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Symmetry-Projected Hartree-Fock-Bogoliubov Emulation
Kelmend Muriqi

Department of Physics and Astronomy

Chalmers University of Technology

Abstract

Nuclear systems consist of strongly interacting protons and neutrons. The general
structure of these many-body systems can often be described by the nuclear shell
model. The shell model predicts that there are certain nucleon numbers, referred
to as magic numbers, which result in particularly stable configurations. These
configurations are well described by spherical mean-field methods such as Hartree-
Fock. Nuclei that are singly or doubly non-magic may, however, exhibit emergent
deformations or pairing correlations, making the typical spherical mean-field approach
insufficient. Deformations are conveniently captured by allowing the mean-field
solutions to break rotational and/or parity symmetries. Pairing correlations are
incorporated with the Hartree-Fock-Bogoliubov method, which employs Bogoliubov
quasiparticles that potentially break particle number conservation. The broken
symmetries must be restored to obtain physical states with good quantum numbers
and to accurately calculate certain observables.

Contemporary models of the nuclear Hamiltonian are based on chiral effective field
theory and involve free parameters referred to as low-energy constants. Exploring
the continuous parameter space of these interaction models becomes computationally
expensive with Hartree-Fock or Hartree-Fock-Bogoliubov solvers. The purpose
of this project is to develop Eigenvector Continuation emulators for symmetry-
breaking and symmetry-restored states, to approximate ground-state energies at
a significantly reduced computational cost. In this work we vary only the Cig,
low-energy constant, and thus explore a one-dimensional parameter space. We find
that our emulators perform well using only three to six training points. For example,
interpolation of the **O ground-state energy with restored particle number gives
~ 0.7 MeV error on average within an output energy range of approximately 400
MeV. Emulators constructed from states with broken angular momentum (without
restoration) perform similarly, giving ~ 0.7 MeV errors on average. In conclusion,
emulators can accurately reproduce Hartree-Fock-Bogoliubov ground-state energies
before and after symmetry restoration with errors on the order of 1 MeV for nuclear
systems with mass number ~ 20.

Keywords: Nuclear Systems, Hartree-Fock, Deformations, Pairing, Bogoliubov,
Symmetry Restoration, Eigenvector Continuation, Emulator.
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1. Introduction

Atomic nuclei consist of strongly interacting protons and neutrons. The structure
of nuclei can be modeled using the nuclear shell model, in which nucleons occupy
single-particle orbitals characterized by a set of quantum numbers [1]. In the shell
model, nucleon energies appear in the form of discrete energy levels, known as shells.
For some shells, the energy gap to the next is unusually large, making it especially
energetically unfavorable for a nucleon to occupy the next. This leads to particularly
stable configurations at certain nucleon numbers, known as magic numbers. The
first magic numbers are

N, Z = 2,8,20,28,50, 82, 126. (1.1)

Nuclei with these proton and neutron numbers are referred to as having closed shells.
Note that a nuclear system could have zero, one, or two closed shells.

Accurate and precise modeling of nuclei is relevant for calculating observables and
predicting the limit of stability [2]. Experimental data obtained via atomic mass
evaluation [3] is limited to nuclei with sufficiently long lifetimes to perform physical
measurements on, as shown in Figure 1.1. Exact calculations are feasible only for
few-body systems, as the computational complexity increases exponentially with the
number of nucleons [4].

Mean-Field Methods

In quantum many-body physics, there are several methods that address the problem
of exponential scaling, such as In-Medium Similarity Renormalization Group, Coupled
Cluster, and Many-Body Perturbation Theory [4]. These methods scale polynomially
with the number of nucleons, and they start from a reference state. This is usually a
mean-field solution found through Hartree-Fock (HF) or Hartree-Fock-Bogoliubov
(HFB) solvers. In this project we specifically investigate the mean-field approaches.

The HF method is suited for the modeling of approximately spherical nuclei, often
corresponding to closed-shell nuclei. In contrast, many open-shell nuclei exhibit
emergent deformations, rendering spherical mean-field methods non-viable [6, 7].
Deformations are incorporated by allowing the intrinsic state to break rotational
symmetry. This broken symmetry is reflected in the nucleon density distribution
within the body-fixed frame.

Open-shell nuclei can also exhibit pairing correlations through the formation of
Cooper pairs mediated by the nuclear force [8]. This is analogous to Cooper pairs
formed between electrons, where the interaction is mediated by phonons. Bardeen-
Cooper-Schrieffer theory states that pairing correlations can be modeled within a
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Figure 1.1: A nuclear chart showing the extent of experimental measurements
(Atomic mass evaluation). For ab initio approaches there is no strict criterion:
“all nuclei for which a reasonable calculation has been published” [5]. Taken
from [5], courtesy of B. Bally.

mean-field picture by introducing the Bogoliubov quasi-particle basis [9]. In this basis,
the particle number is not conserved, which is not a problem in condensed-matter
systems with the approximately infinite atomic lattice. For nuclei, however, the
particle number must be constrained to be in average the one of the physical system.
The conservation of the average particle number is achieved by a tunable Lagrange
multiplier [8].

HFB unifies HF and Bardeen-Cooper-Schrieffer theory, capturing pairing correlations
and deformations [8]. As mentioned, the deformation is conveniently described by
breaking of rotational symmetry, specifically not conserving the quantum numbers
angular momentum and parity [7]. The change of basis to Bogoliubov quasiparticles
can lead to breaking of particle number. The physical state can not break any of
these symmetries. Therefore, when calculating observables, these quantities must be
conserved, meaning that the broken symmetries must be restored.

Incorporating the restoration of symmetries in the HFB calculations can be achieved
in two different ways. During the variational calculation, one may restore the
symmetry at each iteration step, named variation after projection (VAP) [10]. The
other option is to restore the symmetries only after finding the symmetry-broken
variational solution, called projection after variation (PAV) [7]. PAV is the simpler
and cheaper approach, whereas VAP will lead to a more accurate result including
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more correlations.

Emulators

Certain interactions described by the nuclear Hamiltonian are parametrized |2, 6,
11]. The Hamiltonian is constructed through systematic expansion of nuclear and
electroweak forces with chiral effective field theory [12]. The long-range interactions
such as the Coulomb interaction and those governed by pion exchanges are treated
explicitly, but the short-range parts are given by a set of contact interactions with
strengths governed by coupling constants referred to as low-energy constants (LECs).
The Hamiltonian can be written as

where Hj contains constant terms and H; is the short-range part corresponding to
the LEC z;. Typically the LEC values are fitted such that the interaction model can
reproduce low-energy two-nucleon scattering data.

A typical parametrization of the Hamiltonian includes a total of 17 LECs [2]. A
ground-state calculation of a single point in the continuous parameter space can
take minutes or hours with HF or HFB. The high computational cost makes LEC
sensitivity studies unpractical. Therefore, it is convenient to employ some sort of
emulation or surrogate model.

Emulators using eigenvector continuation (EC) are well-fit for studying the space of
LECs [13]. EC constructs a low-dimensional basis spanned by eigenvectors generated
from a small set of different parameter points. This reduced basis model is used to
approximate solutions at new parameter values. In this case, the parameters are the
LECs, and the eigenvectors are the ground states of a specific nucleus. Emulators
allow for accurate interpolation and even extrapolation of observables.

In previous works, emulators have been constructed with HF on closed shell [11]
and axially-deformed nuclei, the latter along with restoration of angular momentum
[6]. However, closed-shell and axially-deformed nuclei only constitute a subset of
all observations. Developing an EC emulator for HFB or octupole deformed states
would enable analysis of many more nuclear systems.

Specific aim

The goal of this project is to develop an HFB emulator framework that employs EC
along with projection of symmetries. The exact objectives are:

o Implement PAV for restoration of particle number, angular momentum, and
parity on HFB states.

e Develop and construct HFB emulators using EC on different nuclei.

o Analyze the performance of the emulators.
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Limitations

The first limitation concerns nuclear mass number. The variational computation
can become expensive for heavier nuclei. For this project nuclear systems with mass
number ~ 20 will be analyzed. Furthermore, the proton and neutron numbers will
always be even for all calculations.

When it comes to analyzing the performance of the emulators there are some
further limitations. Emulation of HFB has never been extensively explored, so these
emulators will also be compared to previous HF emulators with the expected result
being a slightly worse performance due to higher complexity.

Another limitation concerns how many of these symmetries are projected at the same
time. For this thesis, only one symmetry will be projected at a time. This is purely
due to how much time is available, but a natural next step would be to extend the
framework to restore multiple symmetries at once.

Lastly, we make the choice of varying only one LEC. The chosen LEC is Cig, which
is expected to have the highest impact on ground state energies.

Structure

This thesis is divided into three main chapters containing theory, method, results,
and discussions. Chapter 2 will introduce basic many-body formalism and the
theory behind the HF and HFB methods. Chapter 3 contains the theory and
implementation of the projection operators, including selected results for calculated
observables. Chapter 4 describes the development of the EC emulators.

We end with a brief summary and conclusive statements in Chapter 5, along with
suggestions for improvements and future work.



2. Many-Body Physics

We start this chapter by reviewing the quantum many-body formalism. Later we
introduce the mean-field methods used in this project. In the end we present ground-
state energy calculations where the intrinsic state may or may not break symmetries
of the Hamiltonian.

2.1 Slater Determinants

Let us quickly remind ourselves of symmetric and antisymmetric states. A symmetric
two-particle state is defined as

1
V2
where we have the particle 1 and particle 2 states. Clearly, under the permutation of
the two particles the permuted state remains exactly the same since we get

) = j§<w2> ) + ) [42)) (2.2)

= [T) = |¥y). (2.3)

(Vo) = —= (111) [2) + [92) [¥4)) (2.1)

An antisymmetric two-particle state reads

1
= E(WD W2> - W2> |¢1>), (2-4)

which under the exchange of the two particles

W) = — |v). (2.5)

W)

Antisymmetric states are of primary interest here, as they describe fermionic systems,
such as many-nucleon states.

The state in equation (2.4) can be written as a determinant [14]

|\11> = L |¢1> W2>

V2 |[1)  [a)

This form for expressing an antisymmetric state is known as a Slater determinant
[14]. The general expression for a many-body state in an independent-particle picture

} )l - )
Ll ) - o)

. (2.6)

W) = : (2.7)

N

) ) - i)
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where A is the number of fermions.

A more powerful way of expressing many-body states is through second quantization;
a formalism in quantum mechanics in which particles are described by creation
and annihilation operators acting on occupation-number states. The fermionic
creation(annihilation) operator ¢f(c;) creates(removes) a particle in state k. The
operators ., ¢, encode antisymmetry through the anticommutation relations [15]

{chcl} =0, {er,a} =0 (2.8)
{ck c} = . (2.9)

Using these operators, a Slater determinant can be expressed as

) = T1(ch)™ 10) (2.10)

k

with ng € {0, 1} being the occupation number of single-particle state k, and |0) being
the vacuum. Occupied single-particle states are often referred to as holes whereas
unoccupied states are referred to as particles.

2.2 The Model Space

In nuclear physics, the harmonic oscillator (HO) basis provides a convenient rep-
resentation of single-particle states. With the HO basis the individual orbitals are
defined by the following set of quantum numbers [10]

|4) = [ti jimi b i) (2.11)
where the variables ¢, 7, m, [, n each correspond to the quantities shown below

t — Isospin

j — Total angular momentum
m — Magnetic number

[ — Orbital angular momentum

n — Radial quantum number.

The list of all single-particle states employed in the many-body calculation is called
the model space. In principle, the model space is infinite but in practice it must be
truncated.

The energy levels are defined by the radial quantum number n and the orbital angular
momentum [ as [16]

E= (2n+l+§)h¢u: (e—l—g)hw, (2.12)

where w is the oscillator frequency. The truncation of the model space is achieved by
limiting the maximum energy of single-particle states as

2n +1 < €max- (213)
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Due to this truncation, the choice of oscillator frequency w affects the convergence
of the calculation and should be optimized to minimize the energy. Throughout this
project, the oscillator frequency is fixed to fw = 20 MeV, because for HF (introduced
in section 2.3) it is the value that gives the lowest energy for the nuclei and interaction
of interest.

We realize that filling the basis states with the lowest single-particle energies does not
necessarily correspond to the many-body ground state due to interactions between
single-particle states [8]. To find the Slater determinant that best represents the
ground state, a unitary transformation is necessary to express each single particle
orbital as a superposition (linear combination) of the basis states as [§]

45) = X Cig I (2.14)

where C' the matrix of coefficients defining the linear combination. What ends
up becoming the variational problem of finding the ground state, is finding the
coefficient matrix C' that minimizes the energy of the many-body system. The other
option, which is more complicated, is to find a more general solution in the form of
a superposition of Slater determinants [8]:

|®) = Zai \OF (2.15)

where |®) is a many-body state, but not a single Slater determinant.

2.3 Hartree-Fock

The HF method is a well known mean-field method for finding an approximated
ground state of an atomic nucleus. The idea is to find the one-body density matrix
3]

pr = (V] ¢ | ), (2.16)
such that the energy functional

(W H W) (T V)
V=" = W) (2.17)

1
E[p] - Z tpqloqp + 5 Z prpqurspsqv (218)
pq

pgrs

is minimized. Note that 7" and V denote the kinetic energy and the two-body
interactions of the Hamiltonian, respectively, typically specified by chiral effective
field theory [12]. t,, and v,gs are the matrix elements of 7" and V. The indices
p,q,r,s correspond to single-particle basis states.

As mentioned, the HF method minimizes the energy functional with respect to p,
and to perform this minimization we consider a variation dp. The variation of the
energy can then be written as [8]

58 = Bl + 3¢~ Bl = Y- 25 s, 219)

rq
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We can define the matrix elements of the HF single-particle Hamiltonian as [§]

OB [p]
= lpg + Z VprqsPsr = tpg + I'pg- (2.20)

h, =
m apqp s

However, not all variations of the density matrix are allowed, as they are limited by
the constraint [§]

(p+0p)* = p+dp, (2.21)

due to the idempotency requirement p? = p. The constraint expanded up to linear
terms is

0p = pdop+ dpp. (2.22)

The above means that if a diagonal p matrix is found with eigenvalues 1 or 0, the
only allowed variations are the particle-hole elements in the density matrix resulting
in a block-off-diagonal dp. A diagonal p results in a block-diagonal HF Hamiltonian
h, separating particle and hole subspaces, and thus [8]

0E =3 hpq 6pgp = 0. (2.23)

Pq

In practice, the minimization can be solved iteratively as follows.
 Step 0: Make an initial guess for the one-body density matrix p©.

o Step 1: Construct the mean-field Hamiltonian and solve the eigenvalue equation

h[p ] ) = &5 1v;) (2.24)

where ¢; is the single-particle energy of orbital |¢;). The above can be expressed
in the HO basis with the coefficient matrix as

h[p)C = diag(e) C. (2.25)

e Step 2: Construct the new density from the orbitals

P =37 1) (l, (2.26)
j€occ
or in the HO basis
1 *
p](i‘l) = Z Cri Cij- (2.27)
j€Eocc

o Step 3: Check convergence by comparing the densities (or energies)
10 = O <€, (B[] = E[pY]| < ex), (2.28)

where € is a small tolerance parameter. If the criterion above has been reached,
then the ground state is found. If not, set the new guess for the density
p9 = pM and repeat steps 1 — 3.



2.4. Broken Symmetries

The following results are from an HF-solver developed by Alberto Scalesi [17]. A
nucleus like 1°0 is doubly magic (N = 8, Z = 8), making spherical HF well suited
for its mean-field description. Table 2.1 shows the calculated spherical HF energies
for 160, 0, and ?°Ne with truncation ep,, = 8. The used Hamiltonian model is
called NNLO,,(394) [18].

Table 2.1: Ground state energy calculations with spherical HF for three
different nuclei.

Nucleus 160) 180 20Ne
HF-Energy [MeV] -146.855 -160.901 -176.739

We will realize that allowing 'O to break symmetries, as discussed in the next
section, will not have an effect on its calculated energy. For other cases though, like
180 and 2°Ne, there exists a lower energy configuration that cannot be found through
spherical HF.

2.4 Broken Symmetries

Because the HF Hamiltonian A is not only dependent on the original Hamiltonian,
but also the density p, it does not necessarily have the same symmetries as the
original Hamiltonian. This is reflected in the solution having one or more broken
symmetries. The breaking of symmetries allows for approximate incorporation of
many-body correlations while still remaining in the independent-particle picture [8].
The concerned symmetries are rotations, parity, and particle number. In this section
we discuss mainly rotations and parity, whereas the framework used for breaking of
particle number is discussed in section 2.5.

In HF theory there are certain conserved symmetries referred to as the self-consistent
symmetries. For any matrix S corresponding to a symmetry operator

S = Z Skk’CLCk’a (229)

kE'

that commutes with the Hamiltonian
[H,S] =0, (2.30)
the field h has the property
Sh[p]St = h[SpST]. (2.31)

This means that if p® has a symmetry S, then so does h[p®)] [8]. Because p!) is
constructed by diagonalizing h[p(?)] it also preserves the symmetry. The consequence
is that if the initial density p(® has a certain symmetry, then so does the solution.
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However, in practical HF calculations tiny perturbations in the form of numerical
errors can accumulate [8]. If the symmetry-preserving solution is stable in the full
variational space, then the tiny errors decay. However, if the solution is not a local
minimum in the full space, then the perturbations grow over iterations, resulting
in a symmetry-broken solution. This means that starting with a spherical initial
density p(® could still lead to a deformed solution if that is energetically favorable.

2.5 Quasiparticles and Bogoliubov Theory

Certain nuclei with partially filled shells exhibit pairing correlations through the
formation of Cooper pairs. The pairing correlations can be captured within a single-
particle picture by introducing the Bogoliubov quasiparticle basis. The quasiparticle
creation and annihilation operators are defined as [§]

Bl=>" (Um of + Vik Cz) (2.32)
z

Be=> (Up a+Vird), (2.33)
l

where U and V' are matrices of coefficients. Using this change of basis and working
with the same principles as HF leads to the HFB method. The introduction of the
Bogoliubov quasiparticles leads to broken particle-number symmetry.

In the case of nuclei, the particle number is an important defining part of the system.
In order to obtain a realistic description of the system we conserve the average
particle number. This is achieved by adding a Lagrange multiplier A term to the
Hamiltonian [8]

H' = H — \N. (2.34)

The Lagrange multiplier A is tuned such that the average particle number is that of
the physical system N A
(N) = N. (2.35)

Let us introduce the HFB vacuum |®) defined as the state that is annihilated by the
quasiparticle annihilation operator [§]

B |®) = 0. (2.36)

Due to the change of basis, the extra degree of freedom that allows for breaking
of particle number results in the HFB vacuum being a superposition of Slater
determinants with good particle number [§]

|®) = Xk:gzvk [T) (2.37)

where gy, is the weight corresponding to the state with particle number Nj.

10
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With the HFB vacuum we can introduce the normal density matrix p along with the
anomalous density matrix s

pr = (0| c] e |®), K= (D|crcp |®) (2.38)
or expressed with the coefficient matrices
p=VVt  k=VU" (2.39)

Starting from x, we can introduce the pairing field

1
Ay, = 3 Z Upgrshirs, (2.40)
and the HF Hamiltonian
h=t+1 — A\, (2.41)

where I is the identity matrix.

The fields introduced above appear in the HFB equations [§]

(_Z* _Ah*> <‘U/’;> = (g:) Ey, (2.42)

where Ej, is the energy of quasiparticle state k. These equations can also be solved
until self-consistency is reached, except now the energy functional to be minimized
is [§]

1 1 .
Elp, k] = Z lpgPgp + 2 Z PrpUpgrsPsq + 1 Z KpgUpgrstirss (2.43)

Prq pqrs pqrs
leading to equation (2.42). However, with a larger and more complicated system of
equations, one might want to use a more convenient way of finding the ground state
energy than the self-consistent method.

2.6 The Gradient Method

In both HF and HFB, self-consistently solving the eigenvalue equation can be unstable
and convergence is not guaranteed [8]. One issue that may arise is that the iterative
solutions oscillate around the ground state without converging to it as shown in
Figure 2.1. A more reliable way of reaching convergence is the gradient method [8,
10].

The gradient method works by taking a step towards the steepest descent of energy in
each iteration. Let us express the Hamiltonian in terms of the quasiparticle operators

H=H"+ H 6L 8+ > (HEBLAL +he)+..., (244

k‘l kz k’l <k’2

where the dots indicate interaction terms, and H% is a prefactor for the term with i
creation operators and j annihilation operators. We also introduce the theorem of

11



2. Many-Body Physics

Density matrix distance ||p, — pgs|| [a-u.]

Figure 2.1: Shows how trying to solve the HF or HFB equations self-
consistently could lead to oscillations around the ground state.

Thouless, which states that an HFB state can be rotated into another HFB state
that is not orthogonal to the original one as follows [8, 19]

|(I)I> = €xXp ( Z Zk‘lk‘Q/Bl-Llﬁlz) ’(I)> . (245)

k1<ko
With this, the energy may be expressed as

(O] H |®)

PO = e

A
_ 170 20+ 20
=H+ (H*™, H )<Z>+ (2.46)
Starting with the HFB state |®g), the goal is to rotate to the state |®;), which

corresponds to a step towards the steepest descent in energy. The coefficients Zyx,x,
are chosen as the negative derivative of the energy [8, 10]

0
Likiky = _7782* E(Z)
k1ko

Z=0

where 7 is a parameter deciding the size of the step. Note that this is also an iterative

method, and it uses the same convergence criterion as the self-consistent method for
HF.

2.7 Ground-state Results
All the results in table 2.2 are calculated with an HF /HFB solver developed by
Alberto Scalesi [17]. In these results the truncation is ep,x = 8 and the interaction is
NNLO,,(394). The different methods discussed until now are used, which we refer
to as:

o Spherical HF — conserves all symmetries.

o Axial HF — can break angular momentum symmetry.

12



2.7. Ground-state Results

o Spherical HFB — can break particle number symmetry.
o Axial HFB — can break angular momentum and particle number symmetry.

Axial HFB allows for the inclusion of the largest amount of correlations, therefore it
should always result in the lowest energy. The investigated nuclei are 60, 80, and
20Ne.

In table 2.2 the energy for 0 remains the same even though more symmetries are
allowed to be broken. These results greatly suggest that the lowest-energy solution
for %0 does not break particle number or angular momentum.

Looking a bit deeper into 80, the energy is slightly lower for axial HF than for
spherical HF, but the lowest is found at spherical or axial HFB. The fact that we see
a lower energy for axial HF than for spherical tells us that if we conserve particle
number, there exists a lower-energy configuration with broken angular momentum.
Because spherical HFB and axial HFB result in the same energy, we may deduce that
the lowest-energy configuration breaks particle number but not angular momentum.

For 2°Ne we find the lowest energies when using axial HF and axial HFB. Using
the same logic here, it is clear that the lowest-energy configuration of 2’Ne breaks
angular momentum but not particle number.

Table 2.2: Ground state energy calculations for three different nuclei with
different methods. The symbols stand for spherical (o) and axial ( © ).

Nucleus 160) B0 20Ne
o HF  [MeV] -146.855 -160.901 -176.739

]
o HF [MeV] -146.855 -161.785 -187.698
o HFB [MeV] -146.855 -162.787 -177.764
© HFB [MeV] -146.855 -162.787 -187.698

Though our observations are consistent with what one would expect for these nuclei,
we may also calculate some different parameters that inform us of the degree of
symmetry breaking. These parameters are the variance of the particle number Var[N ]
and the measure of rotational symmetry breaking (5, defined in appendix A. Table
2.3 shows the calculated values of Var[N] and f3, for the three nuclei after finding the
ground state with axial HFB. It clearly shows that 10 is breaking particle number,

while 2°Ne is breaking angular momentum.

13



2. Many-Body Physics

Table 2.3: Calculated diagnostic parameters. The underlying mean-field
method is axial HFB.

Nucleus 'O 180  2Ne

Var[N] 0.0 2768 0.0
Ba 0.0 00 0.3155

14



3. Restoration of Symmetries

In the previous chapter, we explained how to incorporate certain nuclear correlations
and deformations exhibited in open-shell nuclei. This led to broken symmetries
like angular momentum and particle number. The symmetries need to be restored
because physical states must have good quantum numbers to be comparable with
experiments and to remove unphysical mixing. In this chapter we introduce the
restoration of symmetries with symmetry projection operators.

3.1 Projection Operators

As mentioned, a general HFB state with broken symmetries can be written as a
superposition of orthogonal states with good quantum numbers

|(I)> = ngk ’\I]Sk> ) (3'1)

where Sy, is an arbitrary quantum number. The projection operators, denoted ]550,
extracts one of these states as

P50 |®) = gg, |T50). (3.2)
The projected energy is calculated via [§]

(@ HP% |)
Eproj = TRl DS 1A\ (33)
(B[ P |®)

Now we will explain how a general symmetry projection operator is constructed.
Each symmetry corresponds to a symmetry operator S

S|S0y = G, ) (3.4)

Continuous symmetry groups can be generated with its symmetry operator and the
corresponding continuous angle € as [§]

A

R(Q) = 8. (3.5)
The action of the symmetry operator on the HFB state gives
6i§2§ |(I>> _ ngei0§ |\I}Sk> (36)
k

= gre % [W) (3.7)
k
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3. Restoration of Symmetries

A target quantum number S; can be chosen by multiplying with e=***0 and integrating
over the angle €2

[ ane®Ss @) = 37 g, [ o eSS jws) (3.8)
k

Note that the integral on the right-hand side is equal to zero when Sy # Sy, therefore
we are left with

/ dQ 550 | D) = 37 2750 g [T5) (3.9)
k
= 27y |T50) . (3.10)
We thus find the projection operator for a symmetry S [8]

~ 1 RPN
pso = 2—/619 (IS =50), (3.11)
T

Projection operators are used to calculate symmetry-projected quantities. The
projected norm and energy are calculated via [20]

. 1 ) .
9502 = (@ P 10) = — [ a2 (@] R(©) |#) (3.12)
m
d| HPS |® 1 s (P| HR|® .
roj = < ’ - ‘ > _ 2/ QezQSU< ‘ i | ><(I)|R|(I)> (313)
(® PS5 |@)  27|gs] (D| R |®)

A way to calculate the overlap (®| R|®) for a general rotation operator R and HFB
state |®) must be found.

3.2 Calculation of Overlap

For an HFB solution, we start by constructing and diagonalizing the density matrix
p = V*VT. This gives the eigenvectors Dj, and eigenvalues v?, which define the
canonical basis [8]. These eigenvalues represent occupation probabilities v7 € [0, 1],
so we extract the eigenvectors corresponding to nonzero eigenvalues, denoted D..
The eigenvectors are used to calculate the matrix of overlaps

O = D! .RD,e, (3.14)

occ

to then calculate the determinant det(O) [10, 21]. For an HF state, this would
conclude the calculation of the overlap, but because the occupation probabilities in
HFB can be between 0 and 1, further handling is required.

The partially occupied orbitals are handled by extracting their eigenvalues and
calculating the Pfaffian, explained in Appendix B, of a skew-symmetric matrix. In
the canonical basis, we end up with pairs identified by degenerate eigenvalues and
opposite values of the quantum number m [8, 21|. Particularly, if the pairs are
ordered such that they are adjacent, we have

Ugn = U%n—l—l? (315)
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3.3. Calculation of Energy Element

where n is an integer. These pairs are referred to as canonical pairs [8], and are used
to construct the skew-symmetric matrix M [21]. Let us first express the elements

that will enter the matrix as my = vy/1/1 — vZ. For N partially occupied orbitals,
the dimension of M is 2N x 2N. For a case with just one pair of partially occupied
orbitals, the matrix is constructed as [21]

0 mo _071
_ 1%
Mo |0 0 (3.16)
0 —mgl’
O-T 0
p mo 0

where O, is the sub-block of the overlap matrix corresponding only to partially
occupied orbitals. The Pfaffian pf(M) is then calculated via an algorithm developed
by M. Wimmer [22], and the final overlap is

(| R|®D) = o pf(M) det(0O), (3.17)

where o is a sign factor.

3.3 Calculation of Energy Element

For the calculation of the energy element

O HR(Q)|®
(@] (0) [0)
we start by defining the transition densities [10]

<(I)0| C;CZ' ‘(I)l>

0L 3.19
o1 _ (Polcjci[Py)
.. == —— '2
Kij o[y (3.20)
(A
10% <(I)0| CiCy |‘I)1>
W AP 777 21

where |®;) corresponds to the rotated state R |®) and |®) to the unrotated state
|®). The transition densities expressed in terms of the U and V matrices are [10]

P =AY (3.22)

KO = VAT uf (3.23)

K1 = VAU, (3.24)
where A = U{U,y + Vi V4.

The energy element is now calculated in a similar way as the energy functional
introduced in equation (2.43). As used before, the matrix elements of the Hamiltonian
operators can be expressed as a one-body part ¢ and a two-body part v. The energy
element becomes [10]

1 1 i}
Eq =) tip;; + 3 > vignpn ol + 1 > vigritsyy K- (3.25)
i ijkl ijkl
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3. Restoration of Symmetries

3.4 Particle Number

We focus on the neutron number N. The same principles can then be applied for
proton number Z. Neutron number only has one symmetry operator N , whose gauge
rotations are associated with the group U(1)y. With the gauge angle ¢ € [0,27] a
group element can be represented as [8, 20]

A

Rlon) = eon?. (3.26)

As it follows from section 3.1, the neutron number projection operator is [8, 20]

N 1 2 A
pho = o | de el N=No) (3.27)
™ Jo

with Ny being the target neutron number.

An important step is to represent the rotation operator e~ N as a matrix when
calculating the overlap. An HFB state is represented by the U and V matrices,
where each row corresponds to a set of quantum numbers in the HO basis. Rotated
U and V can be written as a function of the non-rotated ones as [10]

UFN = etieny; (3.28)

VN = TN (3.29)
If the rows are ordered in such a way that the top half correponds to neutrons, and
the bottom half corresponds to protons, the rotation matrix can be expressed as [10]

eN ] 0
R(pn) = ( . d/2 Id/z) , (3.30)

where d is the dimension of the model space. Note that the V' matrix is rotated with

R

Discretization of neutron number projection: In a numerical implementation
of the projection operator, integrals can be discretized to evenly spaced and weighted
points. One can start with performing the variable exchange

oln) = 2%1\2 (3.31)
2

do = "4 3.32

© M, n (3.32)

— nel0,M,)], (3.33)

where M, is for now an arbitrary parameter. We end up with the integral

A 1 M, i (N—
PN — ﬁ/ dn >3t (N0 (3.34)
QD 0
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3.5. Spatial Symmetries

Since we have M, as a tunable parameter, we can choose this as an integer value, and
take the discrete limit for dn — An = 1. The discrete neutron number projection
operator is [20]

1 M, il (N—
PNo — — 3 P (N N0) (3.35)
M‘P n=1

where M, is now the number of points in the integral.

3.5 Spatial Symmetries

For the spatial symmetries we have four different operators. Three of these are
Cartesian components of the total angular momentum operator J,, J,, J.. The
fourth symmetry operator is the parity operator II.

The parity projection operator works differently as it is associated to a discrete
symmetry. It can be written as [7]

P = ; (1+ 1), (3.36)

where m € {—1,1} is the target parity. In this case, the rotation operator can be
modeled as

Ru(p) = (11", (3.37)
where p represents the angle 0 (p = 0) or 180° (p = 1).

For the angular momentum we have three operators and thus three angles, meaning
the group element can be represented as [7, §]

}A%J(a, B,7y) = giodz giBly ginT:. (3.38)

Once again we apply the same principles. The integral factor e=** in this case is
given by the Wigner functions D, as explained in [8, Appendix A]. This results in
the angular momentum projection operator [20]

R 2Jo + 1

21 T 21 oA s
PJ\(?oKOZ o2 /0 da/o ds sin(ﬁ)/o Dz‘{}OKO(oz,ﬂ,7)6’0“]2615‘]96”‘]? (3.39)

The target quantum numbers are: the total angular momentum Jy, the component
of the angular momentum along a fixed axis in the lab frame Mj, and the component
of the angular momentum along a fixed axis in the intrinsic frame K, [23].

Once again, in order to calculate the overlap, the effect of the rotation operators

applied to an HFB state must be handled. For the parity rotation, we need to express
the effect of the parity operator II in matrix notation, which is done through [7]

Bu(p)w = mimy, (3.40)
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3. Restoration of Symmetries

where 7, is the parity of the k' orbital. For the full angular momentum rotation
operator, we end up with the matrix also given by the Wigner functions Dy, [7]

RJ(aa677>kl - D%Zml( 7577) 5tktl6]k]157rk7rl5nknl‘ (341)

Discretization of angular momentum projection: We start by separating the
individual parts of the integral using the relations

Ry(a.B,7) = Ra(a)Rs(B) R, (7) (3.42)
Dy (v, B,7) = e M0 dify e, (B) e, (3.43)

and we notice that the o and ~ integrals are essentially the same. Focusing on the
integral over «, we realize that it is analogous to the neutron number integral in
equation (3.35), so making a similar change of basis and going to the discrete limit
gives

. 1 Mo .

Py, = A > e BM R (a(k)), (3.44)

@ k=1

and analogously for
M,

Z WOE R (y(1)), (3.45)

where
(k) = Lo (3.46)
(6% = Ma T .
1
l) = —2ml. 4
o) = 32 (3.47)

For the integral over 5, we employ Gauss-Legendre quadrature as it is suited for this
case [20]

/_11 f(z)dx =~ zn:lwzf(a:z), (3.48)

where w; is the Gauss-Legendre weight of the i*" point in the integral. The 3 part of
the integral can be expressed as

A 2Jy+1
P A?OyKO =

/0” dBsin(B) dij i, (B) Ra(5), (3.49)

and a change of variable can be performed

[ﬁ = arccos(z) — dff = _sigfﬁ) (3.50)
P, = 2000 [ i, (5(0)) R (2) (351)
- o [ o i, () RaB(2)). (352)
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3.6. Projected HFB - Results

Finally taking the discrete limit using Gauss-Legendre quadrature, i.e dz — w,, gives
the discrete integral

A

2‘]0 1y Z wo A% o (B(z2)) Ra(Blan)). (3.53)

mJoy
]PMOKO -

The three operators combine into a three-dimensional sum (note that «, 3, are now
functions of the new variables) [20]

Jo 1 2J0 +1 Mo Jo 30 Jo >
Pk, = TR Z Z an Dig k. (o, B,7)R(a, B, 7). (3.54)

k=1n=1[=1

In the case of axial symmetry, the integral above reduces to [6]

I@)JO— 2J()‘|’1

andéa n))R(0, 5(n),0). (3.55)

3.6 Projected HFB - Results

The results consist of calculations of weights |gs,|* for different target quantum
numbers, and symmetry-projected HFB energies. The investigated nuclei are 80,
which breaks particle number symmetry, and 2°Ne, which breaks angular momentum
symmetry. Because so few nuclei spontaneously break parity, we enforce it on ??Ne
in order to investigate it, instead solving the constrained HFB equations [8]. Note
that the resulting energy calculation for ?2Ne will not be the global minimum of the

unconstrained HFB equations. The model space truncation is e, = 8 and we use
the interaction NNLO,,(394) for all results.

Particle number and angular momentum

The weights for 80, seen in Figure 3.1, are converged at M, = 11. The highest
weight can be found at neutron number Ny = 10, which is expected since O has
10 neutrons. Using 11 points for the integral and projecting on Ny = 10 results in
the energy —161.623 MeV, as seen in table 3.1. This is higher than the HFB energy
without projection (—162.787 MeV), which is not necessarily a problem as in [20] we
see a slight increase in energy for some cases. This increase could, however, be due
to the fact that PAV is implemented instead of VAP.

For calculations based on ?°Ne, once again, Mz = 11 points in the integral are
sufficient to get converged results for the quantities of interest. The weight seems
quite low for the ground state J = 0%, with the highest weight being at the excited
state J = 2%. This tells us that J = 2% contributes the most to the calculation.
What is important is which of the contributing states gives us the lowest energy, and
that is J = 0" with —197.078 MeV as seen in table 3.1. It is lower than the energy
calculated with axial HF /HFB before projection (—187.698 MeV).
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1.0
x  M,=1 M, =5 M, =9
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Figure 3.1: 80 calculations of weights |gn,|* for different target neutron

number Ny and number of quadrature points M,,.

1.00

M5:5 M5:9
My=17 * My=11

Jo

Figure 3.2: Ne calculations of weights |gs,|* for different target total
angular momentum J, and number of Gauss-Legendre quadrature points Mp.

Table 3.1: Ground state energy calculations for two different nuclei with
different methods. Spherical (o) HF, axial ( © ) HFB, and symmetry-projected

axial ( PAV © ) HFB.

Nucleus 180 20Ne

o HF [MeV] -160.901 -176.739
o HFB [MeV] -162.787 -187.698
Target Nog=10 Jy=0
PAV © HFB [MeV] -161.623 -197.078




3.6. Projected HFB - Results

Parity

For 22Ne, the HFB calculations were constrained with 85 = 0.1, defined in Appendix
A, which biases the solution towards an octupole deformation (parity breaking).
When performing the parity projection we get a higher weight for positive parity
(4+) and also a lower energy (E, < E_), shown in table 3.2. A higher weight and
lower energy for positive parity is expected, as it corresponds to the physical ground
state of 22Ne. We also see that the energy after projection (on Iy = +) is lower than
before the projection.

Table 3.2: Energy calculations for 2?Ne with enforced parity breaking. First
the resulting energy with axial ( © ) HFB with enforced parity breaking, and
below are the weights and energies after projection for each of the quantum
numbers (+ and -).

o HFB -214.337 MeV

Target Iy Weight gy,  Energy Ep,
+ 0.887 -217.558 MeV
= 0.113 -189.091 MeV
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4. Emulation

This chapter covers the mathematical idea behind EC, and shows how this emulation
approach is implemented for an HFB solver. We once again mention the additive

splitting of the Hamiltonian into a constant term H, and short-range interaction
terms H; [2, 6] multiplied by LECs x = {z;}

1>0

4.1 Eigenvector Continuation

The idea of EC is to create a reduced basis representation of a high-fidelity model
[13]. Say we have an N x N —dimensional parameter-dependent Hamiltonian matrix
H(x), the eigenvectors would be of dimension 1 x N, the full eigenvalue problem
would be

H(x) v v
—~ —~
Hy, Hy -+ Hn U1 U1
H.21 H'22 H.QN 1)'2 B 11.2 ' (4‘2>
Hyi Hyy -+ Hyy UN UN

To emulate the high-fidelity model, we first find a few (three is used as an example)
solutions a, b, ¢ (snapshots) generated by their corresponding parameter values x,
(k=a,b,c)

(4.3)

any by cn

These snapshots are now used to create a reduced Hamiltonian matrix H?B(x)

HRB(X)
H H e H
a; -+ an H 2 N a b o H,, H, H,
H21 H22 e H2N ‘ . . aa a ac
by -+ by . ot i = |Hy Hy Hpl. (44)
ci -+ CN ’ ) ’ b C Hca ch Hcc
Hyi Hyy -+ Hyy| N O8N
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4. Emulation

Note that the vectors a, b, ¢ are not orthogonal, so the eigenvalue problem must be
properly normalized. We calculate the matrix of inner products NR®B

NRB
a -+ an ay bl €1 Naa Nab Nac
bl s bN - Nba Nbb Nbc ) (45)
ci -+ CN an bN CN Nca Ncb Ncc
and get the new eigenvalue problem [13]
Haa Hab Hac 771 N Naa Nab Nac 771
Hyo Hp, Hp| |2 =E [ Npo Nop Npcl| |V2], (4.6)
H ca H cb H cc 273 N, ca N, cb N, cc 273

where E contains the emulated eigenvalues. The reduced Hamiltonian matrix is
referred to as the Hamiltonian kernel, and the matrix of inner products is the norm
kernel.

Now we apply the EC framework such that we can efficiently approximate eigenvalues
and eigenvectors of the nuclear Hamiltonian at different LEC values. The reduced
basis is built from a number ngg of accurate ground state solutions. This time, for
HF (or HFB) there is the additional complexity of the coefficient matrix (or matrices)
that appears in the calculation of the Hamiltonian and norm kernels [6, 11]

Ny = (@a[9) (4.7
Hoplxo) = (@a] H(xo) [95),

where |®,) is a ground state snapshot and o« = 1,2,...,ngg. The generalized
eigenvalue equation can then be solved to find the emulated ground state energy

H(x0) [¥no) = EnoN |¥,00), (4.9)

where m labels the spectrum and |¥,, o) are emulated energy eigenstates made up of
linear combinations of the reference snapshot states |®,). E,, o are the eigenvalues
where the lowest one typically corresponds to the energy of the physical state.

In order to quickly evaluate different Hamiltonian kernels for different LEC values,
the original kernel can be split up as

(Pal H(x0) |0g) = (Dol Ho [Ps) + D 20 (Pa| Hi|Pp) (4.10)
>0
— ﬁ(],ozﬁ + Z.’E@@BJLQB. (411)
>0

For a certain set of snapshots, the set of Hamiltonian kernels ﬁi,i =0,1,... only
need to be calculated once. The kernels can then be used to approximate energies
for many different sets of LECs x4.
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4.2. Extending Emulators with Symmetry Projection

4.2 Extending Emulators with Symmetry
Projection

To incorporate symmetry projection, one may construct the kernels with the desired
projection operator pso
—q .
Nog = (o] P™ |p) (4.12)
— .
H(xe) = (®al H(xo) P™ |@5) . (4.13)

Now when solving the generalized eigenvalue equation (4.9), the target (physical)

cigenstate |W20) represents a state with preserved symmetry and quantum number
So-

The calculation of these kernels follows the same principles as equations (3.12) and
(3.13)

(D] PP |Dg) = /dﬁemo (D] R(Q) |5) (4.14)
(o] H;R |®5) N
So ZQSO B
(O] H, P |Dg) = > / —q) A, (By| R|Ps) . (4.15)

For the energy element, the calculation is analogous to the procedure in section 3.3,
but in this case |®g) = |P,) and |®1) = R |Pg), keeping in mind that the Hamiltonian
is split in different parts.

The calculation of the rotated overlap
(@] R|®s) (4.16)

becomes more complicated, explained in detail in [21]. In short, the matrix of
overlaps, introduced in section 3.2, is now

0% = pie RDA

occ occ’

(4.17)

An example for the skew-symmetric matrix M, also introduced in section 3.2, in the
case of just one pair of partially occupied orbitals in each of the states is

_Oaﬁ 1
B p
M= O X (4.18)
Oaﬁ 1 0 —my
p mg 0
The rotated overlap is then
(D] R|®5) = o pf(M) det(OF), (4.19)

with o as a sign factor.
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4. Emulation

4.3 Regularization

In some cases, when constructing the emulator, some snapshots could be nearly
linearly dependent, leading to an ill-conditioned norm kernel [11]. To handle this, we
employ a regularization method called singular value decomposition, which allows to
express the norm kernel as

N®B = LYRT, (4.20)

with L and R being orthogonal matrices and ¥ a diagonal matrix containing the
singular values s; > 0 of the norm matrix. Next, the matrices L, R and X are
truncated so that only the columns of L and the rows of R corresponding to the
k largest singular values s > sy are kept. We use sy, = 1078, Denote these
new matrices as Ly R y and X, ;). The reduced basis Hamiltonian is
transformed as

TLRBXIC)7 kXnry

H'(xo) = S Y2LTH(xo)RE Y2, (4.21)

resulting in a standard eigenvalue problem [11]
H'(x0)|Po) = E' |05) , (4.22)
where E’ is now the regularized emulated energy.

As mentioned, the benefit is the handling of the ill-conditioned norm kernel, while
also turning the generalized eigenvalue problem into a standard eigenvalue problem.
There are however some considerations concerning the choice of snapshots. When
one wishes to use emulators, the goal is to perform as few full calculations as possible.
Snapshot choices that result in linear dependency means that redundant calculations
have been performed. The emulation approach is computationally less costly if
singular value decomposition can be avoided. Note also that a too high value of s,
could result in ignoring important information about the space.

4.4 Emulating HFB Ground State Energies

For all the emulation results, the only LEC being investigated is C1g,. The Hamilto-
nian of the different solutions is constructed as

H(Chs,) = Hy + Cig, Hi, (4.23)

where H; is specifically the part corresponding to Cig,, and Hj is the part corre-
sponding to the constant term and all other LECs. Hy and H; are specified by the
ANNLO,,(394) interaction [18]. Note also that the vertical dashed lines in Figures
4.1, 4.3, and 4.5 correspond to the NNLO,,(394) interaction. The investigated range
is Cig, € [2,4] using a total of 41 HFB calculations, with some being used for training
and the rest as validation. The energy truncation is ey, = 8. Also note that the
neutron number projection operator had M, = 11 integration points.

Emulation on *O with neutron number projection:
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Figure 4.1: Predictions from different HFB emulators with neutron number
projection on 0. (a) shows the result of including only one training point, it
becomes a linear equation. (b) shows the emulator performance when including

six nearby points. In segment (c) the emulator is using nine equidistant points
in Cig, space. In (d) four out of the nine training points in (c) remain.

For the modeling of 80 we use spherical HFB. As mentioned in section 3.6 this
approach results in the breaking of neutron number but not proton number for this
system. The kernels for the emulator that we construct include the neutron number
projection operator PNo with Ny = 10.

The emulator predictions shown in Figure 4.1 already exhibit noticeable extrapolation
capabilities by selecting six nearby points. Perhaps more interesting is the accuracy
when the chosen training points are spread out over the range. With nine training
points we achieve accurate approximation over the whole investigated range. We
realize though that for the higher end of the range, the energy surface does not
change much. We remove some points to exercise the interpolation capabilities of
the emulator. Four points, as shown in Figure 4.1.d, is sufficient to represent the
whole range.

Figure 4.2 presents a quantitative evaluation of the performance of the emulator.
The errors are always less than 2 MeV, with an average error of 0.74 MeV, over a
400 MeV range of outputs.

Emulation on ??Ne with parity projection:

For 22Ne we use axial HFB with enforced parity breaking. The result is a state that

breaks angular momentum and parity. Here the kernels include the parity projection
operator P with Iy = +1.
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Figure 4.2: Direct comparison between the emulated energies and the neutron
number projected HFB energies for *¥O. The red circles represent the selected
training points, corresponding to Figure 4.1.d.

Predictions of different emulators with parity projection are shown in Figure 4.3.
We restrict our investigation to the Cig, range that does not break particle number.
Demonstrated here is also the effect of choosing two snapshots that are nearly
orthogonal. This results in the emulator predictions exhibiting the behavior of
separate straight lines, rather than a smooth curve. With enough points (> 3), the
emulator can represent the output over the full range.

A quantitative investigation of the errors for the parity projected emulator is shown
in Figure 4.4. Here the errors are at most ~ 2.2 MeV, with an average error of 1.3
MeV. The investigated energy output range is still roughly 400 MeV.

Emulation on *?Ne with broken angular momentum:

The modeling of ??Ne was performed with HFB including axially-symmetric defor-
mations. This results in broken angular momentum and, for certain values of Cig,,
broken particle number. No projection operator is included in the emulator kernels.
The output energies are emulated for states with broken symmetries.

In Figure 4.5, we demonstrate the extrapolation capabilities with six adjacent
training points, and we also show the consequences of choosing two nearly orthogonal
snapshots. In panel (d) we see the space being well represented by just a few (six)
snapshots. For this efficient emulator we used a high concentration of snapshots
in the low energy regime, since there is a superfluid phase transition that implies
broken particle number as we lower Cig,.

Once again, we investigate the errors for the emulator. Figure 4.6 again shows errors
of up to ~ 2 MeV, this time with an average error of 0.75 MeV. The investigated
energy range was roughly 400 MeV.

The errors of the emulators are summarized in table 4.1. We may compare this
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projected HFB energies for 22Ne. The red circles represent the selected training
points, corresponding to Figure 4.3.d.
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to results in [11], in which they construct HF emulators with ten training points.
The energy landscape is simpler and the energies span from —600 MeV to —200
MeV, meaning no small magnitude energies. The relative errors reported in [11] are
between 0.02% and 0.08%, which corresponds to roughly 0.1 — 0.5 MeV. Comparing
only the absolute errors, our HFB emulators has a 3 —4 times larger inaccuracy than
the HF emulators in [11]. The less accurate result for our case is expected due to the
higher complexity of HFB. Comparison with [11] serves as more of a sanity check
than a benchmark. The average of the different mean-absolute errors is &~ 0.92 MeV.

Table 4.1: Errors of the different emulators corresponding to the Figures
4.1.d, 4.3.d, and 4.5.d.

Nucleus Mean-Absolute Error [MeV] Maximum Error [MeV]

180 0.740 1.70
2Ne 1.32 2.22
2ONe 0.714 1.80

4.5 Computational Efficiency

All emulator predictions in the previous section involved 1000 evaluations. These
computations were effectively instantaneous (< 0.1 s). The full HFB calculations
take between 5 seconds to a few minutes for ey ., = 8, mostly dependent on the
conserved symmetries. Note also that the evaluation time of the emulators is
completely independent of the model space truncation, making them very favorable
as we increase €n,. Though of course, the time for calculating the snapshots and
constructing the kernels is dependent on the truncation. In this section we perform
a more extensive time study to give a clear idea of the efficiency. Note that the time
study was made on a laptop with an i5-1335U processor.

Offline

The offline stage is separated into two parts, with the first being the time for
generating snapshots. As mentioned, for the simplest case of HFB with e, ., = 8,
meaning only particle number symmetry can break, a full calculation can be as quick
as b seconds. Breaking more symmetries can lead to a full HFB calculation taking a
few minutes. We call the time it takes for one full calculation Tyrg.

The second part of the offline stage is constructing the emulators. There are several
factors that affect the offline time: model space truncation e, symmetries, number
of snapshots, and number of points in the projection integral. We simplify the study
by only investigating spherical HFB with truncation ey, = 8.

In the explored region of ngg < 20, the time with respect to number of snapshots has
a quadratic and a constant contribution. In Figure 4.7 a second order polynomial
curve has been fitted to time measurements, resulting in

97
Thuia(nrB, M,) = WMWH%B + 2.6, (4.24)
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where Tiq is the time to construct an emulator with M, points in the projection
integral. In this offline time model we assumed that the constant term does not
depend on the number of integral points, which is validated in Figure 4.7. The time
to construct the kernels remain within the same order that it takes to perform an
HFB calculation. We may add the time for generating snapshots as an offset to get

401 X Measured
—— Fitted Curve
31 —— Validation
o
k=
S

1 3 5 7 9 11 13 15 17 19
Number of snapshots
Figure 4.7: The black x-markers are time measurements for constructing
emulators without a symmetry-projection operator with the fitted red curve.
The green curve is time predictions for constructing emulators including a

symmetry-projection operator with 11 points in the discrete integral, along
with the green markers showing the measured time.

the simple time model
Toi(nre, My) = Thuda(nrs, My) + nrThrs, (4.25)

where Tyrg ~ 5 in this case.

Online

Similarly, one could model the online time; the time it takes to make predictions
using emulators. In the explored regime of ngg < 20, the time with respect to
number of snapshots nrp scales quadratically, along with linear and constant terms.
In Figure 4.8 a second order polynomial curve has been fitted to time measurements,
resulting in

Nvals
Ton(nrB, Nvats) = (3ng + 18ngs + 520) i (4.26)

where T, is the time the number of evaluations N, takes in seconds, assuming a
perfect linear scaling with N,,. Note that this time model is only reliable in the
investigated ngrp range. We may still approximate, for example, that 10° evaluations
with nrg = 15 will take ~ 150 seconds. The same amount with HFB in ey« = 8
would take roughly 107 seconds.
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Figure 4.8: The black x-markers are time measurements for 500 000 em-
ulator evaluations, with the red curve fitted to these. The blue curve is
time predictions for 100 000 emulator evaluations with respect to number of
snapshots, along with the blue markers showing the measured time.

4.6 Structure Changes and Phase Transitions

When attempting to emulate energies, there are some considerations to keep in mind.

When performing full HFB calculations and varying the LEC, the wave function
can differ greatly. Choosing snapshots that are too far away in parameter space can
cause low mutual overlaps. The consequence of this is disconnected interpolation
regions, demonstrated in Figures 4.3.b and 4.5.c.

A similar situation is when a phase transition occurs while varying the LEC. In
such a case, the output domain typically consists of two separate regions, with the
emulator requiring training points in both (and close to the phase transition) for
accurate emulation. Figure 4.9 shows what the case looked like for 2°Ne, a phase
transition to a superfluid (broken particle number) state as we decrease Cig,.
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Figure 4.9: Separate regions denoting superfluid and axially-deformed states
for 2°Ne, depending on Chg,.
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5. Concluding Remarks

This chapter summarizes the work performed in this project and presents the main
conclusions from the emulator constructions. Possible improvements and suggestions
for future work are also outlined.

5.1 Summary and Conclusions

Chapter 2 reviewed the many-body formalism underlying the mean-field description
of atomic nuclei. The HF and the more general HFB methods were introduced as the
approaches used in this work. By breaking different symmetries of the Hamiltonian
(particle number, angular momentum, and parity symmetry), the variational space
explored by the solutions of these methods was extended to able to study open-shell
nuclei.

In Chapter 3 we described how the broken symmetries of the intrinsic states can be
restored with projection operators. This chapter also illustrated the implementation
of these operators. As a result, intrinsic states with broken symmetries were projected
onto states with good particle number, angular momentum, and parity quantum
numbers for the calculation of ground-state energies.

Finally, in Chapter 4, we developed emulators for HFB ground-state energies based
on EC, including particle-number and parity projection. An emulator without a
projection operator was also constructed for an axially-deformed nucleus. The
underlying mathematical framework of EC was introduced and applied to our case.
In conclusion, the constructed emulators approximated the ground-state energies
with an average absolute error of 0.92 MeV across an output energy range of ~ 400
MeV using only three to six training points. Furthermore, the low computational
cost was demonstrated, with an explicit example showcasing increased efficiency by
five orders of magnitude compared to full HFB.

5.2 Outlook

The framework developed in this thesis could be extended to include breaking of
more symmetries. Also, the projection operator for angular momentum needs to be
adapted for calculation of the projected norm kernel. Additionally, the simultaneous
breaking or projection of multiple symmetries remains an interesting development
for future work.

The current implementation of EC selects the subspace eigenstate with the lowest

37
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eigenvalue for a given value of the LEC. This selection rule can be unreliable for
certain subspace constructions that include multiple eigensolution branches. An
improvement would be to develop a selection algorithm that identifies the correct
physical branch regardless of the eigenvalue.

In this project we used the symmetric formulation of EC, whereas in [11] an asym-
metric formulation was used. Their results indicated that emulators with asymmetric
kernels are more accurate than the symmetric variants. Implementing asymmetric
EC could further improve the accuracy, and therefore calls for further investigation.
The results from the symmetric formulation in [11] were used for comparison in
section 4.4.

A natural extension of this work would be to include the possibility of varying
different LECs in the emulator at the same time. Unlike many approaches that
construct parametric models from data, EC does not require an explicit functional
ansatz for the energy landscape. This makes EC potentially well-suited for higher
parameter dimensions.
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A. Diagnostic Parameters

There are a few different diagnostic parameters of interest in this thesis. They include

A

the variance of the particle number Var[N], the measure of quadrupole deformation

(rotational symmetry breaking) 5, and the measure of octupole deformation (parity
breaking) fs.

We start by quickly defining the particle number variance. It is defined by the
standard statistical definition of variance, which gives

A2

Var[N] = <N2> —(N) . (A.1)
The higher the variance, the more contributions from different particle number states.

Before defining the measures of deformation, we need to introduce the multipole
operators. They are defined by [10]

le = Z <Z’ TZYEm ‘]> Cjcja <A2)

ij

where [ is the multipole order, m is the magnetic number, |i) is a single-particle basis
state, Y}, is the spherical harmonic, and r is the radial coordinate. The multipole
operators have the property

Qb = (—=1)"Q1m.- (A.3)

So the hermitian average is

Gin = 5(Qun + (1) Q). (A4)

Using the hermitian average of the multipole operators we may now define the
measures of deformation. These measures are defined by [10]

Bim = CtQum, (A.5)
where 4
T
- A.
G 3RLA (A-6)

Here A is the atomic mass number and Ry = 1.24Y3 fm. The specific measures of
mentioned in this thesis are the ones for m = 0, I = 2 (quadrupole deformation) or
[ = 3 (octupole deformation) [10]. These are fao(= 52) and [30(= B3).
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B. Ptafhan

A matrix M is skew-symmetric if its negative transpose is equal to itself M = —M7T.
The polynomial of the skew-symmetric matrix M entries is called the Pfaffian Pf(M).
The square of the Pfaffian is the determinant [22]

det(M) = Pf(M)?. (B.1)

This is not the full definition, as the it also includes a unique choice for the sign. The
Pfaffian of a 2n x 2n skew-symmetric matrix (which was used in this thesis) is [22]

B 1
~ onp)!

PE(M)

Z sgn(o) H Mg (2i-1),0(2i) (B.2)

€Sy

where my,; is a matrix element of M, and Ss,, denotes all permutations of the integers
1,...,2n. Note that for a permutation o, the notation o(k) denotes the k' entry.
One could calculate the Pfaffian using equation (B.2), but the computational cost
scales as O(n!). M. Wimmer develops a polynomially scaling algorithm [22] used as
a black box in this thesis.
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