus, we can think of it as the asymptotic behaviour of function

f»and as how our algorithm scales for large inputs’.

"Often neglected, but also important, is the cost to the sanity of the developer or user of an algorithm.

"The big-O notation is equivalent to the very loose comments in the introduction of this chapter, where I mentioned
that “computing x requires an order of y operations”. Hopefully, this small section helps elucidate the concept to readers
who are unfamiliar with the topic.
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8. The Gaussian Separalisation Method

A simple illustrative example of different algorithms with different time complexities is the

multiplication of three N x N matrices, D = ABC. The element D,; of such multiplication is given

by

Dij = %Al'kB/eZC}j'

(8.1.1)

Algorithm 1: Computing all D;; without intermediate steps.

1 forall s do

2

3

4

5

forall ; do
forall z do
forall / do

t Dz] = Z/e[ Az'kBle}j

Algorithm 2: Computing all D,; with intermediate steps.

1 forall ; do

2 forall : do
3 forall £ do
4 t Ez’j = Zsz'/eij
5 forall ; do
6 forall / do
7 t Dz'j = ZgAz'lElj
To compute all D, j, Algorithm 1 computes all the matrix elements directly, in the most intuitive

way, which is O(N*), going over four N nested loops. On the other hand, Algorithm 2, which is

O(N?), utilises an intermediate matrix, E, to store the multiplication of matrices B and C before

finally computing all D,;. This entails three N-sized nested loops, being a much more time-efficient

algorithm for bigger matrices. Figure 8.1 shows, in doubly logarithmic scale, the execution time

for both algorithms as a function of N, explicitly demonstrating that the time scales according to

the number of operations performed. This is a rather straightforward example, but with complex

implementations, evaluating the scaling may be more subtle. It is also important to note that

Algorithm 2 requires more memory than Algorithm 1, as the intermediate must be stored. Keeping

this simple introduction in mind, we shall delve into the problem of computing the energy of

Gaussian-type finite-range functional generators.
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O(N*), Alg.x
1077 e (O(NY),Alg2 >

Figure 8.1: Execution times obtained for Algorithms 1 and 2 shown as a function of N, for a square matrix
of dimension N x N. The lines show that the times scale, respectively, as N *and N°.

8.2 Properties of the Gaussian matrix elements and their eigenvalue

decomposition

The key element of the new algorithm is the analysis of the one-dimensional Gaussian matrix

elements in the HO basis, which follow from eq. (8.0.3) as

m'm,n'n

Gt = f du, f diy B () B (1) e =) 0000 5O () O (), (8.2.1)

where 2" (1) are the normalized Hermite polynomials, [ du« H’f:,)) () (u)g‘bff W generic

m'm>
integration variables # represent the Cartesian position variables 7, for x = x,y,2,and 1/ and 1/5,
stand for the Gaussian width and HO length, respectively.
The total DFT energy E,, is composed of the standard direct, exchange, and pairing terms,
each depending on the Gaussian matrix elements (8.0.3)
_ Krk e kch | ok plK k| od Kok e Kok
Eoe = Z Céir Edir + CEXC Eoee ™ + C;air Er;air > (822)
o'k tk
where C34™, €347, and C;fif * are the corresponding coupling constants (Dobaczewski, Satuta
etal. 2009a),
Kk ¥ ek 5
Ef™= > Dl DimGi G G? (8.2.3)

. _— _— b i
dir N N W B e

m'n'mn
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o krhk _ 7 /e Tk x 74 z
Eet= > DY o DGt nin G s Gty (8.2.4)
m'n'mn
‘k'thk _ k'« prk o 2 z
Ei = Z Pt PamGtntnin G Gt (8.2.5)

m'n'mn

In these expressions, Dr, and P3r, represent the density matrix g7, ,, and pairing tensor #5, ,, (Ring
and Schuck 1980), respectively, conveniently expanded on the harmonic-oscillator (HO) simplex
basis (Dobaczewski and Dudek 1997), that is,

Tk _ 7 k
Dnm - Z.ﬁm,mu%: (Z’}’l},}’l},) >
su

Tk _ T k
an - Z Ks,muus (my”y) >

Su

(8.2.6)

where the Cartesian HO quantum numbers are represented by vectors n = (n,z,7,) or m =
(m,m,m,), the y-simplex quantum numbers are denoted by s or #, cru/i(myny) for k = 0,x,y or zare the
ldentlty and Pauli matrices in the simplex basis (Dobaczewski and Dudek 1997) (which depend on
the numbers of the HO quanta in the y direction), and = = p, n stands for protons and neutrons.

As briefly introduced in the previous section, the new method relies on diagonalising the
Gaussian matrix elements. As contractions should be performed first on the indices {mn} of the
first density matrix, the key aspect is separating the indices in a way that allows summations of the
primed and unprimed indices separately. To do so, we define new indices of combined pairs of the
HO indices

i={m'n'} j={mn}, (8.2.7)

so that the generic Gaussian matrix elements are combined into square symmetric arrays that can

be diagonalized and expressed via their eigenvalues 2, and eigenvectors 4! as
G, = ;Afl(;Af.. (8.2.8)

We see that for the HO basis composed of the lowest N, shells, 7,z = 0... N;,, arrays G;; have small
dimensions of (N + 1)* x (N, + 1)*.

Since in the direct, exchange, and pairing terms of Eqs. (8.2.3)—(8.2.5), the pairs of indices
{m'n'} and {mn} are positioned differently, the index separation in the three channels has to be

performed independently, that is,
S d1r Jdir
mmnn = ZAﬂ/g’ ol dermi P (829)

oexe 6, exC
- Z A‘u i wf, u,ech‘u > (8210)

mmnn

s u,palr ob,-pair
Gt ZA Dut i (8.2.11)
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This gives us the final generic separalized expression for energies (8.2.3)-(8.2.5) as

' k' Tk /b % yA
EChﬂn - Z ( H )'#,@,Chan) Er;,chanEr;,chan’ (8212)
65 \umsiys

»

where “chan” stands for “dir”, “exc”, or “pair” and £ = ((,(,(,) represents the vector of eigenvalue

indices, and where

¢ ,chan
Bl = ZDTk "“ha“Ay Az, (8.2.13)

In the numerical implementations, expressions (8.2.3)—(8.2.5) and (8.2.13) are always evaluated
by considering one Cartesian direction after another, which leads to the numbers of the nested
loops that are much smaller than those appearing in those equations explicitly. In appendix E, we
present details of the implementations and show that both the standard (8.2.3)-(8.2.5) and new
(8.2.13) algorithms lead to the nested loops and numerical effort of the order of O(N}). Therefore, a
naive implementation of the separalised algorithm is not expected to bring any major improvement.
However, a primary difference between the two is that the latter involves summations of terms
multiplied by the products of the eigenvalues (8.2.12). This reduces the sums to those multiplied
by large products, which has the potential to reduce the computational burden significantly. We
now proceed with discussing this aspect of the new algorithm.

First, let us analyze the properties of eigenvalues and eigenvectors in the pairing channel.
Directly from the definition of the Gaussian matrix elements (8.2.1), we see that for an arbitrary

array X,,,, the average energy in this channel > o Kotn G X s equal to the integral of

mnd m'n' jmn” mn

the product of the square of the polynomial ®(x,%,) = 3 X, ,H, HY (1) H (1,) and Gaussian
factors and, therefore, is strictly positive. As a result the corresponding array G, is positive definite

and thus all its eigenvalues are positive, A > 0. Second, since in this channel, the Gaussian

4:,-pair
matrix elements are invariant to exchanging indices related to variables #, <> «,, the arrays of the
corresponding eigenvectors must be either symmetric or antisymmetric

,( £, pair £, pair
APy gP (8.2.14)

Further, we can employ the locality of the Gaussian functional generator in eq. (8.2.1), which
entails the symmetry of the Gaussian matrix elements under exchanging either the two indices
related to variable #, or those related to #,. Then, acting with the matrix elements in the exchange
channel, eq. (8.2.10), on the eigenvectors in the pairing channel, we obtain

/z,f +,pair b, £, pair
5 G A S G A
m m, nn mn,nm

mn

P [4,( +,pair _ [z,( +,pair
zG 'n' o Anm = £4 €ipalr . (8215)
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This interesting property means that the eigenvectors in the exchange channel are identical to those
in the pairing channel and the eigenvalues in the exchange channel corresponding to the symmet-
ric (antisymmetric) eigenvectors are equal (have opposite signs) to those in the pairing channel.
Consequently, an efficient algorithm can treat the exchange and pairing channels simultaneously.

Finally, we can discuss the separalised Gaussian matrix elements in the direct channel. For that,
we use the simple fact that a product of polynomials is a polynomial, and thus we can express it as a

linear combination of orthogonal Hermite polynomials (see, e.g., Dobaczewski and Dudek 1997),

HY ) H () = > Ch,H (u), (8.2.16)
?

where €7, is a symmetric matrix of coefficients and for 0 < m,n < N, we have 0 < p < m + n < 2N,
Equation (8.2.16) tells us that the Gaussian matrix elements in the direct channel (8.2.9) are given

. . A o A .
by a much smaller (2N; +1) x (2N, + 1) symmetric matrix G;,P or its eigenvectors Alf “ and eigenvalues

wh,

~ a 0 —d(uy—u,)? B (it 0 '/t,{; 5 -[u,{;
Gty =2 [y [ diy B o D0 ) - AR B (s2.17)
@
and are zero otherwise, that is,
# - P A P
Gm’m,n’n - % Cm'n’Gp'pCmn' (8.2.18)

In this way, we obtain that the eigenvectors and eigenvalues in the direct channel (8.2.9) are given
by ¢, =6

AT =S A, (8.2.19)
?
At dic = g (8.2.20)

and thus in this channel, the spectrum extends to a much smaller number of non-zero eigenval-
ues, (2N, + 1) instead of (N, + 1)*. As a result, the evaluation of energies (8.2.12) in the direct
channel becomes computationally insignificant and thus contributes a factor of 1/3 to the overall

acceleration of the algorithm.

8.3  Simplified structure of the algorithm

To exemplify the method, we implemented GSM to the nuclear DFT code HFODD (Dobaczewski,
Baczyk et al. 2021), specifically to the case of Gogny DS1 functional generator. The energy of
the direct, exchange, and pairing channel is given, respectively, by egs. (8.2.3), (8.2.4), and (8.2.5).
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In practice, computing the energy with G(N;) requires the introduction of intermediary arrays
(similar to the simple example of section 8.1). To showcase this method, we first introduce the
traditional procedure as given by Dobaczewski, Satuta et al. 2009a and Schunck 2019, and then
compare it to a simplified version of the GSM.

8.3.1 Traditional approach

The traditional algorithm starts with storing auxiliary arrays for the y and z-directions, obtained by
the product of the density matrix by the respective Gaussian matrix, contracting the “unprimed”

m, n indices. This procedure is O(NN;) in both directions

k _ Tk 7
’ ’ - ’ ’ b
RN n:m Py P I iy myn,
Y
(8.3.1)
k _ k Z
’ ! U ! ! mlm nl”
T Iy I ST Ty T, e L 202"
nzmz

Then, we contract the “primed” indices of the z-direction intermediate with the second density

matrix, which is O(N\}) once more
Xk D, z* (8.3.2)

' / I ‘o e
T T, Ty My T T I, 1L T I Ty

Finally, we sum over the x-direction “primed” and “unprimed” indices, which is 6(2\;')

Ef'/e'r/e _ Xr',r/e G*
dir M, P
N

(8.3.3)

8.3.2 Simplified GSM intermediates

One big difference between the old and new approach is that the “primed” and “unprimed” indices
are now computed completely separately. Any loop over an eigenvalue index €u corresponds to
(N, + 1) operations. We start with the y-direction, contracting the “primed” indices

v o )
ittty = 2 Dttt A 0 200 (8.3.4)

m'y 0
Ty 1y Ly Mysby

which is 6(N;). Now, the same is done for the z-direction

'k _ 'k z
Zrrmtt, = 2 Vit Ao (8.3.5)
o
and the x-direction
v v
Xoe = 2 ZimepAmn e e (8.3.6)
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both 6(N}). After summing over the “primed” indices, we then sum over the eigenvalue indices ¢,

to recover the HO indices and compute the field:

(8.3.7)

bl
mnmn, " G,

~ 1y
k
mn m nmn,

b
zZ* = Y X) 4 (8.3.8)
’ 2
Sk A (8.3.9)
€}, Y
Each of the steps above is O(Ny). Lastly, we contract the “unprimed” indices with those of the
second density matrix, which is O(N})
Ef =% pt A (8.3.10)

dir — T T P I I L L T T T R,
m

An exact computation of the energy following this procedure would naively not yield any numerical
acceleration, as both algorithms have the same asymptotic behaviour. The next sections are dedic-
ated to showing how the properties of the Gaussian eigenvalues and eigenvectors make it possible
to accelerate finite-range calculations via the separalisation. More detailed notes and schematics of

the algorithm are provided in Appendix E, which is useful guidance for implementing the method.

8.4 Acceleration due to symmetry of the eigenvectors

An important property of the eigenvectors is their symmetry or anti-symmetry on exchange of
Harmonic Oscillator (HO) indices, A:;ff = iAf,’f‘ B Using this property, we can avoid exchanged
HO indices when contracting the eigenvectors with the density matrix, provided that p is also
separated into its symmetric and antisymmetric parts. In practice, the code has loops over the HO
indices in a nested loop structure, which always respects #, + n, + n, < Ny and m,, + m, + m, < N,.
In HFODD (Dobaczewski et al. 2026), the limits of nested loops obey the following structure:
The first loops correspond to indices in the x direction, where both the 7, and », quanta go from
0 to N,. For the second direction (z), the limits of the HO quanta loops become m, < N, — m, and
n, < Ny = n,. Lastly, in the last direction (y), the limits are m, < Ny = m, —=m, and n, < Ny = n, — n,.
This mapping is illustrated in Figure 8.2.

In each iteration, we always perform the same basic floating-point operations, consisting of one
multiplication and one addition. Strictly speaking, actions such as array accesses also contribute to
the CPU time. However, for both the GSM and the traditional approach, the number of operations
for each set of {m, n} is equivalent. Thus, the length of the loops is a direct indicator of the number

of operations performed, and a good source of comparison between the two algorithms. We can
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nf n, ny
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o
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Figure 8.2: Schematic representation of the loops for the HO indices for N, = S shells.

compute the total number of iterations exactly. It depends solely on the basis size, and is equivalent

to

Ny N, Ny—n, Ny-m, Ny—n,—n, Ny—m, —m,

s = 2355 5 5

n,=0m,=0 n,=

No Ny Non Ny

x

pIPIP Z(No g —m, + 1) (Ny -, — n, + 1)

n,=0m,=0 n,=
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Naturally, at some stages of the contractions between the Gaussian matrix elements and p/x,
not all Cartesian directions are present in the same iteration. If only one Cartesian direction is

present, the number of iterations is

N N
1D
Ooriginal ZZ) Z 1
N1 (8.4.2)

and two Cartesian directions
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Figure 8.3: Schematic representation of the loops for the HO indices in the new scheme for N, = 5 shells.
Panels (a), (b), and (c) correspond to the innermost loop with HO indices in the x, z, and y
direction, respectively. The lighter and patterned indices, always highlighted in the innermost
loops, can be omitted in the GSM algorithm.

As we have introduced, the length of loops over HO indices can be reduced by considering the

property of eq. (8.2.14). This entails: (i) separating the symmetric and antisymmetric eigenvectors;
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(ii) symmetrising the arrays which multiply the eigenvectors, over the same pair of indices which
will then be contracted (in our case, the first example of this is symmetrising the density matrix
of eq. (8.2.6) over m,, n,). With this, we can skip over indices which are symmetric, m <> . This
procedure can be repeated for the following directions by symmetrising the intermediate arrays that
follow. The number of iterations performed with this procedure varies according to the number
of Cartesian directions with HO indices in the current nested loop. For one Cartesian direction,
the total number of iterations then becomes

ny

N,
Oslme—skip - Z Zl

n,=0 m,=0

- %(No +1) (N, +2). (8.4.4)

The exact analytic expressions for two and three sets of HO indices in different Cartesian directions
are less illustrative, but can be computed exactly. The skzpped {mn} index pairs in one, two, and

three Cartesian directions satisfy the following criteria, respectively

m, >
m, > n, m, < min(Ny — n,, Ny — m,.), (8.4.5)
m, > n, m, < min(Ny = n, = n, Ny — m, —m,).

This is illustrated in Figure 8.3, where the lighter and patterned indices have a symmetric m < »
counterpart included, and thus can be omitted.

The number of iterations after skipping the indices under the conditions 8.4.5, which we
denote Oy, gip> can be compared to the number of iterations including all indices, indicated by
eqs. (8.4.1)-(8.4.3). Figure 8.4 shows the ratio between the two approaches, separating this ratio
for one to three Cartesian directions with HO quanta indices. Throughout the GSM algorithm,
there is always at least one set of HO indices included in the nested loops, such that the acceleration
due to the symmetries of the eigenvectors is carried in the performance of the entire algorithm.
Note that, e.g., for loops with the HO quanta in the three Cartesian directions, both algorithms
are O(Ny). However, the factors hidden under big-O notation are relevant in the use case of typical
nuclear DFT bases. Our results shall focus more significantly on N, = 16 and 20, but across a wide
range of basis sizes, this property corresponds to performing ~ 50 — 60% fewer operations than with

the full loops.

8.5 Acceleration due to eigenvalue cutoffs

The second source of acceleration to the GSM is the eigenvalue spectra of the diagonalised Gaussian

matrix elements of eq. (8.2.8). The arrays containing the Gaussian matrix elements have dimensions
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sym—skip)
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of (N, + 1)* x (N, + 1)?, and thus, each Cartesian direction has (NN, + 1)* eigenvalues. There are,

therefore, (N, + 1)* and (I, + 1)¢ products of eigenvalues in two and three Cartesian directions,

max>

respectively. These quantities, which we shall denote » can be directly compared with the

number of operations performed on loops over HO indices, which correspond to O,iging given

in egs. (8.4.1)—(8.4.3). Itis important to note that, due to the constraints z, + z, + n, < N and

m, +m, +m, < Ny, the loops over the HO quanta will always be shorter than those of a product

of eigenvalues without cutoffs. Figure 8.5 shows the spectra coming from the separalisation of
Gaussian matrix elements in the direct, exchange/pairing channels, for Gaussians with different
widths (1.2 and 0.7 corresponding to the widths of the Gaussians in the Gogny DS1 potential), and

different basis sizes. The ratio between the number of operations in HO-indexed loops, introduced
1D2D 3D
original ’
the shaded and unshaded region. Thus, the interpretation of the shaded region is that it contains

and the number of products of eigenvalues, represents the vertical separation between

the largest eigenvalues (or product of eigenvalues) before the size of loops over s surpasses the size
of equivalent loops with HO quanta indices.
When performing cutoffs, we wish to select only the normalised eigenvalues which are bigger

than a cutoff value, which we shall denote 2,". This process directly dictates the numerical precision

“In principle, one could also define the cutoff as a percentage 7, of eigenvalues to be kept. The freedom in choosing
how many eigenvalues to keep makes it so that the #Zming is easily controlled. However, unlike choosing the cutoff on 2,
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Figure 8.5: Normalised eigenvalue spectra for a product of eigenvalues in one (a,b), two (c,d), and three

(e,f) Cartesian directions, for the direct (left) and exchange/pairing (right) channels. Different
colors denote the spectra for different basis sizes, and different lines denote the different Gaussian

widths for the Gogny DS1 potential.

it has no direct connection to the numerical precision.
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of our algorithm. Moreover, as the spectra is shown in decreasing value, the ratio n/n,,,, for any

max
specific |1/, | corresponds to the percentage of eigenvalues larger than [1/4,,,,|. The left-side
panels in Figure 8.5 explicitly show that, as discussed in section 8.2, very few eigenvalues are non-
zero in the direct channel. The scale of these panels showcases how rapidly the direct channel
spectra decays before the eigenvalues become numerically insignificant (analytically, of course, they
would be exactly zero). The right-side panels, which contain the spectra for the exchange/pairing
channel (which have the same absolute value |2;), require a more careful analysis. The change in
scale between the direct and exchange/pairing is very noticeable. For a single eigenvalue, any cutoff
would represent an acceleration when compared to two loops over m, n. However, the spectra do
not decay quickly enough to clearly offset the reduced number of operations coming from the
pyramidal structure of the HO quanta in two and three Cartesian coordinates (in contrast to what
is observed in the direct channel). To be inside the shaded region—i.e., the region of numerical
advantage—one needs to keep less than ~ 28% of the eigenvalues for two Cartesian directions, or
~ 3.9% in three directions. The eigenvalue cutoft in these scenarios would depend on the basis
size and Gaussian width. In the pairing/exchange channel, this would roughly correspond to
| <107 and |2/2

(panel (f)), respectively. We later show how these cutoffs relate to the numerical precision of our

keeping |1/, max| < 107 for products of two (panel (d)) and three eigenvalues

calculations in section 8.6. Lastly, an important feature of these spectra is that they decay faster for

larger basis sizes, which could enable finite-range calculations to be performed in a larger basis.

8.6 Precision

The previous section helps us stipulate which 1 cutoffs are numerically advantageous in comparison
to the iterations with HO indices (especially in the pairing/exchange channels), but we must still
analyse which ones are reasonable without sacrificing accuracy in our description of nuclear systems.
To this end, we performed Hartree-Fock-Bogoliubov calculations for the nucleus of '°Gd, with
the Gogny D1S EDF. The absolute difference in the energies between the full calculation and the
GSM as a function of the cutoff, A, is shown in Figures 8.6 and 8.7 for bases of 16 and 20 HO
shells, respectively. The range of 107 < 2, < 107 gives us absolute energy differences between a few
eV and a few MeV, respectively. The non-smooth behaviour of these curves comes from the fact
that we perform cutoffs on the absolute value |2 |, but the sign of the remaining ¢s and remaining
arrays matters, which may lead to oscillations in the precision. This is the case for both basis sizes,
which can be seen in Figure 8.8, where the lines indicate the product between the energy on each
channel, £, and the eigenvalue cutoft. This relation serves as a rough estimation of the numerical
uncertainty of the method. Figure 8.9 shows the absolute energy difference for Hartree-Fock (HF)

calculations of **Pb, where we can verify that this uncertainty is independent of the system and is
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also valid without pairing.
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Figure 8.6: Precision of the total, direct, exchange, and pairing energies with different eigenvalue cutofts in
16 HO shells for "*°Gd.

When choosing a cutoft based on precision, it is useful to analyse which range of energy
precision is #seful in a theoretical calculation. Naturally, this will vary with the user’s objective.
Although modern experimental mass measurements are determined to a precision of a few keV in
medium-heavy nuclei, or down to eV for light and stable nuclei (Mukherjee et al. 2008; Wang et al.
2021a), theoretical calculations are usually less accurate. Fittings of EDFs are performed across
the entire nuclear chart, and typical root mean square error sits at around 1.5 MeV (Bennaceur,
Dobaczewski, Haverinen et al. 2020; Bertsch, Sabbey and Uusnikki 2005). More than the residuals
of EDF fittings, it is important to acknowledge the uncertainties associated with theoretical calcu-
lations, which come not only from parameter error propagation, but also from model uncertainty
(McDonnell et al. 2015; Schunck et al. 2014). Of course, that is a current feature of the theory—as
the form of the real nuclear EDF is not known—and not an imprecision of the calculations. A
technical limitation of numerical calculations, on the other hand, is the constraint on basis size.
Due to the nature of quantum mechanics and Hilbert spaces, the real description of quantum
systems would require an infinite basis size. Numerical implementations deal with this constraint
by utilising a basis which is, hopefully, large enough to capture the behaviour of a system without

being computationally prohibitive. Nuclear DFT calculations typically utilise basis sizes of 16 HO
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Figure 8.7: Precision of the total, direct, exchange, and pairing energies with different eigenvalue cutofts in
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Figure 8.8: The absolute error as a function of eigenvalue cutoft for 16 (dashed lines) and 20 (full lines)
HO shells, for *°Gd. The lines indicate the product between the cutoff and the energy on each
channel, £2,.
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Figure 8.9: Precision of the total, direct, and exchange energies with different eigenvalue cutoffs. Results
come from HF calculations in 16 HO shells for 2 Pb.

shells, but we highlight that for our example of '°Gd, there is a difference of ~0.63 MeV between
the ground state energy obtained in 20 and 16 HO shells. These remarks serve as guidelines for
someone willing to utilise the method. In our precision plots, we highlighted the range between 0.1
MeV and 1 keV with a horizontal line, as we perceive them as a sweet spot for various applications
of the method. Another important remark is that electromagnetic moments are not sensitive
to changes in the basis parameters (Wibowo, Backes et al. 2025). Therefore, when interested in
observables other than the energy, one may wish to adopt another strategy of choosing the cutofts,

which is a subject for future research.

8.7 Timing results

Lastly, we shall analyse how the same range of cutoft parameters performs numerically when
compared to the traditional algorithm. The ratio between the CPU time of the GSM algorithm (7°)
and the traditional algorithm (7;), per iteration of the self-consistent loop, is shown in Figures 8.10
and 8.11 for HFB calculations of 1°Gd in 16 and 20 HO shells, respectively. Collecting timing
results is delicate, as they are sensitive to many external factors. To ensure the quality of our results,

we submitted all calculations to the Viking 2 high-performance computing facility at the same
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time. This helps avoid fluctuations due to different levels of activity in the cluster nodes. We also
collected the time spent specifically on the GSM subroutine in HFODD, separating it by the calls
for each different channel. Due to the noisy nature of timing data, we have collected the timing for
20 distinct calculations with each cutoff parameter, and averaged the results.

As the original algorithm computes the direct, exchange, and pairing energy with the same
procedure, traditionally each channel is responsible for 1/3 of the total CPU time. The 1/3
threshold is marked with a horizontal line in Figures 8.10 and 8.11, and should be compared with
the time for each channel instead of the total. In the range of cutoffs analysed, all channels show
some degree of acceleration when compared to the original implementation, as they are below the
threshold. Notably, the GSM time gain improves for larger bases. As the pairing and exchange
channels have the same spectra, they also have the same execution time. For the range of cutofts
highlighted in the energy precision plots, computing the Gogny energy takes only ~20%-30%
of the original time in both 16 and 20 HO shells. This significantly speeds up calculations in
both cases, and roughly allows for calculations in 20 HO shells within the same CPU time as
the traditional algorithm executed for 16 HO shells. As we previously established, this change

significantly improves the feasibility of large-scale nuclear DFT calculations.
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Figure 8.10: Ratio of the time per iteration with and without use of the GSM, separated between all channels
and the total time for 16 HO shells in '°Gd.

Finally, we also computed the execution time for HF calculations of ***Pb, shown in Figure
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Figure 8.11: Ratio of the time per iteration with and without use of the GSM, separated between all channels
and the total time for 20 HO shells in 1°Gd.
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Figure 8.12: Ratio of the time per iteration with and without use of the GSM, separated between channels,
and the total time, for HF calculations in 16 HO shells for 2% Pb.
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8.12. Without any contribution from the pairing channel, the total CPU time is roughly equivalent

to the time required to compute the exchange energy.

8.8 Final remarks

In this chapter, we have introduced a new algorithm for Gaussian-type finite-range functional
generators in DFT. With the method introduced here, we exploit properties exclusive to Gaussian
functional generators (such as their separability) and properties arising from their diagonalisation.

A technical aspect which has not yet been discussed is that of space complexity. The GSM does
require more memory than the usual implementation. Technical comments on how to optimally
allocate memory are included in Appendix E. However, it is worth noting that the largest arrays
necessary for the method have three (A, + 1)* indices. This corresponds to = 193 or 386MB for
double- or quadruple-precision calculations in 16 HO shells, or ~0.68 or 1.37GB for double- or
quadruple-precision calculations in 20 HO shells. These are far from the most memory-expensive
arrays necessary in a nuclear DFT calculation. As the constraint we are trying to mitigate is the
time cost of finite-range calculations, this is a fair trade-off.

The new algorithm has the potential to be crucial for applications in nuclear DFT, including
fission, many-body moments, and new finite-range functionals. All tests were performed with the
code HFODD (Dobaczewski et al. 2026), version 333u. The version of the code and numerical

results discussed in this chapter are available online (Backes 2026).

N, &
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Hybrid neutron stars: equation of state,

phase transition, and radial oscillations

This chapter provides a brief introduction to the research on determining the composition of neut-
ron stars, some of the most extreme objects in the universe. We shall understand how microscopic
nuclear physics is combined with general relativity to obtain macroscopic properties of stars. We
shall understand how nuclear and hadronic effective models can be used to determine the Quantum
Chromodynamics (QCD) phase transition at high densities, and how those can be used to describe
hybrid stars composed of hadronic external layers followed by a quark matter core. We will briefly
introduce the findings of a study on the radial oscillation of hybrid stars using this methodology.

Toto, I have a feeling we’re not in Kansas anymore.

Dorothy (Judy Garland) in The Wizard of Oz.

“[...] when the density of matter becomes so great that atomic nuclei

come in close contact, forming one gigantic nucleus.”

Landau 1932

Throughout this thesis, I have explored various facets of nuclear physics: from how pairing
manifests in infinite nuclear matter, to its effects on magnetic moments of nuclei and on isospin
symmetry studies, and to computational aspects of high-fidelity nuclear DFT calculations. This
chapter takes the subject of nuclear physics in yet another direction”. As demonstrated in Chapter
4, the connection between finite and infinite systems is not always straightforward. Nevertheless,
we know that an “infinite” nucleus-like system exists in nature, in the form of a stellar remnant: the
neutron star (NS). As NSs are composed mostly of strongly-interacting matter, they have been a

crucial part of high-energy nuclear and hadron astrophysics research (Glendenning 1997; Menezes

*Although some would contest the use of the word “nuclear” in this sentence.

109
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2021). Despite having the same basic constituents as other nuclear systems (at least in principle),
NSs are extreme objects whose magnetic and gravitational fields are stronger than those of any other
systems, aside from black holes, and whose interior may be an order of magnitude more dense than
the nuclear saturation density” (). A rigorous description of their properties covers a plethora
of areas of physics: electromagnetism, general relativity, nuclear and hadron physics, quantum
mechanics, statistical mechanics, thermodynamics, condensed matter, and others. Beyond the
technical challenges, however, stands a unique opportunity to explore what happens to strongly
interacting matter under extreme conditions.

From the side of nuclear and hadron physics, one can start from a model for the equation of
state (EoS)—a relationship between state variables, which determines how a system behaves for
different conditions, typically a pressure and energy density curve for this context—and obtain
different macroscopic properties of stars, such as their masses and radii. Due to the difficulties
of solving QCD, however, very little is known about the actual constitution of neutron stars,
especially at higher densities closer to the core of the star. Effective models have then established
themselves as a crucial part of investigating dense nuclear matter, from which the masses and radii
can be compared to astrophysical data (Glendenning 1997). These models can vary from including
merely protons and neutrons, to many other hadrons—i.e., composite objects made of two or
more quarks, and confined due to the strong interaction—, and even a deconfined quark phase.
A step further from masses and radii, the breakthrough of the LIGO and Virgo collaborations
in detecting gravitational waves from a binary neutron star merger (Abbott, Abbott et al. 2017,
2018) started a new era for multimessenger astronomy data. Specifically, gravitational wave data
from binary NS mergers can help constrain the EoS of dense nuclear matter, giving insight into
the actual composition of these objects (Piekarewicz, Jorge 2024).

Such a hadron-physics-focused topic may appear unrelated to that of the previous chapters,
apart from the direct connections to the topic of nuclear matter (NM). However, this “bonus
chapter” is a work that I developed during the last years independently from my core PhD research,
and that has been both published (see Rather, Marquez, Backes et al. 2024) and holds a strong
emotional value to me. Kau Marquez was a master’s degree student when I started my first under-
graduate internship in the Nuclear and Hadron physics group in Brazil, and was one of the reasons
I chose this area of research. With her sharp physics instinct and unmatched sense of humour, she
became not only one of my favourite people to work with and discuss physics, but also a very close
friend. In 2023 she contacted me to continue our collaboration, and I was thrilled. This chapter is

about the work we developed together that year, describing hybrid stars with density-dependent

“The nuclear saturation density corresponds to the density at which the energy density curve of infinite nuclear
matter is minimised, which is ~ 0.16 fm~> (Roca-Maza and Paar 2018). This is similar to the average density of heavy
nuclei.
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equation of state models and observing how the deconfinement phase transition impacts the radial
oscillations of colliding stars. We planned many collaborations and encounters for the future, so
it never crossed my mind that this work would be our last one. Kau prematurely passed away at
the beginning of 2025, at the early age of 30, but I will always carry a part of her with me. With
much love and a broken heart, I hope this chapter can honour the last time we adventured together
through hadron physics, and above anything, share with the readers a part of the fascination we

both had for this area of research.

9.1 A very brief introduction to NS EoS physics

From the point of view of the standard model, QCD is the quantum field theory responsible for
explaining the interaction between quarks through gluons. The Lagrangian density that describes

the dynamics of strongly-interacting particles is

= I . 1 .,

Zqcp = ; ¥, [z;//‘ (3/‘ +igd; td) - mf] ¥ - ZG;wa , (9.1.1)

where £ are the six quark flavours («, d, 5, ¢, b, ¢), A4 is the gluon vector field with « = 1,...,8, g and »
are the four-coordinates, ¥, are the quarks’ Dirac spinors, G is the field tensor, which couples the

vector fields as

G = d -4 _gf“ﬂVAZA;, (9.1.2)

t, are the Gell-Mann matrices, f “%Y are the structure constants, and g is the colour charge (Greiner,
Schramm and Stein 2007; Schunck 2019). The last term of eq. (9.1.2) shows that gluons interact
with each other, as they carry colour. In contrast to the simpler quantum field theory of quantum
electrodynamics, where photons do not directly interact with each other (as they are charge-neutral),
the self-interaction between gluons is what makes QCD—and thus nuclear physics—so complic-
ated.

Due to the analytical challenges of QCD, there is no unified way of describing strongly inter-
acting matter. As a consequence, different energy regimes take different theoretical approaches,
and are accessible through different experiments or observations. Figure 9.1 depicts a conjectured
QCD phase diagram in terms of isospin asymmetry, density, and temperature. At low densities
and temperatures (green-shaded region of the diagram), we have nuclei as described in the pre-
vious chapters of this thesis. These “terrestrial” conditions allow information—such as nuclear
shapes and energies—to be drawn from experiments, which fuel the advancement of theoretical
approaches such as density functional theory and b initio nuclear theory. Atlow densities and

high temperatures, results from lattice quantum chromodynamics (LQCD), a non-perturbative
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Figure 9.1: Conjectured QCD phase diagram. Reproduced from Watts et al. 2014.

approach which solves the dynamics for quarks and gluons on a grid, ofter a true 2b initio perspect-
ive on nuclear matter. This region of the diagram is also accessible to particle colliders, such as the
Large Hadron Collider. What is observed in this region is that there is a phase transition between
confined hadrons and the quark gluon plasma, which LQCD predicts to be a crossover” (Aoki
et al. 2009; Bazavov et al. 2012). In the regime of very dense QCD, perturbative approaches also
tell us about how matter should behave asymptotically. In the remaining parts of the diagram, we
heavily rely on hadron and quark effective models for a theoretical description. These models often
come attached to coupling constants that are not easily fixed, and extracting precise information
from dense and hot heavy-ion collisions or astrophysical data is not always straightforward. This
generates somewhat of a ferra incognita on the diagram, where some phases are still only speculated,
and it is not trivial to draw a line on where there should be a phase transition between confined and
deconfined nuclear matter. The phase transition at high densities is predicted to be of first order—
in contrast to the crossover at lower densities—which would indicate the existence of a critical end
point, which is an active area of research (Du, Sorensen and Stephanov 2024; Pandav, Mallick and
Mohanty 2022; Stephanov 2024). Notoriously, neutron stars live in the regime of cold and dense

matter (orange-shaded region of the diagram), which coincides with this uncertainty. This has

*A type of transition on which the properties of the system change smoothly rather than sharply.
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been a strong driver of NSs as a tool to understand nuclear matter under extreme conditions.
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Figure 9.2: Illustration of different possible neutron star compositions.

Historically, discoveries in nuclear—and hadron—pbhysics have been directly linked to our
understanding of compact stars: the proposition of a compact object composed of NM predates
the discovery of the neutron (Landau 1932), and only gained traction after Chadwick 1932
discovered the neutron, as a nucleon with neutral charge made the idea ever more possible (Baade
and Zwicky 1934). Over the decades, the discovery of new hadrons led to new suggestions about
the composition of compact stars (Glendenning 1997), such that despite the misleading name of
“neutron star”, what these dense stellar remnants are actually made of is an active area of nuclear
astrophysics research (Burgio et al. 2021; Menezes 2021). Figure 9.2 shows some of the different
hypotheses for the constitution of NSs, where we highlight the possibility of a bybrid star, i.e., a
star composed of hadrons on its most external layers, but that undergoes a phase transition into
adeconfined quark core. A model-independent analysis—which interpolates equations of state
between the limits of Chiral Effective Field Theory (yEFT) and perturbative QCD—suggests that a
quark core should be the standard when describing massive NSs, not an exotic alternative (Annala,

Gorda, Kurkela et al. 2020). The theoretical framework we introduce in the next section serves the
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purpose of describing such hybrid stars.

As previously mentioned, these stars exist around a region of uncertainty in the QCD phase
diagram. The most common theoretical approach for hadron matter is that of relativistic mean-field
(RMF) models, which typically emulate the strong interaction among hadrons through virtual
meson exchanges®. One has the freedom to account for different interacting hadrons and virtual
mesons, each described by different Lagrangian densities. This type of approach is generally referred
to as Walecka-type models due to the prominent work of Walecka 1974. Some of the “exotic”
degrees of freedom included in the EoS are hyperons (hadrons which include at least one strange
quark), kaons, and delta baryons (A). Although one would expect the formation of hyperons from
energy-related considerations, they soften the hadronic EoST, which reduces the maximum mass
predicted for NSs. This contradicts astronomical observations, leading to the so-called hyperon
puzzle (Bombaci 2017). Sections 9.2 and 9.3 explicitly discuss aspects of the hybrid EoS, and the
next subsection provides a brief overview of the bridge between nuclear theory and observational

astrophysics.

9.1.1 Uniting the micro- and macro-physics

Due to the intense gravitational field, Newtonian gravity does not suffice to describe NSs, and
one must use general relativity. Expressions for relativistic hydrostatic equilibrium of a static and
spherically symmetric star come from solving the Einstein field equation, and are known as the
Tolman-Oppenheimer-Volkoff (TOV) equations (Oppenheimer and Volkoft 1939; Tolman 1939)
ar(r) _ B [B(7) + P(7)][m(r) + 47rV3P(r)]
dr 72(1=2m(r)/r) ’
dm(r)
dr
where € is the energy density, and P is the pressure. For a given EoS—i.e., P(€)—the TOV equations

(9.1.3)

= 477°E(r), (9.1.4)

can be solved for the initial conditions 7(r = 0) = 0 and P(r = 0) = P, where P, is the central pressure.
The radius of the star is determined by requiring that the pressure vanishes at the surface, P(R)
= 0, and the mass of the star is then given by M = m(R). This gives a mass-radius curve for each
EoS, which can be used as comparison with observational data. Beyond the TOV results, this
new and upcoming era of multi-messenger astronomy allows for detailed information about the
composition to be drawn from binary NS mergers. Derivations about radial oscillations of colliding
stars can be found in the original publication of this work (Rather, Marquez, Backes et al. 2024)
and references therein. The general relativity aspects of our calculations were led by Ishfaq Rather,

the leading author.

“These phenomenological models are also said to be in the relativistic Hartree approximation, where the meson
fields are taken to have a constant average value, without fluctuations.
T“Softening” the EoS means decreasing the pressure of the system for the same energy density.
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9.2 The density-dependent equation of state

The intrinsic mathematical difficulties of QCD are behind all models which ignore the quark
structure of hadrons, utilising composite particles as the primary degrees of freedom in the system™.
We previously mentioned the flexibility of RMF models. Not only is there freedom to choose which
hadrons to include in a model, but also freedom on how many mesons would be responsible for
the interaction. All of these possibilities come with a set of coupling constants, which should then
be adjusted to empirical data. This gives rise to an incredibly vast collection of possible adjustments
(i.e., models). An analysis of 263 RMF models available in the literature has shown that less than 40
accurately describe nuclear bulk properties (Dutra et al. 2014). Notably, density-dependent RMF
models are some of the most successtul. This is interesting, as three-body forces are proposed as a
potential solution to the hyperon puzzle (Gerstung, Kaiser and Weise 2020; Lonardoni et al. 2015),
and effective density-dependence can be interpreted as a three-body interaction (Haidenbauer et al.
2017). We shall now briefly review the density-dependent quark and hadron models we utilised in

this work.

9.2.1 Deconfined quark matter

We chose the density-dependent quark mass (DDQM) model to describe quark matter, which
is a simple and versatile model Kau and I previously utilised to study the deconfinement phase
transition (Backes, Marquezb and Menezes 2021), making it a good fit for our investigation of
hybrid stars. For a complete overview of this model, see Backes, Hafemann et al. 2021. Within this
model, we emulate confinement by the density dependence introduced in the quark masses as

m; = myy + D + (1';'11,1;/3 = myy + my, (9.2.1)

i I
g

where m;, (i = ,d, 5) is the current mass of the 7th quark, #; is the baryon number density, and n;
is the density-dependent term responsible for the interaction between quarks. The model has two
free parameters: D, which dictates linear confinement; and C, which is responsible for leading-order
perturbative interactions. Introducing a new dependence on the state variables—such as density,
temperature, or magnetic field—notoriously breaks thermodynamic consistency, i.e., your EoS
becomes incompatible with the laws of thermodynamics. One way of circumventing this problem
is to introduce effective variables, which return the model to a thermodynamically consistent EoS
(Xia et al. 2014). To this end, at zero temperature, we start from the differential fundamental

relation

dg=> wdn, (9.2.2)

“Notably, we followed this prescription throughout this thesis.
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where & is the energy density of the system, g, are the particles’ chemical potentials, and »; are the
particle densities. We can then introduce effective chemical potentials to the model, such that the
energy density can be viewed as the one for a free system with particle masses m, () and effective

chemical potentials ]

& = Q(lef} fm}) + D pim, (9.2.3)

where Q is the thermodynamic potential of a free system. The differential form of eq. (9.2.3) is

dg =do, + Z grdn, + Z ndu;. (9.2.4)
Explicitly, we can write dQ, as
do, =y 5% aQO S+ 3 20 g, (9.2.5)
with
dm, - %‘i{dnj, (9.2.6)

where the densities are connected to the effective chemical potentials by

20,
n, = - o (9.2.7)
Equation (9.2.4) can then be rewritten as
. 2Q,, Im;
dg = Z (ﬂ,. am" T )dn (9.2.8)

which should be consistent with the fundamental equation. Finally, comparing eqs. (9.2.2) and

(9.2.8) gives the relation between the real and effective chemical potentials

b= 320 ‘2’: (9.2.9)
It immediately follows that the pressure, P, is then given by
P=-%+ Z wn, (9.2.10)
= -Q+ Z(P‘z - i),
- —QO+Z ’(371' (9.2.11)

which is the thermodynamically consistent EoS, that is determined for different densities and chem-

ical potentials. For the case of quark matter in stars, these are constrained to fulfill g-equilibrium
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and charge neutrality. During the cooling of a NS following a supernova, the initial energy is lost

via neutrino emission, which is called the Urca process
dysou+e+, (9.2.12)

such that after the cooling, the chemical potentials must satisfy

Mg = s = Yy + K- (9213)

Charge neutrality, on the other hand, requires that

2 1 1
3 3T 3 T e = 0. (9.2.14)
From these conditions, one must define the densities and chemical potentials for each baryonic

density, n, = Zq n,. This allows us to determine the curve (%) necessary for the TOV equations.

9.2.2 Hadronic matter

The RMF model of choice introduces the density dependence in the meson-nucleon coupling
constants. For this study, we chose to investigate different constituents for the EoS. Specifically, we
evaluated the phase transition to quark matter following from a hadronic phase composed of only
nucleons (N), nucleons and delta baryons (N+A), nucleons and hyperons (N+H), and nucleons,
hyperons, and deltas (N+H+A). Recent experimental effort to constrain the coupling constants
between A baryons and nucleons indicates that As may be present in neutron stars (Li, Sedrakian
and Weber 2018; Lopes, Marquez and Menezes 2023; Malfatti et al. 2020; Marquez et al. 2022;
Raduta 2021; Xiang and Hua 2003). Furthermore, A baryons are only ~30% heavier than nucleons
(my = 1232 MeV and m,, = 939 MeV), and are lighter than some hyperons included in the octet (the
mass of = hyperons is mz = 1315 MeV). Therefore, they could appear in NSs at densities around
2-3n,, similar to where hyperons are predicted to appear. The interplay between A baryons and
hyperons is, therefore, a very interesting aspect of neutron star EoS studies, as both are expected to
be a substantial portion of the constituents and have a significant impact on the stars’ properties.

The EoS for RMF models is typically obtained from a Lagrangian density. Specifically, one
obtains the energy-momentum tensor from the Lagrangian, and different components of this
tensor give the pressure and energy density. The Lagrangian density and all expressions for the
EoS for the model employed are listed in Rather, Marquez, Panotopoulos et al. 2023, and a more
pedagogical review can be found in the PhD thesis of Marquez 2022.

9.3  Deconfinement phase transition

As previously mentioned, the hadron-quark phase transition at high densities is assumed to be of

first-order. For such transitions, we obtain a coexistence point for the two phases by matching the
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EoS of both phases according to the Gibbs criteria,

pé = pU) = B,

o " (9.3.1)
w (R) = p (By) = po,

which determines the transition between the initial () and final (f) homogeneous phases, both at

T = 0 MeV, with . '
[u(")f) ) &f) 4 pf)

A (9.3.2)

where €/, /) and ng’f ) are the total energy density, pressure and baryon number density,
obtained from the effective models of each phase. Note that the transition occurs at a constant
pressure. This causes a discontinuity in the density of the system, which goes from the hadronic
phase to a denser quark phase, with the interface of both being at the same pressure. From the
criteria above, B and y, are determined from the equations of state of both phases. This formulation
for the phase transition is commonly referred to as a Maxwell phase transition (Glendenning 1997).
Other formulations, such as the Gibbs phase transition, impose charge neutrality and g-equilibrium

in the coexistence point, leading to a finite density transition instead of a discontinuity.

9.4 Some results

The results coming from this work are extensive, especially those coming from the analysis of
radial oscillations. Although I did partake in the analysis of all results, this topic is rather different
from that of all other chapters in this thesis. Therefore, readers are referred to the manuscript of
Rather, Marquez, Backes et al. 2024 for the complete set of results, including oscillation modes,
tidal deformability, and the speed of sound. We shall present here merely simple analyses coming
from the EoS.

Figure 9.3 shows the charge-neutral EoS in g-equilibrium, consisting of the variation of pressure
with the energy density of the system. Different hadron compositions were utilised, as well as
two different sets of density-dependent quark mass (DDQM) parameters. The horizontal lines—
zones of constant pressure—correspond to the first-order phase transition. The most important
things to note are that the presence of A baryons (red and blue curves) corresponds to the two
softest EoS—i.e., the system is at lower pressures for the same energy density—while the pure
nucleonic and N+H curves are harder. The different compositions impact the coexistence pressure
dramatically. As the As soften the EoS, the coexistence point then happens at higher pressures.
This is an important aspect, should quark matter indeed be required to exist in massive stars as
suggested by Annala, Gorda, Kurkela et al. 2020. After the phase transition, the EoS becomes that

of deconfined quark matter. As we considered two sets of DDQM parameters, this corresponds to
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Figure 9.3: Energy density and pressure variation for the N (solid lines), N+A (dotted lines), N+H (dashed
lines), and N+H+A (dot-dashed lines) DD-RMF EoS for «, = 1.0 with a phase transition to the
quark matter at parameter values (C, D'/?) = (0.90, 125 MeV) for N and N+A EoS and (C, D'/?)
=(0.65, 133 MeV) for N+H and N+H+A EoS. The inset represents the EoS at low density with
constraints from chiral effective field theory (Hebeler et al. 2013). Reproduced from Rather,
Marquez, Backes et al. 2024.

the two lines observed at high energies. The light blue shaded region of the inset corresponds to
constraints from yEFT, which are satisfied for all EoS considered (Hebeler et al. 2013).

Figure 9.4 shows the particle populations for all hybrid EoS. The shaded region corresponds
to the aforementioned density discontinuity, where the As are included in the right panels, and
the hyperons in the bottom panels. By comparing the left and right panels, we can observe how A
baryons move the coexistence point towards higher densities. The bottom two panels also show
that As suppress some of the hyperons, as =~ are not present in the bottom right panel. One can
also observe that the presence of A baryons increases the difference between the densities of the
two phases.

Lastly, Figure 9.5 shows the mass-radius profile obtained when integrating the TOV equations
with the four hybrid EoS we considered in this work, compared to the available observational
measurements. As the EoS with A baryons are much softer, the maximum stellar masses obtained
with N+A and N+H+A are smaller than those of the other two cases. Specifically, for an N-only
hybrid star, the maximum mass is 2.30 A, with a radius of 13.03 km. For N+A, this shifts to 2.25
M, and 11.80 km. For N+H, the maximum mass is 1.97 M, with a radius of 12.47 km. Lastly,
the N+H+A EoS gives a maximum mass of 1.98 A4, with an 11.57 km radius. This illustrates the
hyperon puzzle to those unfamiliar with it, as recent NS observations point towards masses larger

than ~ 24, . Despite that, the hybrid EoS were still in agreement with many of the constraints.
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Figure 9.4: Particle population for different hybrid EoS: N (top left), N+A (top right), N+H (bottom left),
N+H+A (bottom right). The solid lines represent baryons while the dashed lines represent the
quark fractions. The shaded region (orange) represents the density discontinuity gap between
both parts of the EoS. Reproduced from Rather, Marquez, Backes et al. 2024.

9.5 Final remarks

In this chapter, I have introduced basic aspects of hadron theory research towards understanding
the neutron star equation of state. This branch of nuclear astrophysics is a rich area of study, with
many unique opportunities for detailed information to be accessible from gravitational waves in
the coming years. Until then, the different theoretical models are key to understanding how the
different compositions impact each observable. This work serves as an example of how properties
of stars are heavily impacted by what happens to strongly interacting matter at high densities, one
of the most uncertain regions of the QCD phase diagram. Lastly, nuclear theory and experiment
are directly fed into RMF models, connected by the fact that all systems we study are under the

umbrella of the strong interaction.

N, &
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Figure 9.5: Mass-radius profile for DD-RMF parameter set with different compositions of A baryons and
hyperons along with a phase transition to the quark matter at parameter values (C, D*/?) = (0.90,
125 MeV) for N and N+A EoS and (€, D/?) = (0.65, 133 MeV) for N+H and N+H+A EoS.
The 68% (violet) and 95% (turquoise) credible regions for mass and radius are inferred from the
analysis of PSR J0740+6620 (Miller et al. 2021; Riley et al. 2021). For PSR J0030+0451, the
indigo dotted region is for 68% credibility while the green dotted region is for 95% credibility
(Miller ez al. 2019). The grey upper (brown lower) shaded region corresponds to the higher
(smaller) component of the GW170817 event (Abbott, Abbott etal. 2018). The joint constraints
from HIC experiments and multimessenger astrophysics with 68% (orange) and 95% (black)
credible ranges are also shown (Huth et al. 2022). Reproduced from Rather, Marquez, Backes
etal. 2024.
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Conclusions and perspectives

In this thesis, we utilised the versatile framework of nuclear density functional theory (DFT) to

assess different questions in nuclear theory.

* We derived the most general pairing tensor for infinite nuclear matter, starting from the
general wavefunction of a pairing condensate. We have explicitly shown that proton-neutron
channels are mixed in the pairing tensor and density matrix of infinite nuclear matter, and
that the relationship between the pairing tensor and the wavefunction cannot be taken for

granted in the nuclear infinite system.

* We scrutinised the adequacy of adjusted pairing strengths in the region of Sn-Gd. Even
though the magnetic dipole moment is heavily influenced by single-particle properties,
discrepancies between nuclear DFT calculations and experimental data cannot be attributed
to a poor adjustment of pairing. We also introduced contributions from two-body magnetic

dipole moments for DFT calculations, a work in progress.

* The vicinity of the N = Z line offers unique opportunities to test nuclear models and the
degree of isospin symmetry breaking in nuclei, especially as experiments are able to access
progressively heavier nuclei close to the proton drip line. We have explicitly shown that
when isospin-symmetry tests are concerned, the 7, = 0,7 = 1 nuclei do not correspond to
the doubly blocked wave-function, but rather a coherent superposition of the blocked 7" = 1
proton-neutron pairs atop the even-even quasiparticle vacua. We employed a mean-field
approach with symmetry restoration to show that B(E2 |) values for the odd-odd 7, = 0 nuclei
of ’Brand ”*Y in doubly-blocked configurations do not align with the expectation for isospin
symmetry. We also showed that collective effects are crucial for describing experimental data
near the N = Z line. Lastly, our results challenge experimental analysis, showing that it is
possible to interpret the available B(£2) data without invoking explicit beyond-Coulomb

isospin symmetry-breaking corrections.
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* We introduced the Gaussian Separalisation Method (GSM), an algorithm which exploits
properties specific to Gaussian matrix elements to accelerate DFT calculations of finite-range
interactions. The implementation reduces the CPU time by ~ 60 — 90% without sacrificing
numerical precision. The GSM has the potential to be crucial for many applications of
nuclear DFT, including calculations of fission, many-body moments, and new finite-range

functional generators.

* Lastly, we also briefly introduced a work on the equation of state of neutron stars, an area of

vibrant progress in the era of multi-messenger astronomy.
The works introduced in this thesis also opened many new research questions. Crucial aspects are:

* What is the quantitative impact of proton-neutron mixing in adjusting new energy density

functionals, and in bulk properties of nuclear matter?

* Do nuclear structure calculations including proton-neutron pairing accurately follow the

expected trend for the conservation of isospin symmetry in 7" = 1 triplets?

* What are the consequences of the GSM to other observables? How much does the timing

improve in problems of many Gaussian matrix elements?

These remaining questions shall be addressed over time. Notably, addressing proton-neutron
pairing in the nuclear structure code HFODD would require a careful implementation, especially

towards the mixing of protons and neutrons.
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The coupled ST representation

The ST basis has four quantum numbers $8,77;:

|SS.TT,) > O 135 5she), (A.0.1)

S'st't=+1/2 2935 313t

' |SS.TT). (A.0.2)
t

1,1 71,1
SSTT, 2%2°% 2%32

Nl
[y
[\SY]
N\
>
[\S)]
(o8
=
~
S
Il
Q
R}

We wish to map the s.p. basis of four spin-isospin states, |z 1), |z |), [p 1), [p |), into the basis
of coupled spin and isospin |S5,77;). Naturally, we should always have 7, = ¢ + rand S, = 5" + 5. We
list below all the different states in the ST basis.
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Rotated ST states

With the expressions from subsection 4.5.1, we can explicitly write the rotated states. Starting with

the vector isoscalar pairs, we have

|15/ (Q)00) Go » Cr DYy > CY 1355 5530)

ss=x1/2 2°2° Fr=x1/2 2 2

= 2 z C Dslo(c(io
s's=x1/2 2 2; 2

S S Bl ) il )

s's=+1/2 2J J

= 2:/150 [Cllo 111 Doo(l7 1) Ypl)=1p 1) In l))+Clo_

Dyo(ln ) [p 1) =2 1) 12 1)

i 1)
+C111+11+1D [ 1) |PT>_‘PT)|”T>)+Cll__lll_lD—1o(|”l> |Pi>_|]7l>|nl>)}
2222 222 2
_ 210 COS(ES 0s Bg
ARG (n )12 4) = |2 1) I 1)) + = 7 (I Dlpt)=1lp i) 1= 1)
sin

——‘8‘?67""‘5 n - n _/gsgmxs n - n
7 “Unt)lp1)=lp 1) In 1)+ == (nd) 2 4) = 1p 4)| ¢>)].
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130 B. Rotated ST states

Similarly for the scalar isovector pairs we obtain

001 (©r)) = g > CY L > CY ) Drolis3e) 53

§s=x1/2 2 2‘n +1/2 z z

= 2 Z C D;O(COO
fr=%1/2 2’2’
201
= —= c'
52

1,1
re=+1/2 2032°

Do (+|£ 1) 12 1) =17 1) 12 1)

201

= ‘/5[6110+11 1 Dool2 1) [p 1) = 12 1) [p 1)) +Cl1011 1Do(|PT>|”l 2 1) 17 1)

222 2

2222 222 2

+CY D (n D) e ) =l W [n ) + €Yy 1 Dho(lp 1) |2 L) - |z>¢>|p¢>>]
= B fcosgr(n ) |p 1) = 12 1) [p 1)) + cosBr(|p 1) 1n 1) = [p 1) |2 1)
—sin £re (|2 1) |2 1) = [ 1) [n 1) +sin e (|p 1) |2 1) = [p 1) |2 1))] -

Lastly, rotating the z-aligned vector-isovector pairs yields components in all 16 possible pz pairs
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| LS Q)1 (Q)

t't=x1/2

Dllo |t/ T) £ 1) + C11_11 1 1D510 |f/ l) 1z 1)

1
2 272272

ST M Dl (cos f ¢ 1) I¢ 1) +cos s ¢ 1) [¢ 1)
‘/zt’t::tl/Z 315t

—sin Boe™ |¢' 1) |¢ 1) + sin Bge ' |¢ 1) |2 1))

+

N
211

V2

—sin G [p 1) |n 1) +sin e |p 1) |n ])) + Cll1+ll+lD110 (cos s In 1)1 |)
PASEAL)

+cosfg [n 1) |n 1) —sin fee™ |n 1) [n 1) + sin Bee™™ |n ) [n |))
+C7Y Dy (cos & |P T> |P l) + cos fg |P l) |P T> - sin e |P T) |]’ T)

+sinfse™ p 1) [p1))]

%ﬁ [cos £ (cos fs [n 1) |p L) + cos s |n 1) [p 1) = sin fge™™ [n 1) |p 1)

+sin B¢ |n |) [p 1)) +cos By (cos Bs [p 1) |n 1) + cos Bs [p 1) |n 1)

—sin fee™ |p 1) |n 1) +sin Be™ |p |) |n 1)) = sin Bre™ (cos fs |n 1) |n 1)
+c08 Bg |7 1) | 1) = sin Bse™™ |n 1) |n 1) + sin fe™™™ |n |) [ |))

+sin B¢ (cos B |p 1) |p 1) +cos s [p 1) [p 1) = sinGse™ |p 1) [p 1)
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Rotated Thouless matrix

We shall list the elements of the rotates Thouless matrix, following subsection 4.5.2. Starting with

the diagonal

*

+ T —iay —i
(Zrou1 = - sin Bre7 sin Bge™,
*
Ty = —2Lsin fre™ sin foets
rot/22 T 2 T Y 5
*
(z+ ) — _m sinﬁ €+z‘zzT Sil’llg €—z’as
rot/33 2 T S b
*
+ 21 viay +iag
(zrot 44 = > sin (BTf "1 sin (@S‘? s
the anti-diagonal
2 z Pl
+ 00 10 01 11
(ZFio)s = > t5 cos fbg + > cos B + > cos B cos fg,
* * * *
+ 200 210 201 211
(zrot 23 = 5 + 5 cos /JJS -5 cos ﬂT + 5 cos [@T cos (@S,
* * * *
+ 200 210 Zp1 211
(Fiot)z = -5 "5 cos fBg + > cos B + > cos B cos f,
Ft _ Z(;O ZIO 281 le
( rotat T 50 T 7(305[@5 - TCOSﬂT + 7COS[@TCOS[@S,

and lastly the oft-diagonal
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* * *
201 . im R1L . . . Z01 %
(Fr)n = —% sin Bre " — % sin B¢ cos fg = sin fpe™*r (—% - ; cos /ZS)
* * *
210 - - z . z z
(Fr)s = —% sin fge"% — % cos By sin fge™* = sin fge ™" (— éo - 7 cos ﬂT)
* *
201 . iw B i . . Z01 %
(Fiot) = +% sin e — % sin Bpe™"*" cos fBg = sin fre T (+ ;1 - ” co 5‘85)
_ 3 +iag +iag _ +iog ZIO ZII
(Z/ = +— sin Bge + L cos B, sin Bee™™* = sin e +— + —= COS s
rot/24 2 2 T S 2 2 T
* * *
210 - — z . i . - 4 ]
(Zh)a = +§ sin fge "% — % cos By sin fee ™ = sin fge™% (+§ - ; cos ﬂT)
_ ZSI : +iay z;l : +iap _ o3 +iay * *
(ZFio)ss = +—-sin Bre™T + - cos Bg sin Bre™*" = sin Bre +20 2 + 7 cosfs|,
* * *
2o &y
(Flo)e = 2 0 sin fgets + 2 L cos B sin fee™® = sin fget™ (— >+ 7 cos ﬂT)
* *
%y Zo1 Zo1 %
(ZFiodis = -5 Lsin gpetr + 2L 5 Lsin B¢ cos g = sin Bpe™er ( 31 + % cos ﬂs).

We can easily verify that, as we started from a state that was aligned to the z axis, if 5 = 8 = 0 (i.e,,
if we also do not rotate over the y axis), all matrix elements outside of the anti-diagonal vanish and
we recover the z-aligned matrix. Although redundant, we also write the matrix elements of Z

rot

explicitly, as those will be used to obtain the pairing tensor. Again, for the diagonal

(Frodu = 2L sin e sin e, (C.0.1)
(Frohe = =2k sin fre™™ sin fe ™, (C.0.2)
(Fro)ss = —2bsin fre”™ sin fye'™, (C.03)
(Frotdss = % sin z@T"_mT sin (gse—fvey’ (C.0.4)
the anti-diagonal

(Zrodda = z;o + 7 cos B + 2 Lcos oy + 1L 2 L cos B cos f,

(Zro)s2 = —z—go + Z;O cos g — ZZ cos Bp + 2 L cos By cos f,

(Zro)s = —% - % cos g + 2 L cos By + AL 2 L cos B cos g,

(Frohs = z;o 0s fg — 2L cos By + ; cos B cos s,

and lastly the oft-diagonal



134

C. Rotated Thouless matrix

(Zrot)Zl
(Zro)1
(zrot)lz
(zrot)42
(ZFrod)13
(zrot)/ﬁ
(zrot)zlt

(zrot)34

. ; Z, z
sin et (_ 01 _ 11 05135)

2
sin fget?s (— Zéo - z“ cos ﬂT)
sin Bpeer (+7 -2 cos ‘85) ,
sin fge ™' (+ 10+ X cos [BT)
sin fget's (+ 0 _ B o ﬂT)
sin B¢ (+Z§—1 + X cos ﬁs) ,

: —ia J
sin Bge™** (—70 + 7 cos ﬂT),

. iw [ %01 %
sin Bpe™r (—% + % cosﬂs) .
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Partial derivatives of the rotated Thouless

matrix

Here we include the partial derivatives of the Thouless submatrix with respect to the anti-diagonal
and oft-diagonal elements. These expressions are listed for completeness, but should not overload
the message of Chapter 4. They follow the notation and remarks of section 4.5.3. For the anti-
diagonal, the partial derivatives will be similar, but have exchanged signs due to derivatives with

respect to different z,. Explicitly, they read

a a(zdrot)/ﬂ a a(:Z’rot)/kl a ( rot)41 3 a(ert)41 a
— — = 1 +1/——— +1 o(a
NZror)an T 92y azoo / 9z azlo e 3 Bzm MR 02y, 211 (#f)u
= 9 + 20 + 20 + 2z 9 + 0(2f) 4

0%y  COS b5 021y  COS B 0zy;  €OS fBg COS By 02y,

—11+2+2+2)i+1—2—2+Zi
4 cosfly  cosfp  cosfefr) Oz, cosfly  cosfy  cosfefr) 0z,

+(—1+ 2 __2 + 2 )i+(—1— 2 + 2 + 2 )i]
cosflg  cospy  cosfspr)| 0z cosfBs  cosfy  cosfgBr) 0z

+0(2f)41>
oo, 2 0 2 0, 2 0 o
NZror)32 - 0zy0  COSfg 021y €OS By 0z  COs [ cos By 3z11 “b)s

= l[(—1+ 2 __2 + 2 )i+(—1— 2 + 2 + 2 )i
T4 cosfy cospy  cospBefr) oz, cosfly  cospfy  cosfefr) 0z,

+(1+ 2 + 2 + 2 )i+(1— 2 __ 2 + 2 )i]
cosfy  cosfy  cospfefr ) 0z cosfy  cospy  cospBeBr) 0z
+0(2f) 5,5
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o o2 0 2 0 2 0 .
NZror)23 dzy0  COSfg 019 COS By dzg;  cos g cos By azn »
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Finally, the off-diagonal terms will have the following structure
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and
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Details of the Gaussian Separalisation

Method (GSM) implementation

This appendix serves as a guideline to those wishing to adapt the GSM to their own density
functional theory code. As such, it will focus solely on computational details not discussed in
Chapter 8. For rendering purposes, the graphic algorithmic structure is hosted alongside the
GSM database (Backes 2026), under the name loop-structure.pdf, and consists of a companion
document to this appendix”.

The algorithm is a one-to-one correspondence to the implementation in HFODD. Before

entering the loops for contractions, one should:

* Diagonalise the Gaussian matrix elements, grouping the indices according to the notes on
chapter 8, egs. (8.2.9), (8.2.10), and (8.2.11);

* Separate the symmetric/antisymmetric eigenvectors, and sum/subtract the pairs of indices

outside the diagonal, as they will be counted twice in the main algorithm;

* Establish the limits of the eigenvalue loops by first comparing the product of the eigenvalues
with the cutoft value. This process should be done separately for each different product of
symmetric/antisymmetric eigenvalues, and the cutoft should be compared to the product
2 < 20 0] < 20 220 < 2,

In terms of notation, in the file loop-structure.pdf, we utilise the following conventions:

* Eigenvalues linked to symmetric eigenvectors are denoted as 2, ; ;.5

* Eigenvalues linked to antisymmetric eigenvectors are denoted as 2, ;,_;

“Those curious enough to open the document should find it very clear that the graphic representation is not very
printable or A4-friendly.
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* When a pair of indices is symmetrised, it is denoted between parentheses, (7, m);

* When a pair of indices is antisymmetrised, it is denoted between square brackets, [z, m].

All loops over symmetrised/antisymmetrised indices skip the redundant HO quanta indices. It is

important to note that the document serves as guidance with respect to:

* Where each array should be initialised and set to zero;

* Which indices should be kept, and which indices can be omitted to save memory (the latter

are marked in red);

* How the limits of the loops should be written to avoid symmetric 7, » pairs in the current

index contraction;
* Where to symmetryse/antisymmetrise arrays;

 List the ideal index order to minimise cache misses.

Abiding by these rules is fundamental; apparently minor things, such as index order, can have a big
impact on the timing.

A technical aspect to note is that the GSM does require more memory than the usual implement-
ation. This can be remedied by allocating the intermediate arrays to the precise size, determined
after counting which eigenvalues will be kept, as well as keeping track of indices that do not need

to be stored.

N, &
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