o

HCORAL AUTONDHA 3
T N L)
<0

N %
x=c=¢
=
=9
==
=\
(== 4

UNIVERSIDAD NACIONAL AUTONOMA DE MEXICO
POSGRADO EN CIENCIAS FISICAS

QUANTUM PHASE TRANSITIONS IN THE SEMIMICROSCOPIC ALGEBRAIC
CLUSTER MODEL

TESIS
QUE PARA OPTAR POR EL GRADO DE:
DOCTOR EN CIENCIAS (FISICA)

PRESENTA:
M. EN. C. DAVID STEFAN LOHR ROBLES

TUTORES PRINCIPALES:
DR. PETER OTTO HESS BECHSTEDT
INSTITUTO DE CIENCIAS NUCLEARES, UNAM

DR. ENRIQUE LOPEZ MORENO
FACULTAD DE CIENCIAS, UNAM

COMITE TUTOR:

DR. JORGE GUSTAVO HIRSCH GANIEVICH
INSTITUTO DE CIENCIAS NUCLEARES, UNAM
DR. EFRAIN RAFAEL CHAVEZ LOMELI
INSTITUTO DE FISICA, UNAM

CIUDAD UNIVERSITARIA, CD. MX., JUNIO 2022



e e

Universidad Nacional - J ~  Biblioteca Central
Auténoma de México -

Direccion General de Bibliotecas de la UNAM
Swmie 1 Bpg L IR

UNAM - Direccion General de Bibliotecas
Tesis Digitales
Restricciones de uso

DERECHOS RESERVADQOS ©
PROHIBIDA SU REPRODUCCION TOTAL O PARCIAL

Todo el material contenido en esta tesis esta protegido por la Ley Federal
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México).

El uso de imagenes, fragmentos de videos, y demas material que sea
objeto de proteccion de los derechos de autor, serd exclusivamente para
fines educativos e informativos y debera citar la fuente donde la obtuvo
mencionando el autor o autores. Cualquier uso distinto como el lucro,
reproduccion, edicion o modificacion, sera perseguido y sancionado por el
respectivo titular de los Derechos de Autor.






Agradecimientos

Principalmente agradezco al Dr. Peter Hess y al Dr. Enrique Lopez Moreno por haber di-
rigido el presente trabajo de tesis. Agradezco su tiempo, sus ensenanzas y sus comentarios
respecto al trabajo.

Agradezco al Dr. Jorge Hirsch y al Dr. Efrain Chavez por haber sido miembros del
Comité Tutor, y por sus comenatrios sobre el tema de investigacion e interés en el trabajo.

Agradezco a los sinodales: Dr. Roelof Bijker, Dr. Enrique Martinez Quiroz, Dr. Eli
Aguilera Reyes y Dra. Myriam Mondragén, por sus importantes comentarios y sugerencias
sobre la tesis, que ayudaron a mejorarla. También agradezco al Dr. Luis Acosta y al Dr.
Victor Veldzquez por haber sido sinodales durante el examen de candidatura al grado de
doctor, y por sus preguntas y comentarios que ayudaron a mejorar el presente trabajo.

Agradezco al M. en C. Antonio Jauregui por su apoyo y ensefianzas durante mis
estudios de Licenciatura y Maestria. También agradezco al Dr. Alfonso Mondragén y a
la Dra. Enriqueta Hernandez por su apoyo y ensenanzas durante mis estudios de Maestria.

Agradezco al Instituto de Ciencias Nucleares, UNAM, por el lugar proporcionado
durante los estudios de doctorado.

Agradezco a mi familia por su apoyo.

Agradezco al Consejo Nacional de Ciencia y Tecnologia (CONACyT) por el apoyo
econdmico a través de la beca (No. 728381) proporcionada durante los estudios de doc-
torado.



ii



Abstract

In this thesis the phenomenon of quantum phase transitions is studied within the frame-
work of the semimicroscopic algebraic cluster model. The dynamics of the cluster system
is described by a Hamiltonian operator composed of Casimir operators of two dynamical
symmetries: SU(3) and SO(4). The number of parameters in the Hamiltonian depends
on the number of interactions considered, and when continuously increasing the intensity
of some of these parameters quantum phase transitions occur. The study of phase transi-
tion is done using the catastrophe theory formalism applied to the semi-classical potential,
which is obtained as the expectation value of the Hamiltonian in the coherent state ba-
sis of the model. The semi-classical potential depends on control parameters, which are
linear combinations of the interaction parameters, and on the parameter variables of the
coherent states. Separatrices are constructed which divide the parameter space in regions
where the qualitative behaviour of the potential is the same. The structural changes of
the potential when going from one region to another are identified as phase transitions.
First, second and third order phase transitions are found in the model. Two examples are
considered: The system of two spherical systems %0 + a — ?*Ne, and the system of two
deformed systems 2C + 12C — 24Mg. Signatures of quantum phase transitions in these
systems are identified as avoided energy levels of the state 05 with the ground state 07.
In this thesis a novel method based on catastrophe theory to obtain the Maxwell set is
developed.

Additionally the same methods are applied to an effective model of QCD and a first
order phase transition is found and further physical information is extracted.
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Resumen

En esta tesis presentamos un estudio de las transiciones de fase cuanticas en el modelo
semimicroscopico de cimulos nucleares. La dinamica del sistema de ctiimulos es descrita
por un operador Hamiltoniano, que es una combinacién lineal de operadores de Casimir
de dos simetrias dindmicas: SU(3) y SO(4). El nimero de parametros en el Hamiltoniano
depende del nimero de interacciones consideradas y cuando se varia la magnitud de
algunos de estos parametros hasta alcanzar un valor critico ocurre una transicion de
fase. El estudio de las transiciones de fase es hecho usando el formalismo de la teoria
de catastrofes aplicado al potencial semiclasico, el cual se obtiene como el valor esperado
del Hamiltoniano en la base de estados coherentes del modelo. El potencial semiclédsico
depende de los parametros de control, que son funciones de los parametros de interaccién
del Hamiltoniano, y de los parametros de los estados coherentes. El espacio de parametros
es dividido en regiones donde el comportamiento cualitativo del potencial es el mismo
mediante separatrices. Los cambios estructurales del potencial que ocurren al variar los
parametros de una regién a otra son identificados como transiciones de fase; y en este
modelo encontramos transiciones de fase de primer, segundo y tercer orden. Dos ejemplos
de sistemas de ctimulos son estudiados: el sistema de dos ctimulos esféricos **O+a — 2°Ne
y el sistema de dos ctimulos deformados 2C+2C — 2*Mg. Las sefiales de transiciones de
fase cuanticas en estos sistemas se identifican como niveles evitados de energia del estado
05 con el estado base 0. En esta tesis se desarrolla un nuevo método basado en la teorfa
de catastrofes para obtener la separatriz llamada conjunto de Maxwell.

Adicionalmente, los mismos métodos son aplicados a un modelo efectivo de QCD para
demostrar la utilidad de los métodos desarrollados. Una transicién de fase de primer
orden es descrita y es posible extraer més informacion del sistema fisico.
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Chapter 1

Introduction

The study of phase transitions is of significant importance in different areas of physics.
The properties of a physical system are defined by value of the parameters that describe
them. The variation of the parameters can imply structural changes in those properties
when they reach a critical value. In this way, methods that focus on this relationship
between the change of parameters and its effect on the physical properties of a system
are very useful. When dealing with quantum mechanical finite systems that depend on
control parameters, smooth changes reminiscent of classical phase transitions can arise
in the physical observables. In the limit to the case of a system with infinite degrees of
freedom these changes become more drastic and singularities begin to appear; a semi-
classical approach is therefore needed. For this reason this type of phenomena is referred
to as quantum phase transitions (QPTs) [1].

In algebraic models in nuclear physics the study of QPTs has developed special interest
in recent times. The effects of the QPTs have been associated to structural changes in
nuclei [2,3], as well as with the shape and stability of nuclei [4-6]. The interacting boson
model (IBM) [7-9] has been a very popular model for the study of QPTs [4,10-19],
where the different phases are associated with different dynamical symmetries [20-26].
In Ref. [27] an extensive review on the study of QPTs in the IBM and its comparison
to experimental data of certain isotopic chains is presented. The Lipkin-Meshkov-Glick
(LMG) model [28] in nuclear physics and the Dicke model [29,30] in optics have also been
the testing bed for many recent studies on QPTs and their properties [31-40].

The use of catastrophe theory [41-43] as a systematic and effective way to study QPTs
in nuclear models has been previously applied in Refs. [4,19,27,34,44-46]. The structure
of the potentials analysed in those articles was relatively simple and it was possible to use
the catastrophe theory program. If the potential is complicated enough the application of
catastrophe theory to the problem is not as direct, and one has to resort to approximations
or numerical calculations, particularly when obtaining the Maxwell set separatrix [41]. In
the present work we developed a method based on the essence of catastrophe theory to
construct the Maxwell set. This shall prove itself useful when dealing with more involved
and complicated potentials, and maintaining an analytical approach, although in some
cases numerical analysis is inevitable.

This thesis is based on the results of two publications [47,48] and will be structured as
follows: In Chapter 2 we introduce the semimicroscopic algebraic cluster model (SACM),
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an algebraic cluster model which observes the Pauli exclusion principle (PEP) and explain
its advantages over other algebraic nuclear models. The semi-classical potential of the
interaction is obtained. The catastrophe theory methodology is explained in detail and
a simple example, the cusp catastrophe potential, is used to illustrate it. The definition
of a QPT is established and the same example potential is used to observe the effects
of the QPT in the energy levels of the Hamiltonian. Then using the methods described
the separatrix of parameter space are constructed for the SACM, where the semi-classical
potential has the same qualitative behaviour. We search for signatures of QPTs in the
energy levels of the 07 states and in other physical observables for two cluster examples:
The system of two spherical clusters O + o — *°Ne, and the system of two deformed
clusters 2C + 12C — 2*Mg. In Chapter 3 the methods developed in the previous chapter
are directly applied to an effective model of quantum chromodynamics (QCD), in order
to show their usefulness. In Chapter 4 conclusions are drawn and an outline of possible
future work in this line of study is discussed.



Chapter 2

The SACM and its quantum phase
transitions

In nuclear physics different methods exist to study the structure of nuclei and their prop-
erties. Cluster models are among them, which are further divided in two groups: alge-
braic and microscopic cluster models. The microscopic models consist in fully describing
the interaction between the nucleons and the Pauli exclusion principle is taken into ac-
count. Detailed reviews of the latest results in microscopic cluster models can be found
in Refs. [49,50]. The advantages of algebraic models is the comparatively ease of com-
putational time efficiency and in the obtaining of analytical expressions for the physical
quantities, where significant symmetries and use of groups theory is employed to further
facilitate the task. The algebraic cluster models are also divided in models which observe
the Pauli exclusion principle (PEP) and those models which do not satisfy it. A review of
the recent advances in algebraic cluster models of the latter type can be found in Ref. [51].
In the present work we will focus in an algebraic cluster model which satisfies the PEP,
namely the semimicroscopic algebraic cluster model (SACM) [52,53]. In recent times
there has been some research done within the SACM to understand the importance of the
PEP [54-56]. Additional complexity is found in a model satisfying the PEP compared to
one that does not. Primarily in the construction of the physical space of the model and
in the structure of the semi-classical potential obtained as the expectation value of the
Hamiltonian operator describing the interaction in the basis of coherent states. However,
we believe that these additional complexities encountered are worthwhile resolving, as
models which satisfy the PEP offer a more accurate description of the physical structure
of the nuclei. One of the purposes of this work is to develop a methodology, based on
catastrophe theory, which may be easily applied to an involved function and extract
information of possible quantum phase transition in nuclei and of the respective physical
properties associated. We start by describing the main characteristics of the SACM.

2.1 Introduction to the SACM

In the SACM the internal structure of the clusters is described by the SU(3) shell model
[57-59], while the relative motion of the cluster is described by the vibron model [60,61].
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This model, then, takes into account microscopic aspects of the description of the nuclei
and relates them to the phenomenological approach. The interaction between the clusters
is described by a Hamiltonian given in terms of the group Casimir operators and the space
of the model is microscopic, taking into account the Pauli exclusion principle. It is in this
way that the model is semi-microscopic.

The relative motion of the clusters is described by the creation 7' and annihilation
7 operators of the m bosons with angular momentum ¢ = 1, and their products form the
generators of the Ug(3) group [52], where the R subscript refers to the relative part. A
cut-off is introduced so that the total number of bosons N = n,+n, remains constant and
the number of m bosons ranges from ng to N. This is done by introducing the o bosons
with angular momentum ¢ = 0 and their creation o' and annihilation o operators. The
product of pairs of creation and annihilation operators conserving the number of bosons:
7T;rn7Tm,, Wina, o'n™ oo, are the generators of the group Ur(4).

Physical operators are constructed as tensor products of the generators of the group
Ug(4). The number operator, and the m components of the angular momentum operator
and the quadrupole operator are given by

n, =\3[xl @ x|
Ly, =V2[n' @]l (2.1)
V3

Qr., = 7[7"T ® w2,

The tensor product 7" @ 7]l% is given as the angular momentum coupling of the rank-1
tensors 7w and 7 to total spin S, explicitly it is:

(7t @ 7]l = ST (Imlmg|Sm)a, 772, (2.2)

mi,ma2
where (1mj1ms|Sm) is the Clebsch-Gordan coefficient.

The basis states of the Hamiltonian are determined by noting that the relative motion
has a Ug(4) group structure. The complete basis will be constructed as the direct product
of the relative motion part and the internal cluster structure part, which is described by
the SU(3) group [52,53]. There are two group chains of Ug(4) which contain the group
SOg(3) of angular momentum. The first one is

UR(4) D) SUR(3) D) SOR(3) D SOR(Q), (23)
with quantum numbers

n.=N,N—-1,...,1,0 (2.4)

Lr=nn,—2,...,10r0 2.5

mR:LR,LR—l,...,—LR—l—l,—LR. (26)

where N is the total number of bosons, n, is the number of m bosons and L is the angular
momentum.
The second group chain is

UR(4) D) SOR(4) D) SOR(g) D) SOR(Q), (27)
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with quantum numbers

w=NN-=2...,10r0 (2.8)
Lrp=w,w—1,...,1,0 (2.9)
mR:LR,LR— 17---7_LR+17_LR7 (210)

and one can speak of two dynamical symmetries limits: SUg(3) and SOg(4) [62], which
will define the structure of the Hamiltonian of the system. The basis is then labelled
by the quantum numbers provided by the first group chain, i.e. the basis used when
calculating the eigenvalues of the Hamiltonian is that of the SU(3) group chain.

The space of the SACM is obtained calculating the product

()‘1’ Nl) & ()‘2’ FL2) & (nm 0) = Zm)\u()‘nu’) (2'11)

A

where (g, pg) is the SU(3) irreducible representation (irrep) of the individual clusters,
(ng,0) is the relative motion irrep, and m, , denotes the multiplicity of the particular
irrep. The resulting sum contains irreps not present in the SU(3) shell model space of
the total nucleus [57,58,63-65]. As a necessary condition to observe the Pauli exclusion
principle, these non overlapping irreps are removed from the final SACM space.

An important aspect to mention concerning the number of 7 bosons n, is that of the
Wildermuth condition [66]: This imposes a minimal number of = bosons n, > ng. As an
example let us consider the cluster system 90 + a — ?°Ne as depicted in Fig. 2.1. The
number of oscillation quanta in the shell model for 60 is 12, and for « is zero, while the
number of oscillation quanta in the shell model for 2°Ne is 20. Therefore, 8 oscillation
quanta needs to be added to account for the difference, and for this example we have
no = 8. This can also be seen in the way the model space is constructed in (2.11). As %O
and « are spherical clusters we have (A1, 1) = (A2, p2) = (0,0), the irrep of the relative
motion is (8,0) accounting for Wildermuth condition, and the resulting product is (8, 0)
which is the ground state irrep of the 2°Ne nucleus.

The Hamiltonian considered is a function of Casimir operators of the SU(3) and SO(4)
groups, up to second order. The explicit expression of the particular Hamiltonian used
here is

H = hwng + (@ — bAn;)Cy(n,,0) + (a — bAn,)Cy(\, p) + EL?
+§ (xf -7ty — (@] [ - ) — (0)%] + 1. K2, (2.12)

A more general Hamiltonian could be considered by adding more terms, e.g the third
order Casimir operator of SU(3), but this added terms would only further complicate
matters and for our purposes the present expression will suffice. The Hamiltonian (2.12)
depends on seven parameters {a,a,b,b,c,&,t,} and hw = 45413 — 25A72/3 MeV [67],
where A is the number of nucleons of the total nucleus. In this chapter all parameters are
in MeV units.

The second order Casimir operator of SU(3) is given by [68]:

Co(\, p) = 4Q* + %LQ. (2.13)



2hw
® 6 ® 0 ® 6 ® 0
® 6 ® 0 ®e @ ® 0O
e 6 ® 0 ® 6 ® 0O
1hw
® 0 ® 0 e 6 ® O e 6 ® 0
Ohw
160 + a N 20Ne

Figure 2.1: For the cluster system °O + o — ?°Ne the protons and neutrons for each
nuclei are depicted as black and gray dots, respectively, in their corresponding shell. The
total oscillation quanta in the lhs is 12, while the oscillation quanta in the rhs is 20. A
difference of ny = 8 oscillation quanta needs to be added according to the Wildermuth
condition.

The total quadrupole operator Q@ = Q-+ Qy, is given as the sum of the cluster quadrupole
operator Qo = Q¢, + Qc,, which is further constructed as the sum of the quadrupole
operator of the individual clusters, and the relative motion quadrupole operator Qp given
in (2.1). Exactly the same is said about the total angular momentum operator L =
L¢ + Lg, where the relative motion angular momentum operator Lg is given in (2.1).
The cluster quadrupole and angular momentum operators only act on the cluster part of
the basis. The relative motion second order Casimir operator is given by

Cs(ns, 0) = 4Q% + %Lg — ny(n, +3). (2.14)
The operator multiplying parameter ¢ is the second order Casimir operator of SO(4),
which is not identified with a physical operator. Then, when the parameter c¢ is equal
to zero the Hamiltonian (2.12) is in the SU(3) dynamical symmetry limit, and a non-
zero value of ¢ indicates the case where the Hamiltonian has a term related to the SO(4)
dynamical symmetry, which can be interpreted as a deformation limit. The Hamiltonian
(2.12) can be further expanded by adding other Casimir operators such as the third order
SU(3) Casimir operator, which introduces more parameters. The purpose of this would
be to improve the fitting of energy levels to experimental data. However, the simple form
of the Hamiltonian (2.12) serves as a useful starting point to the semi-classical study of
quantum phase transitions. Adding more interaction terms to the Hamiltonian will only
complicate the resulting semi-classical potential after the geometrical mapping, but this
addition is not necessary for obtaining significant results of the phenomena of interest.
The operator K? is introduced to account for the degeneracy of excited states when
dealing with deformed clusters, and its eigenvalue is the quantum number which labels
the rotational bands.



2.2 Coherent states

The semi-classical potential is obtained as the expectation value of the Hamiltonian (2.12)
in a trial wave function. The coherent states are the states where the uncertainty relation
is minimum and usually provides good approximations to the ground states [69]. The
trial function is constructed as the direct product of the coherent states, which accounts
for the relative motion, and the state describing the cluster coupling. In the SACM the
coherent states are defined as [70]:

o) = Ny (@ - wh)™[a + (o - )] V]0)

N! dno
= ——  Nyn——o" +~(a - 7N *tm0|0 2.15
g ot #alal o) (2.15)
with
N2 dmo dmo
Ny2 = ( — [l 4+ Y70 - )N 2.16
N, 0 (N"_no)'df}/lo d’}/QO[ 1 2( )] 71:72:1 ( )

the normalisation constant. The last line in (2.15) is written as such to facilitate algebraic
manipulation when calculating expectation values. In Appendix A explicit calculation of
the expectation values of the operators in the Hamiltonian is performed. The coherent
states depend on complex and arbitrary variables «,,, with m = —1,0,1. The choice
made in the characteristic of these variables has important consequences in the resulting
semi-classical potential.

In this work we will consider two cases for the parametrisation of the «,, coherent
state variables and explore their consequences. The first case is when the «,, variables
transform as tensors, i.e. in the same way as the 7f,, and @™ operators, and the following
is satisfied:

b = (-D)""a,, (2.17)

and the lowering of the indices induces a phase.

In the second case they are arbitrarily complex variables. However, we will use the
same property used in [47,71,72] where they satisfy the relation:

) =y, (2.18)
which corresponds to a parametrisation in spherical coordinates.

An important difference between both cases concern the expectation value of the
relative part of angular momentum components Lg,, in the basis of coherent states. In
the first case the expectation value vanishes. In the second case the expectation value for
the x and y components are non-zero. The latter case is then useful when the inclusion
of a L, or L, contribution in the Hamiltonian is necessary, such as in the case of the
cranking method [68]. First steps toward the application of this method in the SACM
have already been made in [71-73].

The semi-classical potential is defined as the expectation value of the Hamiltonian in
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the complete basis of coherent states:
V(es ) = (a|H|o)
= (a + o) (Ca(Ne, o)) + E(L?) + E(N 1) (N + no — 1) + £, (K?)
+{[hw + 4@+ a+ (b+b)(ng — 1)) = 6(Ca(Ac, pic)) + 2€

_g(N o — 1)} (a* - a) + (a+b(ng — 1))(I'y + Iy) [a* x d]([f]} Fii(a)

!

i at (b4 B)(ng — 6) + ] (o @) = BTy + To)[a" x &)f)

B % {[a* y a*][ol + [& x d]([)ol} ?22E3§ — bl a>3§’ZZEZ; 219

where v are the coherent state variables, and ¢; = {a, a, b,b,c,&, t1} refers to the interac-
tion parameters. We defined the notation: &, = (—1)*"™a_,,, for the case where « is an
arbitrary complex variable. The ket |a) is shorthand notation for the complete basis wave
function, which is the product of the coherent states, concerning the relative motion, and
the internal cluster states: |a) = |a)|C} x Cy).

In (2.19) (Ac, pe) is an intermediate irrep of the cluster system given by the product
of the individual clusters: (Ay, p1) ® (A2, p2). The deformation of the clusters is taken
into account through I'j, which is the expectation value of the m = 0 component of the
quadrupole operator of cluster k [74]:

i = (e 20) Qs 0l O ) = @ (e + S(4x = 1)) B (220)

where ny, is the total number of quanta of cluster £ and [, is the quadrupole deformation.
The operator Q¢, o is the m = 0 component of the algebraic quadrupole operator and is

related to the quadrupole operator Qc, o by the relation: QF, o = 2\/§QC,€,0 [70]. The
functions F,,(«) are defined in [62] and are given by:

(V1)?

F,y(a?) = 2.21

pal@) (N + nyg — max(p, q))! ( )
" N+”O§ax(p") N+no—max(p.q) | _(k+p)!  (k+q! 5
k=max(no—p,no—q) k (k +p— no)' (k +4q— no)' .

2.2.1 First case: Tensor parametrisation of coherent states

In Refs. [62,74] the case of the a variables transforming as tensors has already been
treated in the SACM. In particular in [74] quantum phase transitions where studied
when a parameter z is varied going from a Hamiltonian with SU(3) symmetry at x = 1
to Hamiltonian with SO(4) symmetry at z = 0. At a critical point x. a quantum phase
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transition is found as an abrupt change in the expectation value of © bosons at the ground
state. The change in some of the excited state energy levels as a function of parameter x
is also studied. Our approach will differ from [74] in two ways: First QPTs are studied
within the SU(3) limit of the Hamiltonian (2.12) where the parameter c is zero, and then
the SO(4) symmetry is taken into account by turning on the parameter ¢, where QPTs
are also found.

The simplest way to satisfy the transformation rule (2.17) is with the following choice:

oy = 1o
ay; =0, (2.22)

which was also used in [62]. In this parametrisation there is only a dependence on one
variable «, which can be related to the distance between clusters [70]. Direct application
of this particular choice in the semi-classical potential (2.19) is straightforward and leads
to a one dimensional function dependent on three control parameters:

FH(O‘>+BQ4FQ2(O‘)+ ¢ Fs3() LC 2 Fao()

Viaye) = Vo — (b+b) (AO‘ Fool(a) Foo(e) @ Foo(a) “ Foo(a)

) . (2.23)

with the constant value Vj given by
c

4(N +n9)(N +np— 1) +t(K?),  (2.24)

Vo = (a+mnob){Ca(Ac, o)) + E(LE) +

The 3 control parameters ¢; = {A, B,C} are linear combinations of the Hamiltonian
parameters:

<A:—E$zhw—b@b@au@f+4a+&+®+gmm—1»
+<a-|— b(ng — 1)) (I +Tg) + 26 — g(N—Fno - 1)}

1 = c
B=———= a+ (b+0 —6)—-0(I'y+T = 2.2
e+ a+ 0+ B)no—6) —o(ly + 1) + ] (225)
1 ¢
C=——-.
b+b2

2.2.2 Second case: Arbitrary parametrisation of coherent states

In the appendix of [62] the structure for this type of parametrisation was laid out. In
Refs. [71,72] this parametrisation of coherent sates was used to study QPTs in excited
rotational states in the SACM with the cranking method, but the observation of QPTs in
physical observables has not yet been discussed.

A way to satisfy the transformation rule (2.18) is with spherical coordinates:

oy = acost

Qg
41 = —e?sinb, 2.26
+1 \/5 ( )



where the variables (a, 0, ¢) have the domains: « € [0,00), 6 € [0,7] and ¢ € [0, 2m).
Again, the « variable can be related to the distance between clusters and the angle vari-
ables to their orientation [70]. Using (2.26) and applying the couplings in the semi-classical
potential (2.19) leads to a two dimensional potential dependent on four parameters:

Fll(Oéz) .92 4F22(O[2)
Ve, 0;¢; :V+<A—|—E00520>a2 + (B 4+ Fcos20 + Csin“20) o ——=
( ) 0 FQ()(O(2) ( ) FOQ(OZQ)
- F33(Oé2) F20(Oé2)
— (b+b)a® + D cos 260> ,
( ) Foo(Oéz) Foo(Oéz)
(2.27)

and we can notice that the potential is independent of ¢. The constant term Vj is given
by

c
4

The control parameters ¢; = {A, B,C, D, E, F'} of the potential are linear combination of
the Hamiltonian parameters, and are given by

Vo = (a+neb){Co(Ac, pio)) + E(LEY + (N +no)(N +ng — 1)+, (K?).  (2.28)

C

A= hw = b(Cs(Ac, pic)) +4((a+ @) + (b+b)(no — 1)) S(N 40 —1)

— (a+b(ng — 1)) (I'y + ) + 2¢ (2.29)
B:a+d+(b—|—b)(n0—6)+§+b(F1+F2) (2.30)
C=¢— 2 (2.31)
D:g (2.32)
E=-3(a+b(ng—1))(I'1 +T2) (2.33)
F=3bT +Ty). (2.34)

In Appendix B we discuss the critical points of certain types of two variable functions
dependent on parameters as it will be of use when applying catastrophe theory to the
semi-classical potential (2.27) in the following sections.

2.3 Catastrophe theory

The catastrophe theory formalism provides a framework for the study of QPTs [41]. The
essence of catastrophe theory lies in the determination of the characteristic of a function’s
critical points in terms of their parameters, i.e. one is able to tell how many maxima,
minima and saddle points a function has depending of the values on the parameters taken.
A critical point serves as an indication of stability. Then a change of the parameters can
imply a change of the critical points of the function. There exists a great number of
research and applications of catastrophe theory in very different areas of physics [75-83].

For our purpose the final goal of the methods of catastrophe theory is to divide the
parameter space in regions where the function has qualitative similar behaviour. Two
important separatrices are necessary for this: The bifurcation set and the Maxwell set [41]:
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e The bifurcation set is the subspace of parameter space delimiting the emergence of
critical points of the function.

e The Maxwell set is the subspace of parameter space where two or more extrema of
the function coincide.

The importance of these subspaces lies in that they delimit regions of changes for the
stability of the potential. In the case of the bifurcation set it means the emergence of new
stability points, e.g. minima. In the case of the Maxwell set it means a change between
two stability points, e.g. the global minimum jumps to a different one by a variation of
the parameters.

Now we shall describe the steps of the catastrophe theory program to obtain these
separatrices.

1. The fundamental root of the function is a critical point which is independent of the
values taken by the parameters. A Taylor series expansion about the fundamental
root is performed, and the first non constant terms are subsequently eliminated by
specific selections of the control parameters. These selections define the essential
parameters of the function [4]. The last Taylor series expansion term which can’t be
eliminated without vanishing the whole function is called the germ of the function.
By performing a change of variables it is possible to eliminate the tail of the Taylor
series, so that the germ is all that remains in that subspace of the essential parameter
space [41].

2. Once that essential parameters of the function are defined we construct the critical
manifold of the function. Given a one dimensional function V'(z; ¢;) dependent on n
parameters, the critical manifold is defined as the hyper-surface of critical points x..
spanned by the n parameters (ci, ..., ¢,) satisfying VV (z.; ¢;) = 0. The bifurcation
set is identified as the subspace in parameter space where the mapping of the critical
manifold to parameter space is singular [41], i.e. when the Jacobian determinant of
this transformation vanishes.

3. The Maxwell set is commonly obtained by solving the so-called Clausius-Claperyon
equations [41]. These are a set of differential equations, which even for the simple
examples of the elementary catastrophe can prove to be quite complex. Then this
method is not ideal when dealing with a more involved potential function, such
as the semi-classical potential we will be treating in this work. A method was
described in [47] analogous to the method for the bifurcation set to circumvent
these difficulties. The new method consists in constructing the roots manifold,
which is the hyper-surface of roots x, spanned by the n parameters (cy,...,c,)
satisfying V'(z,;¢;) + Vo = 0, where V; is an arbitrary real number. The Maxwell
set is identified as the subspace in parameter space where for two roots x; and x5
the mapping of the roots manifold to the parameter space is singular for the same
set of parameters.

In Appendix C explicit expressions for the bifurcation and Maxwell set of an arbitrary
one dimensional function, depending on four parameters, are obtained.
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2.3.1 Example: Cusp catastrophe

In this subsection we will apply the methods described in the previous subsection and in
Appendix C to the simple example of the elementary cusp catastrophe [41]. The cusp
catastrophe is given by
f(x;a,b,c) = %x4 + gx2 + cz, (2.35)

where € (—00,00) and a, b and ¢ are real parameters. Parameter a only serves as a
scale, with a > 0, as it can be factorised of (2.35), and the cusp catastrophe only depends
on two essential parameters. The first term of the Taylor series expansion vanishes when
¢ = 0 and the second term vanishes when b = 0, and no further term can be eliminated.
Then, the germ of the cusp catastrophe is 4.

The critical points of f(z;a,b,c) are the x. values for which the first derivative of
(2.35) with respect to z is zero:

df(z;a,b,c)

i = ar® + br.+c=0. (2.36)

==,

The critical manifold is then the surface of the critical points z. spanned by a continuous
variation of parameters (a,b,c). In Fig. 2.2 we plotted the critical manifold, for a = 1,
spanned by (b, ¢).

Figure 2.2: Critical manifold (b, ¢, z..) for the cusp catastrophe with a = 1. The bifurcation
set is shown as the green curve in the (b, ¢)-plane, which corresponds to the projection of
the set of points where the tangent plane to the surface is vertical.

Our goal is now to apply the formulae in Appendix C and obtain the bifurcation and
Maxwell sets for this simple case.

To obtain the bifurcation set we consider the mapping of the critical manifold to the
parameter space: (z.;b,c) — (b, c), where we left a out as it only sets the scale and may
be factored out. Solving (2.36) for ¢ we can write it in terms of the critical point x. and
b:

c(x., b) = —az? — bx,. (2.37)

12



Then the mapping is (x., b) — (b, ¢), and the Jacobian determinant of the transformation
1s:

o b
Erll s 0 1 Oc
det BBxcc g[é‘| | 0c  Oc| — T . (238)
Lxc b dzc b d.
Using (2.37) we obtain the Jacobian determinant as:
0
- a—;c = 3az? + b. (2.39)

The transformation is singular when the Jacobian determinant vanishes, i.e. when (2.39)
equals zero or, solving for b, when

b(z.) = —3ax?. (2.40)
In return, we can substitute this result in (2.37) to obtain ¢ as a function of z.
c(x.) = 2ax?. (2.41)

We have now found the subspace in parameter space (b, c) parametrised by x. known as
the bifurcation set, and it is given by

Cp = {(b,c) = (—3ax?, 2ax?) | . € R}. (2.42)

In Fig. 2.2 the bifurcation set is shown as the projection in parameter space (b, c) where
the tangent plane to the critical manifold is vertical. In Fig 2.3 parameter space (b, c¢) is
drawn with a representative function depicted for each region. It is also possible to write
the parametrise curve (2.42) as the more well known expression [41]:

b\’ c\?
— — ) =0 2.43
(3@) - (2@) ’ (243)
which is obtained by eliminating x. in (2.40) and (2.41).

The Maxwell set is the subspace in parameter space where two or more extrema of
the function (2.35) have the same value, i.e. for x; and x5 critical points we have

f(x1;a,b,¢) = f(xe;a,b,¢) = —fo, (2.44)
where fj is a real number. Condition (2.44) allow us to consider the roots of the function
f(zy;a,b,¢) + fo=0. (2.45)

The roots manifold is the surface of roots x, of (2.45) spanned by a variation of parameters
(a,b, c) for a fixed fo.

The intersection of the critical manifold and the roots manifold, i.e. when a point z;
is a critical point and f(x;a,b,c) is equal to —fy, occurs in the set of points when the
tangent plane to the roots manifold is vertical. This is because a critical point emerges
at the coalescence of two roots. Then, analogously, we may define the Maxwell set as
the subspace in parameter space (b, c) where the mapping of the roots manifold to the
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parameter space (x,;b,c¢) — (b, c) is singular for two different critical points z; and .
The first step is then to determine where the Jacobian determinant of this transformations
is singular.

From (2.44) we can solve for ¢ and get

c(xr,a,b, fo) = ——x, — =z, — —. (2.46)

Then the mapping is (z,,b) — (b, c), and the Jacobian determinant of the transformation
is exactly the same as (2.38):

(2.47)

= —ax, +

0 3 5 b fo
or, 4 2 a2

The transformation is singular when (2.47) is equal to zero, this allows us to solve for b

and we get:
3 9 ,Jo
b(x,,a, fo) = —5a%; + 2x—%.

(2.48)

In return, we can substitute this result in (2.46) to obtain ¢ as a function of z, and f

o

T

c(xp,a, fo) = gxf -2 (2.49)
A way to prove that z, is also a critical point is to directly substitute both (2.48) and
(2.49) in (2.36), with z, = x., and see that it is automatically satisfied.

In the Maxwell set mapping of the roots manifold must be singular for two different
values x; and 9 simultaneously for the same set of parameters, i.e. the following set of
equations must be satisfied:

b(xlaaa fO) = b(l’z,a, fO) (250)
C(l'l,a,, fO) = C(ana'a fO) (251)
This sets of equations can be written as
3
~(@ — ) | jarted + 20| =0 (2.52)
1
(x1 — x2) |:§(IIL'11'2 (xf + z129 + x%) + 2f0} = 0. (2.53)

From (2.53) we obtain that 1 = —x9, and directly substituting in (2.52) we get

_ o [f0
xf—Z\/:. (2.54)

Substituting back (2.54) in (2.48) and (2.49) gives us:

2
Ty

b= —ax? (2.55)
c=0. (2.56)
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The subspace in parameter space (b, ¢) parametrised by z, defined in (2.55) and (2.56) is
the Maxwell set, and it is given by

Cyv = {(b,c) = (—ax?,0) | x, € R}. (2.57)

The Maxwell set in parameter space (b, c¢) is the negative half of the b-axis, shown as a
dashed line in Fig. 2.3.
The results of the Maxwell set may be summarised as follows: The function f(z;a, b, c)

has two critical points when b < 0 and ¢ = 0, localised at xx = +,/—b/a. They correspond
to minima with a value of fy = ab*/4.

a

1
—

e R S —p———

-2 -1

(¢}

Figure 2.3: Parameter space (b, ¢) of the cusp catastrophe given in (2.35). Three different
regions are identified and a representative function is shown in each of them. Crossing
the dashed line from region II to region III results in a first order phase transition.

2.4 Quantum phase transitions

A phase transition is an important phenomenon in physics which is characterised by a
drastic change in the physical properties of a system as a control parameter is varied.
A common example is the phases of water, and how phase transitions occur when the
temperature reaches a critical value, e.g. water evaporates when reaching T, = 100°C.
Phenomena with similar qualities to that of phase transitions, but that takes place in
a quantum level, with infinite degrees of freedom, are called a quantum phase transitions.
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The traces of QPTs are usually more difficult to see in physical observables, as the changes
produced as the control parameters are varied are more faint than the drastic changes in
their classical counterparts. The study of QPTs in a wide variety of areas in physics is
very rich ranging from non-Hermitian quantum mechanics to spin systems and collective
models [84-93]. A very recent review on QPTs in algebraic and collective models can be
found in [94]. In [95] a related phenomenon called excited state quantum phase transitions
(ESQPT) was investigated in interacting many-body systems, and a recent review on this
subject can be found in [96].

One is often able to construct separatrices in the space of control parameters which
divide it in regions representatives of the different phases. Trajectories in parameter
space can then be found when one varies the control parameters going from one region to
another such that a phase transition occurs. Going from one phase to another means a
change in the global minimum of the potential function describing the physical system.

One of the main properties of phase transitions is their order. A trajectory in param-
eter space can be parametrised by a single parameter s: ¢(s). According to Ehrenfest’s
classification the order of a phase transition is defined by the discontinuity of the n-th
derivative of the minimum of the potential with respect to the control parameters. Then,
a phase transition is of n-th order if there exists a point sy where the first n — 1 deriva-
tives of the global minimum of the potential with respect to s is continuous and it is
discontinuous for the n-th derivative:

k ) k )
lideL(c(s)) :limde(c(S)) , k=1,2,....n—1 (2.58)
e—0 dSk so—c e—0 dSk so-te
. d"Viin(c(s)) . d"Viin(c(s))
L e 259

The order of the phase transition depends on the path taken in parameter space.
We shall continue with the cusp catastrophe example of the previous section to study
the properties of its phase transitions.

2.4.1 Example: QPTs in the cusp catastrophe

Let us consider the Hamiltonian of the potential (2.35) of the cusp catastrophe in h =
2m = 1 units:

b
H=p"+ %x4 + §x2 + cz, (2.60)
where p is the one dimensional momentum operator
d
= —i— 2.61
p=—ig (2.61)

The main goal of this subsection is to try to match the phase transition analysis of the
potential (2.35) with changes of the energy levels of the quantum Hamiltonian (2.60).
This will prove useful when we deal with the QPTs in the semi-classical potential of the
SACM in the following sections.

There are two QPTs in the cusp catastrophe, one of first order and one of second order.
The first order phase transition happens when the ¢ parameter changes from negative to
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positive crossing the Maxwell set. Here the global minimum jumps from one located at
x < 0 to a new one located at = > 0, as shown in Fig. 2.3.

In Fig. 2.4 we plot the path taken in parameter space for a first order QPT along with
the associated energy levels of the Hamiltonian (2.60).

a=1
|

Energy Levels

Figure 2.4: In the left plot we show the parameter space (b, ¢) of the cusp catastrophe for
a = 1. The bifurcation set and the Maxwell set are depicted as a solid and dashed lines,
respectively. The arrow is the trajectory taken, with fixed b = —5, where a first order
phase transition occurs at ¢ = 0, when crossing the Maxwell set. In the right plot we show
the energy levels of the first bounded states as gray lines. The global minimum of the
potential is depicted as a solid line, the local minimum is depicted as a dotted line and
the local maximum is depicted as a dashed line. We can see that when the bifurcation set
is crossed, and a second local minimum emerges, avoided energy levels crossings begin to
occur for the excited states.

The second order phase transition happens at ¢ = 0 when the parameter b changes
from positive to negative passing through the origin (b = 0,¢ = 0) where the potential
is 2%, i.e. the germ of the potential. The phase transition occurs at b = 0. The critical
points in this case can be easily found in (2.36) with ¢ = 0:

71 =0 (2.62)

b

Here the global minimum at x; = 0 for b > 0 splits into two equally deep minima at

xy = £y/b/a for b < 0 and z; becomes a maximum. The potential evaluated at the
global minimum z; for b > 0 is zero, and all derivatives with respect to b are also zero:

dkv
V@)l g g (2.64)
dbF o
The potential evaluated at the global minima x. for b < 0 is equal to:
1
V(rs(b)) = ——b*. 2.65
(22(0)) = — - (2.65)
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The first two derivatives of (2.65) with respect to b evaluated at b = 0 are

dV(l’i)
=0 2.66
i (2.66)
d2V(l':|:) 1
@ |, = (2.67)

Comparing both results we encounter a discontinuity of the second derivative at b = 0:

d2V(l'1)

d2V(ZL‘:|:)
T |7 aE

2.68
s (2.68)

b= b=0—

and we say the phase transition is of second order.

In Fig. 2.5 we plot the path taken in parameter space for a second order QPT along
with the associated energy levels of the Hamiltonian (2.60). After the point of the phase
transition b = 0, as the parameter b decreases, pairs of eigenvalues become almost degen-
erate with negative energy. This is because the energy states begin to settle in the double
wells, which are equally deep.

a=1
g

d | Y

Energy Levels

Figure 2.5: In the left plot we show the parameter space (b, ¢) of the cusp catastrophe for
a = 1. The bifurcation set and the Maxwell set are depicted as a solid and dashed lines,
respectively. The arrow is the trajectory taken, with fixed ¢ = 0, where a second order
phase transition occurs at b = 0, when crossing the origin (b = 0,c¢ = 0). In the right plot
we show the energy levels of the first bounded states as gray lines. The potential global
minimum is depicted as a solid line.

This analysis of QPT of the cusp catastrophe has been previously done in [86], where
they focus on the QPT of the excited states, characterised by the avoided energy levels.

18



Parameter space regions

Number of

Region extrema Potential characteristics
(minima)
For ¢ < 0 (¢ > 0) a single minima is located at x. > 0
I 1 (1) (z. < 0). For ¢ = 0 the potential goes as ? in the limit
r — 0.

There are two coexisting minima at z_ < 0 and x, > 0,

1 32) with V(z_) > V(z,). In between there is a maximum.

I 3(2) There are two coexisting minima at z_ < 0 and x, > 0,
with V(z_) < V(z;). There is a maximum in between.

A 1 At b < 0 and ¢ = 0. There are two equally deep minima

axwe

<ot W 3(2) V(zy) = —b*/(4a), located at x4 = +,/—2. There is a
maximum in between.

Bifurcation 2 (1) The potential has a minimum and a saddle point.

set

The purpose of this example was to show that the methods of catastrophe theory are
useful in the study of QPTs, as has been previously done in many works [4,19,27,34,44-46],
and to prepare ourselves for utilising these same methods for more complicated potentials.
In the next section we will apply these same steps in the semi-classical potentials (2.23)
and (2.27) of the SACM, and find a way to match the quantum behaviour of energy states
and other observables to the semi-classical analysis.

2.5 Quantum phase transitions in the SACM

In order to test the semi-classical potentials of the SACM we need to consider particular
examples to obtain value of ng, hAw, and of the deformation parameter 3y of the k-th
cluster. For this purpose in this work we shall consider two examples, one corresponds to
a system of spherical clusters O +a — 2°Ne, and the other to a system of two deformed
clusters 2C + 2C — 2Mg.

First a semi-classical analysis of QPTs in the respective parameter space will be per-
formed in the SU(3) limit of the Hamiltonian, and in a Hamiltonian with an added term of
the SO(4) dynamical symmetry, and all information available will be extracted. Secondly,
we will search for appropriate regions in parameter space and map back to the interac-
tion parameter of the Hamiltonian in order to look for signatures of QPTs in physical
observables, e.g. energy levels and probability transitions.
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Summary of QPTs for the cusp catastrophe
Transition Behaviour of energy levels
Avoided crossing energy levels begin to occur for excited
states.
First order phase transition. Avoided crossing energy
level for the ground state.
Second order phase transition. Almost degeneracy of
b>0tob<0Oatec=0 energy pairs, starting with the ground state and first
excited state.

Region I to region II

Region II to region II

2.5.1 Tensor parametrisation of coherent states

We start by recalling the one-dimensional semi-classical potential obtained in (2.23):

7 F(a) 4 Foo(a) Fis(a) o Fao(@)
Vie) =Vy— (b+0b) [ Aa? + Ba ab + Ca . (2.69
i O < Foo(a) Foo(a) Foo(a) Foo(a) (2:69)
with the constant value Vj given by
c
Vo = (a+nob)(Ca(Acs o)) + E(Le) + (N +no)(N +ng — 1), (2.70)
and the relation of parameters given by
1 . _
+(a+ blmg = 1)) (1 + Ta) + 26 = (N +np - 1)}
1 - c
B=—— a+(b+b —6)—b(I'y+T = 2.71
e+t b+ B —6) — oIy + 1) + ] 271)
_ L
Cb+b2

The origin a@ = 0 is the fundamental root of the semi-classical potential (2.69). The
functions Fj,,(«) in (2.21) are polynomials in powers of o with positive coefficients. There-
fore, the potential does not have singularities for real «. For arbitrary ny and N the first
terms of each of the rational functions that appear in the potential are:

2Fu(a) _not Ning +1)%0* + N(N = 1)(no +2)(no + 1) + ..

Foola) 1+N(n0+1)a2+N(N—1)(n0+2)(n0+1)°‘2—f+... (272)
A no(no — 1) + N(ng + 1)*npa® + N(N — 1)(ng + 2)%(no + 1)>% + . .. (273)
Foola) 1+ N(ng +1)a2 + N(N — 1)(no +2)(ng + 1) + ... '
of Fs3(a) _ no(no — 1)(ng — 2) + N(ng + 1)?ng(ng + 1)a® + . .. (2.74)
Foo(@) 14 N(ng+1)a2+ N(N —1)(no + 2)(ng + 1) + ... '

2Fn(@) _ —1)(n n o
0* Ftes = NN = 1)(mo + 2)(n0 +1)
§+(N—2)(n0+3)%+ (275)

X .
14 N(ng +1)a2 + N(N — 1)(ng +2)(no + 1)% + ...
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Then, the first derivative of the potential with respect to a will have the global « factor,
meaning that at o = 0 the first derivative vanishes independently of all values of the
parameters {A, B, C'}.

Following the steps enumerated in a previous section, we begin by expanding (2.69)
in a Taylor series about the fundamental root a = 0:

V(s A,B,C) = Vy — (b+b) (To + Tia® + Toa' + T30 + .. ), (2.76)

where the first coefficients are given by:
Ty = noA + no(ng — 1) B + no(ng — 1)(ng — 2) (2.77)
Ty = N(ng + 1) [A +200B + 3no(no — 1) + %(N — )(ne + 2)0} (2.78)
T, = %N(no +1) [(no(N +1) + 2)A+ (N(2nf — ng — 2) + (ng + 2)(2n0 + 1))B (2.79)

+3n0(N(no(no — 2) — 2) + no(no + 2)) + %(N — 1)+ 2) (10N + 1) + 3)C]

The next coefficients become more convoluted and writing them explicitly is not worth-
while for our purpose as we only use the first three coefficients.
The coefficient T3 is eliminated with the following relation of parameters:

1 1

We can solve (2.80) for A and substitute the result in (2.79), then the coefficient T3 is
eliminated with the following relation of parameters:

%N(N —1)(np + 2)(no + 1) [B + 3np — é(no(N +1)+ 6)(]] =0.  (281)

We can solve (2.80) for B and substitute the result in 73. Then, the coefficient of a® is
eliminated with the following relation of parameters:

%N(N — )N = 2)(np + 3) (19 + 2) (19 + 1) {1 n 2—14710(1\1 + 1)0} 0. (2.82)

The next coefficient Ty of a® is independent of parameters if (2.80), (2.81) and (2.82) are
satisfied. This defines the germ of the potential as a®.
Conditions (2.80), (2.81) and (2.82) define the essential parameters (r1,72,73,74) as:

1
r = A + 2”03 + Sno(no - 1) + Q(N - 1)(710 + 2)0

1
T3:—(b—|—l_7)
1
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The reason to define the essential parameter 74 as such, and not exactly as (2.82), is so
that there is a parameter carries the dependence on the ¢ parameter in the semi-classical
potential, i.e. of the SO(4) symmetry.

The next step is to rewrite the semi-classical potential (2.69) in terms of the essential
parameters (2.83). To do this we start by subtracting V and the constant term of the
Taylor series expansion Ty from the potential:

V(a; A, B,C) =V(; A, B,C) — Vo + (b+ )Ty

(b+b) ) \
- _Foo(Oé) {A((x Fii(a) — noFoo(Oé)> + B((x Fao(a) — ng(ng — 1)F00(@)>
+a®Fya(a) — no(no — 1)(no — 2)Fon(e) + Ca®Fn(a)| (2.84)

The new potential V' now tends to zero as o — 0.

Using the explicit expression for the functions F,,(«) and expanding term by term we
may rewrite them to incorporate the essential parameters. This is done by rewriting the
terms appearing in (2.84) as sums of new polynomials Q;(«):

Fuo Nlngla®™ Qo ()

N!nola2”°Q1(a) (2.85)
N'ngla?™ [2n0Q: () + Qa(e)]

Nlngla®™ [3n0(no — 1)Q1(v)

+3n0Q2 () + Q3()]

02 Fyp(a) = Nlngla2" %(N —1)(no +2)Q1(a)

Q

()
o?Fy () — ngFoo(a)

o Fy(a) — ng(ng — 1) Fyo ()

a® Fys(a) — no(ng — 1)(ng — 2) Fyo(a)

—é(no(N 1)+ 6)Qa() + %no(N + 1)Q4(a) |,

where the @Q;(«) polynomials are defined as:

N N! n0+k‘ ! Oz%
Qi<0‘>:Z(N—k)!( ny! | kl(k — )]

k=i
NN (ng+ k) o
= . 2.86
Q) ,;,,(N—k)! nol  (k+ 1)I(k — 3)! (2.86)
In Appendix D we show in detail how the expressions in (2.85) were obtained.
With the results in (2.85) we go back to (2.84) and rewrite the potential as:
- r
Viayri) = 0 EOZ) [rQ1(@) + r@a(a) + Qs(a) + r4Qa(av)] (2.87)
0

and the essential parameter are defined in (2.83).

For fixed values of N the potential tends to finite values as a — oo. For practical
reasons we are satisfied with small values of N for the semi-classical and quantum treat-
ments. However, the exact energy levels are obtained in the limit N — oo. In this limit
the potential will tend to either oo or —oo as o — oo, and the potential will be said to
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be either stable or unstable, respectively. In the former case the potential is said to have
definite stable wells, while in the latter case these wells would disappear as N — oo. This
property serves to construct a separatrix in parameter space characterising the stability
of the potential. Potentials with parameter values in the stable region will be said to have
physical meaning, while potentials in the unstable region are said to be unphysical. This
separatrix is obtained by studying the potential (2.87) in the limit o — oo:

lim V(a;r;) = rsN (m +79(N —1) 4+ (N = 1)(N — 2) + ry (v _A?f\i - 2>> . (2.88)

a—00

and determining for which sets of parameters do equation (2.88) vanishes. The stability

separatrix is defined as:

(N —=1)(N—-2)
N+1

r1+re(N—=1)+ (N —=1)(N—2)+ry =0. (2.89)

The semi-classical potential depends on four parameters, but one of them r3 serves as
a scale, so that all analysis can be done in a three-dimensional parameter space (ry, ra, r4).
Parameter 7, is proportional to parameter ¢ of the SO(4) symmetry. Then, when r4 = 0
we are in the SU(3) limit, and we are dealing with a two-dimensional parameter space
(r1,72). These are the two cases contained in the potential (2.87): One is related to a
purely SU(3) symmetric Hamiltonian, and the other is a Hamiltonian with terms relating
to SU(3) and SO(4) dynamical symmetries.

2.5.1.1 Separatrices in parameter space

Following the formulae in Appendix C the bifurcation and Maxwell sets of the semi-
classical potential (2.87) will be obtained. For this purpose we rename the rational func-
tions appearing in the potential in the following way

Qi(a)
Q) = , 2.90
o) = 510 (2.0
so that the potential has a similar form as the one written in Appendix C:
V(i) = rigi(@) + raga() + gs(a) + r4g4(a). (2.91)

Bifurcation set
The bifurcation set is the parametric surface in three-dimensional space described by

Cp = {(7’1(%;7’4),7“2(%;7“4),7’4) | o, € R} (2.92)

with 1 and 7y parametric functions of the critical point z. and of ry4:

r = (W9, 93 +TW9’,9’)
= Ty (W 6k ) + W (60
1

Wighdb) (W(gi, g3) +raW(gh, gé)), (2.93)

ro = —
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where the prime indicates differentiation with respect to o and W(f,g) = f(a)g' (o) —
f'(a)g(c) is the Wronskian determinant.

Mazxwell set

The Maxwell set is the parametric surface in three-dimensional space described by

Cv = {(ri(ag;ra), ra(ae; 1), 14) | e,y € R} (2.94)

with 1 and ry parametric functions of the critical point x. and of ry4:

1
= m<w(92793) + 7“4W(92,94))
1
Ty = —m <W(917 93) + 7"4W(91, 94))- (2-95)

This is only valid for the case V; = 0, i.e. where both minima are zero, which is the only
case when ry, = 0. When r4 # 0, and we are interested in searching for two equally deep
wells of the potential where V # 0, we will follow the steps described in Appendix C.

Continuation of the Bifurcation set

A particularity of this potential is that both the bifurcation set and the Maxwell set
are finite segments in parameter space, meaning they have a beginning and an end. Both
sets are parametrised by the critical point «, with a domain «a, € [0, 00). For simplicity
we will treat the two-dimensional parameter space (r1,79) with 74 = 0, knowing that the
separatrices in three-dimensional space can be obtained with the new r4-axis perpendicular
to the (rq,7r2)-plane. The beginning and end of both sets are at a. = 0 and o, — oo,
respectively. Those two points then are continued by other separatrices. The beginning
for both sets is the origin (1 = 0,79 = 0,74 = 0), which is continued by the rs-axis, or
in three-dimensions the (79, 74)-plane. The end of the Maxwell set is continued by the
stability separatrix defined in (2.89).

Our goal now is to find the continuation of the bifurcation set. Given that the be-
ginning of the bifurcation set and Maxwell set is the same, their ending should also be
connected, as they share some properties. Similarly to the stability separatrix, this sep-
aratrix is also a straight line, and their slope is obtained by connecting the ends of the
bifurcation set and the Maxwell set.

This plane is given by

ro =mry + b, (2.96)

with the slope m given by

B M
m= lim 20aT) 77 Qo Ts) (2.97)
ac=00 1P (0, 1a) — 11 (A, 74)
and the intersection with the ry axis is given by
b= lim rlB(aca r4)7ﬂéz(a07 7"4) - r]l‘]\;[(aca T4)TQB(OZC, 7’4)7 (298)
ac—00 T (e, mq) — 177 (Qtey 74)

where the slope is independent of the parameter r4 and the intersection depends on the
parameter r4. Here we use 72 and rM to refer to the parametric functions that define the
bifurcation set in (2.93) and the Maxwell set in (2.95), respectively.
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These five separatrices: bifurcation set, Maxwell set, stability separatrix, continua-
tion of the bifurcation set, along with the ry-axis divide the two-dimensional parameter
space (11, 79) in nine regions where the semi-classical potential has qualitatively similar be-
haviour. The parameter space and their regions are shown in Fig. 2.6, along with pictures
of representative potentials. In the next table we describe the potentials characteristics
for each of the regions.

Parameter space regions of Fig. 2.6

Region

Number of
minima

Potential characteristics

1

The potential has a minimum at oy = 0 and it tends to
a positive value as a — oo.

IT

The potential has two minima at oy = 0 and at a, > 0,
with V() < V(ae). The potential tends to a positive
value as a — oo.

I1I

The potential has two minima at oy = 0 and at o, > 0,
with V(ag) > V(a.). The potential tends to a positive
value as a — oo.

IV

The potential has one minimum at a. > 0 and it tends
to a positive value as a — o0.

The potential has one minimum at ay = 0, a maximum
at a. > 0, and a second minimum at a — oo. The
potential tends to a positive value as @ — o0.

VI

The potential has one minimum at a. > 0 and it tends
to a negative value as @ — o0.

VII

The potential has two minima at ag = 0 and at a, > 0,
with V(ag) > V(a.). The potential tends to a negative
value as a — o0.

VIII

The potential has one minimum at o — oo. The poten-
tial tends to a negative value as v — o0.

IX

The potential has one minimum at oy = 0, a maximum
at a, > 0, and second minimum at o« — oo. The poten-
tial tends to a negative value as a — oo.

Maxwell set

The potential has two minima at oy = 0 and at a, > 0,
with V(o) = V(a.). The potential tends to a positive
value as a — oo.

Bifurcation set

The potential has a minimum at oy = 0 and a saddle
point at o, > 0. The potential tends to a positive value
as o — 00.

T9-axis

The potential at oy = 0 goes as a* as a — 0 it corre-

sponds to a minimum for ro > 0 and to a maximum for
ro < 0. At (r; = 0,79 = 0) the potential has a minimum
at ap = 0 which goes as a® as o — 0.
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Figure 2.6: Parameter space (r1,r2) with 74 = 0, corresponding to the SU(3) limit. The
separatrices divide the parameter space in nine regions. In the right plots representative
potentials for each region are depicted.

2.5.1.2 Example of two spherical clusters: 0 + a — ?°Ne

A simple example to test the theoretical groundwork obtained by catastrophe theory ap-
plied to the SACM is that of a cluster system of two of spherical clusters. We choose the
160 4+ a — PNe system. For this example we have: ng = 8, hiw = 13.185, deformations
o = Po = 0, and clusters irreps (A1, 1) = (A9, u2) = (0,0). In the numerical diag-
onalisation of the Hamiltonian we will consider 4 excitation quanta, i.e. N = 4. More
accurate results when dealing with the fitting of the parameters to the experimental en-
ergy levels are obtained with larger values of NV, but for the first energy levels the use of
small values of N is sufficiently effective. Larger number of excitation quanta also means
more computational time. In the semi-classical analysis the value of N has to be large, in
order to allow the separatrices of the Maxwell and bifurcation sets to stabilise. However,
the second order QPT separatrix is independent of the value of N, and the qualitative
results obtained here are valid for any value of N.
According to the semi-classical analysis there are three QPTs in parameter space:

a) Going from region I to region IV crossing the (73, 74)-plane (rp-axis in the SU(3)
limit) results in a second order phase transition, where the global minimum V' («y) =
0 at ap = 0 disappears and continuously changes to a global minimum V'(a.) < 0
at a. > 0.

b) Going from region II to region III crossing the Maxwell set results in a first order
phase transition, where the previously local minimum V'(a.) > 0 at a, > 0 becomes
the global minimum V(a,.) < 0 surpassing the minimum V(o) = 0 at ap = 0, i.e.
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the global minimum V' (ag) = 0 at ap = 0 jumps to a global minimum V' (a,.) < 0 at
a. > 0.

¢) Going down the ry-axis at a fixed 74 = 0 crossing the origin (r; = 0,72 = 0) results
in a third order phase transition, where the global minimum V(o) = 0 at ap = 0
disappears and continuously changes to a global minimum V(a.) < 0 at a. > 0.
The potential in the origin of parameter space (r; = 0,75 = 0) goes as a® in the
limit o — 0.

Different trajectories in parameter space can be drawn crossing the separatrices and
going from one region to another. From the parameter relations in (2.83) and (2.71) we see
that a change in the essential parameters r; imply a change in the interaction parameters
{a,a, b,b,c, & }. Of particular relevance in the study of phase transitions in the SU(3) limit
is the parameter of the second order Casimir operator, which is related to the quadrupole
operator, a and a; while in the case of mixing SO(4) symmetry the parameter ¢ is of
importance. With this in mind a trajectory in parameter space is obtained by fixing the
other parameters {b,b, ¢, t,} appropriately and varying a, @ and ¢ depending on the case
of interest.

Trajectory a)

In the table below we write down the set of parameters used to generate a trajectory
in parameter space that goes from region I to region IV, crossing the ry-axis:

Parameters for trajectory a) in example 0O + o — **Ne
a a b b c § 131
(—1.36,—0.94)| 0.0 —0.081 0.0 0.0 0.208 | 0.0

The global minimum of the semi-classical potential (2.69) can be obtained as a function
of the absolute value of a as the parameters change along the trajectory described in a).
At the point of crossing the ry-axis a discontinuity of the second derivative with respect
to a is present, characteristic of a second order phase transition. The ground state energy
can be obtained by the diagonalisation of the Hamiltonian (2.12) as the parameters change
along the same trajectory as a function of the absolute value of a. In Fig. 2.7 we plotted
both of these values and notice that the semi-classical value is higher according to the
variational principle, in the bottom plot we overlap both plots and notice a very good
agreement in their shapes.

In the left of Fig. 2.8 we show the trajectory in a) as an arrow crossing the ry-axis in
parameter space. In the bottom we plotted the energy of the first 0" states as a function
of the absolute value of a. Near the point of the phase transition at a = —1.11, depicted
as a vertical dashed line, a first avoided level crossing between the ground state 07 at
energy zero and the excited state 0 occurs. As the magnitude of parameter @ increases
two more avoided energy level crossings occur, one between the 0 and 0F states and
another again between the ground state 0 and the state 03 .

Trajectory b)

In the table below we write down the set of parameters used to generate a trajectory
in parameter space that goes from region II to region III, crossing the Maxwell set:
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Figure 2.7: Case a): In the left plot of the top row is the quantum ground state (squares
and yellow) obtained by the diagonalisation of the Hamiltonian. In the right plot of the
top row is the semi-classical global minimum of the potential (circles and blue). Both of
them are plotted as functions of the absolute value of a. In the bottom plot a comparison
between their profiles is shown.

Parameters for trajectory b) in example °O + o — °Ne
a a b b c 13 i
(—0.884,—0.86)| 0.0 —0.036 | 0.0 0.0 0.208 | 0.0

In Fig. 2.9 we compare the global minimum of the semi-classical potential and the
ground state energy value obtained by diagonalising the Hamiltonian along the param-
eters of trajectory b). In this case the semi-classical exhibits a discontinuity in the first
derivative of the global minimum of the potential with respect to a at the point of cross-
ing the Maxwell set. However, the ground state energy obtained by diagonalising the
Hamiltonian exhibits no change. The direct comparison of their profile show a similar
slope, but they do not share the main characteristic of the phase transition. Similarly, in
the middle bottom plot of Fig. 2.8, we see how the energy of the states 0 and 03 just
increases linearly as the magnitude of the parameter a increases, and no avoided energy
levels crossings occur. In the middle top plot of Fig. 2.8 we show the trajectory taken in
parameter space as an arrow crossing the Maxwell set.

Trajectory c)

In the table below we write down the set of parameters used to generate a trajectory
in parameter space that goes along the rq-axis, from positive o to negative ry, crossing
the origin:
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Figure 2.8: In the top row are the three different types of trajectories in (7, ry) parameter
space with r, = 0.0, for the example O + o — ?°Ne. In the bottom row we plot the
energy of the first three 07 states as a function of |a|, and the arrow indicates the direction
of the trajectory. The vertical dashed line represents the point of a phase transition. The
values of the parameters used are: In a) b = —0.08; in b) b = —0.036; and in c) 7, = 0.
For all cases we used: £ =0.208 and a =b=1; = 0.

Parameters for trajectory a) in example 0O + a — **Ne
a a b b C f tl
(—0.9715, —0.8583)| 0.0 (—0.0539, —0.033)| 0.0 0.0 0.208 | 0.0

In Fig. 2.10 we compare the semi-classical and quantum ground state energies, and
their change as a function of the absolute value of a. In the semi-classical analysis, shown
in the top right plot, the global minimum exhibits a discontinuity of its third derivative
with respect to a at about a = —0.9, which is when the trajectory in parameter space
crosses the origin. In the quantum analysis, shown in the top left plot, the energy of ground
state exhibits a noticeable change at the vicinity of the point of the phase transition. This
change is also manifested in the energies of the 0" sates, shown in the bottom right plot
of Fig. 2.8, where an avoided energy level crossing occurs between the ground state 07
and the state 03 at about @ = —0.9. In the top right plot in Fig. 2.8 the parameter
space (r1,79), with the path of the trajectory taken depicted as a black arrow, is shown.
Something of notice is that in this case the magnitude of the absolute value of parameter
a decreases as we move along the trajectory in parameter space.

It is interesting to notice that even though the semi-classical analysis describes a
phase transition of different orders for the chosen trajectories here, signals of the phase
transitions in the quantum calculation not always show up. This might be because the
corresponding change in the interaction parameters is not significant enough to produce
a noticeable effect.

In the following table we summarise the types of QPTs we obtained for semi-classical
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Figure 2.9: Case b): In the left plot of the top row is the quantum ground state (squares
and yellow) obtained by the diagonalisation of the Hamiltonian. In the right plot of the
top row is the semi-classical global minimum of the potential (circles and blue). Both of
them are plotted as functions of the absolute value of a. In the bottom plot a comparison
between their profiles is shown.

potential (2.87) in the SACM, along with their characteristics and signatures in the energy
levels obtained by diagonalizing the Hamiltonian for the example of the system of spherical
clusters °0 + o — ?°Ne:

Summary of QPTs for semi-classical potential (2.87): 1°0 + o — **Ne

Transition Order‘ . of Behaviour of the energy levels
Transition
a) Region I to region Second Avoided crossing energy levels occur for the

VI 07 ground state.

b) Region II to region | . Crossing the Maxwell set. No meaningful
First .

11 change occurs in the 0" energy levels.

c)reg >0tory <0 at . Avoided crossing energy levels occur for the
Third +

ri=r,=20 07 ground state.

The Hamiltonian has a term representing the SO(4) dynamical symmetry
So far we have only studied the SU(3) limit, with ¢ = 0, i.e. with 4, = 0, in the
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Figure 2.10: Case ¢): In the left plot of the top row is the quantum ground state (squares
and yellow) obtained by the diagonalisation of the Hamiltonian. In the right plot of the
top row is the semi-classical global minimum of the potential (circles and blue). Both of
them are plotted as functions of the absolute value of a. In the bottom plot a comparison
between their profiles is shown.

two-dimensional parameter space (r1,72). In what follows we shall move on to study the
effects in phase transitions with the introduction of the new parameter.

The trajectories to consider now are in the three-dimensional space (71, 72,74) and the
separatrices they cross are now planes. However, we can always consider a fixed value of
one of the parameters and visualize a two-dimensional slice to see where we are relative
to the separatrices, i.e. whether we have crossed from one region to another.

To better illustrate the effect of the contribution of the term of the Hamiltonian
related to the SO(4) symmetry, a trajectory may be constructed in a similar way as
previously done. The interaction parameters {a, a, b,b, &, t1} are fixed (see table below)
and parameter ¢ is turned on and the SO(4) contribution is made stronger.

Parameters for trajectory a) in example °O + a — **Ne with SO(4) symmetry
a a b b C g tl
—1.06 0.0 —0.08 0.0 (0.0,0.6) | 0.208 0.0

By increasing the magnitude of parameter ¢ a trajectory is drawn in parameter space
that starts in region I and ends in region IV crossing the (rq, r4)-plane, corresponding to
a trajectory described in case a). In Fig. 2.11 we show two points in parameter space
before and after crossing the separatrix, along with their corresponding semi-classical
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Figure 2.11: Parameter space (ry,rs) slices for different values of r4: 74 = 0.0 (left)
and ry = —25.0 (right), corresponding to ¢ = 0 and ¢ = 0.6, respectively. The left

plot corresponds to a point in region I, while the right plot to a point in region IV. At
about ¢ = 0.2, the (1, 74)-plane separatrix is crossed. The inset shows the corresponding
semi-classical potential. The values used for the interaction parameter are those in the
table.

potentials, where we see the transitions from a spherical to a deformed minimum. When
the term of SO(4) symmetry is included in the Hamiltonian we find that not all physical
observables present signatures of the QPT. For example, contrary to the SU(3) limit,
there are no avoided energy level crossings in the 0" states at the point of the phase
transition. However, turning our attention to the transition probability B(E2) of the
27 state to the ground state 0], we can see a slight change in the vicinity of the phase
transition. In Fig. 2.12 we show the plots of some physical observables as a function of c.
In the left plot are the first three 0 states, where no avoided energy level crossings are
found. In the middle plot is the transition probability B(E2) of the 2] state to the ground
state 0f, where a change in the vicinity of the crossing at ¢ = 0.2 occurs. In the right
plot is the expectation number of the number of 7 bosons in the ground state (n.(07)),
calculated with the coherent states (yellow) and numerically with the diagonalisation
of the Hamiltonian (blue). The semi-classical analysis with coherent states presents a
sharp change, whereas in the numerical quantum analysis the change is more attenuated,
occurring in a more continuous fashion. This distinction is characteristic of finite systems
where the changes in the physical observables is not abrupt, as opposed to infinite systems
where singularities are characteristics of phase transitions.

For completeness, in Fig. 2.13 we compare the global minimum of the semi-classical
potential and the ground state obtained by diagonalising the Hamiltonian, both as a
functions of ¢. In this case the change in the global minimum at the point of crossing
the separatrix at about ¢ = 0.2 is not as noticeable as previous cases. The numerical
ground state does not present a discontinuity in the vicinity of the point of crossing the
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Figure 2.12: Three plots of physical quantities as functions of ¢ for the example O +a —
20Ne. In the left plot we show the energy of the first three 0" states. In the center plot
we show the transitions probability B(E2) of the state 2{ to the ground state 0. In
the right plot we show the expectation value of the number of 7 bosons in the ground
state calculated using the coherent states (yellow) and by diagonalising the Hamiltonian
(blue). The vertical dashed line indicates the point where the separatrix is crossed at
about ¢ = 0.2.

separatrix. In the bottom plot we overlap them to compare their profile, and notice that
they do not match as good as in the SU(3) limit.

2.5.1.3 Example of two deformed clusters: *C + 2C — ?'Mg

In this section we will consider the system of two deformed clusters: 2C + 2C — 2*Mg,
and study their properties related to phase transitions in a similar fashion as with the two
spherical cluster system. For this example we have the following values: ng = 12, hw =
12.595, deformations fizc = —0.38, individual clusters irreps (A1, 1) = (A2, p2) = (0,4),
and the intermediate cluster irrep (Ac, ue) = (0,8). In the numerical diagonalisation of
the Hamiltonian we consider up to 4 excitation quanta, i.e. N = 4. We will focus on
the SU(3) limit of the Hamiltonian and study the three types of trajectories previously
described.

Trajectory a)

In the table below we enlist the values of the interaction parameters used to produce
a trajectory in parameter space (r1,79) going from region I to region IV.

Parameters for trajectory a) in example 2C + 2C — ?*Mg
a a b b c 13 1
0.0 (—3.30,—1.40) | 0.0 —-0.4 0.0 0.196 | 0.7175

The effects are similar to the ones obtained in the example of a two spherical cluster
system. The first level avoided energy level crossing of the ground state 07 with the
excited state 05 occurs at the vicinity of the crossing in parameter space. In the left plots
of Fig. 2.14 we show the parameter space (top) along with the trajectory depicted as
a black arrow, and the energy of the first three 07 states (bottom) as functions of the
absolute value of a. In this example, we can see that further avoided energy level crossings
occur for the 0F state with higher states not shown.

Trajectory b)
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Figure 2.13: The global minimum of the semi-classical potential (right) and the numerical
ground state of the diagonalisation of the Hamiltonian (left) as functions of ¢. In the
bottom plot a comparison of their profiles is shown.

In the table below we enlist the values of the interaction parameters used to produce
a trajectory in parameter space (rq,72) going from region II to region III, crossing the
Maxwell set.

Parameters for trajectory b) in example 2C + 2C — *Mg
a a b b c § 141
0.0 (—2.80,—1.40) | 0.0 —0.26 | 0.0 0.196 | 0.7175

In the middle plots in Fig. 2.14 we show the parameter space (top) along with the
trajectory depicted as a black arrow crossing the Maxwell set and the energy of the first
three 01 states (bottom) as functions of the absolute value of a. Different from the
example of spherical clusters, here we can see an avoided energy level crossing between
the ground state 07 and the excited state 05 in the vicinity of the crossing of the Maxwell
set.

Trajectory c)

In the table below we enlist the values of the interaction parameters used to produce
a trajectory in parameter space (r1,79) going from ry > 0 to ro < 0 passing through the
origin (r; = 0,75 = 0), where the potential goes as a% as a — 0.

Parameters for trajectory c¢) in example 2C + 2C — *!Mg
a a b b c 13 1
0.0 (—2.3847,—1.7034) | 0.0 (—0.5654, —0.2382) | 0.0 0.196 | 0.7175
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Figure 2.14: Example: 2C+12C — 24Mg. In the top row are the parameter space (rq,ry)
for the three different cases of QPT studied here, along with a black arrow depicting the
path of the trajectory. In the bottom row are energies of the states 0 and 0§ as functions
of the absolute value of a. The energy value of the ground state 07 is equal to zero. The
vertical dashed line indicates the value of |a| where the respective separatrix is crossed.

In the right plots of Fig. 2.14 we show the parameter space (top) along with a black
arrow depicting the trajectory crossing the origin and the energy values of the first three
0% states (bottom) as functions of the absolute value of a. Here we can see, similarly
from the example of spherical cluster, avoided energy levels crossings in the vicinity of
the point of crossing the parameter space origin.

In the following table we summarise the types of QPTs we obtained for semi-classical
potential (2.87) in the SACM, along with their characteristics and signatures in the energy
levels obtained by diagonalizing the Hamiltonian:

Summary of QPTs for semi-classical potential (2.87): 12C + 2C — Mg
Order  of

Transition Transition Behaviour of the energy levels.

a) Region I to region Avoided crossing energy levels occur for the
Second N

VI 07 ground state.

b) Region II to region | . Crossing the Maxwell set. Avoided crossing
First i

III energy levels occur for the 0 ground state.

c)rg >0tory <0 at . Avoided crossing energy levels occur for the
Third T

ri=r,=20 07 ground state.
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2.5.2 Arbitrary parametrisation of coherent states

We start by remembering the semi-classical potential in (2.27):

Fi(o?) - Fy(a?)
Vi(a,0; ¢ :V+(A+E00529)(12 + (B + Fcos20 + Csin® 20) o —=——~
( ) 0 FQ()(O(2) ( ) FOQ(OZQ)
= ¢ F(a?) 2 oo (0?)
— (b4 b)a*=—L + D cos 200’ ——~,
( ) Foo(Oéz) Foo(Oéz)
(2.99)

and we can notice that the potential is independent of ¢. The constant term Vj is given
by
c
Vo = (a +neb)(Cy(Ae, o)) + E(LE) + Z(N + 1) (N +ng —1). (2.100)

The control parameters ¢; = {A, B,C, D, E, F'} of the potential are linear combination of
the Hamiltonian parameters, and are given by

C

A= hw = b(C2(\c, pe)) +4((a + @) + (b+b)(no — 1)) (N +m0—1)

- i(a +b(ng — 1)) (T1 + T2) + 2€ (2.101)
B:a+a+(b+5)(n0—6)+§+%(F1+F2) (2.102)
C=¢— 2 (2.103)
D= g (2.104)
o —Z(a—I—b(no — 1)) +T) (2.105)
F= Zb(n +Ty). (2.106)

In this case the semi-classical potential depends on two variables, one « related to the
distance between the clusters and the other # related to their relative orientation. The
main point of the catastrophe theory is to find for what combination of parameters both
variables are critical. The critical points (a, 6.) are the set of real values that satisfy

VV(e,8; ¢y, 6. =0 (2.107)

for a set value of parameters ¢;. This condition can be explicitly stated as the following
set of equations:

oV 2sin26
50 = Foo() (Eaan(a) + Fa'*Fyy(a) — 20 cos 200 Fyy (o) + DonFgo(oz)) =0

(2.108)
ov 1

= o ((A + Ecos20)W (Fo (), a?Fuy (@) + (B + Csin? 20)W (Foo (), o* Fa ()

+ D cos 20W (Fyo(ar), o Fag(a)) — (b + b)W (Fyo(a), aGFgg(oz))> =0,
(2.100)
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with W(f,g) = f(a)d'(a) — f'(a)g(c) the Wronskian determinant, with prime indicating
differentiation with respect to a. Given that the F,,(«) functions have no linear term in
a, from (2.109) we find that a = 0 is a critical point independent of the values of the
parameters ¢;, and we identify it as the fundamental root. We shall focus on the equation
(2.108) for the variable #. For a particular set of values of the parameters ¢; there exists
a fixed number of critical points (a., .) located on the («, 6)-plane. These critical points
are joined by a continuous line signifying the line of steepest descent in the energy surface
V(a,0;¢;) : R xR — R, for a particular set of values of the parameters ¢;. In this line
one of the two equations (2.108) or (2.109) is satisfied, while there is points along the line
where both are satisfied. In fact we can solve (2.108) so that € is obtained as a function
of a resulting in the line of steepest descent. We are able to convert the present problem
to the study of a one-dimensional potential depending solely on o and on the parameters
¢;- In Appendix B we show how this approach is valid for a particular type of two real
variable functions, which the present potential (2.99) falls into. Solving (2.108) for 6. we

obtain
D Fgo(Oé) E Fll(Oé) F

%@2F22(@> %@2F22(@> %’

in the same equation we can see that it is also automatically satisfied for the constant

cos 260, = (2.110)

values
6, =0 (2.111)
T
0y = B (2.112)

the value 8 = 7 is also a solution but it gives the same result as 6 = 0.
It is worthwhile to study both cases separately and compare the end results between
themselves and with the other parametrisation of the coherent states.

2.5.2.1 Constant critical points 0.

For this case we introduce the notation 6. to refer to the critical points (2.111) and
(2.112), where 6, = 6, and 6_ = 6,.

Substituting (2.111) and (2.112) in (2.99) allow us to write the one-dimensional po-
tential

1
Vie,01;00) = Vo + —— [alonFn(a) + o9t Fg () + 0305 F33(a) + 04042F20(04)} :

Foo(Oé)
(2.113)
with the o; parameters defined as
o1 =A% E = hw—b(Ca(Ac, pic)) +4((a+a@) + (b +b)(no — 1))
1+3
— — (s blny — 1)) (T +Ta) + 26 - g(N+n0 —1)
- 1+£3
03 = —(b‘l‘l_))
oy =+D=+C, (2.114)

2
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and with our notation the upper sign correspond to the critical point 6; = 0, and the
lower sign to the critical point s = 7/2. We notice the similitude between this and the r;
parameters from the previous parametrisation. Similarly, in accordance to the methods
of catastrophe theory we now expand the potential (2.113) in a Taylor series expansion
about the fundamental root o = 0 and obtain

V(a,0s;00) = Vo + Ty + Tha? +Toat + Tsa® + ..., (2.115)
where the first three coefficients are explicitly given by
T() = ngoq + TL()(TLQ - 1)0'2 + no(no — 1)(n0 — 2)0’3

1
T1 = N(TLQ + 1) [0'1 + 27100'2 + 3n0(n0 - 1)0'3 + Q(N - 1)(n0 + 2)0’4 (2116)

T, = —%N(no +1) {(nO(N +1) +2)o; + (2n2(N + 1) — ng(N —5) — 2(N — 1))o

In the limit o — 0 the potential tends to the constant value Vy 4+ Ty. The coefficient T}
of o? vanishes with the following relations of the parameters:

1
N(ng +1) o1 + 200, + 3no(ng — 1) + 5 (N = 1)(mo + 2)04} 0. (2.117)
If (2.117) is satisfied, then the term T3 vanishes with the following relation of the param-

eters, where o has been eliminated:

%N(N ~ Do + 1)(no +2) |02 + 3n0s — %(no(]\f 1)+ 6)04} ~ 0. (2.118)

If (2.117) and (2.118) are satisfied, the term T3 vanishes with following relation of the

parameters, where now the parameter oo has been eliminated:

%N(N —1)(N —2)(ng + 1)(no + 2)(no + 3) {03 + 2—14no(N + 1)04] =0. (2.119)

Now, if (2.117), (2.118) and (2.119) are satisfied the next term 7; may no longer be
eliminated by an arbitrary choice of parameters without the potential ending up being
a constant value. This defines the germ of the potential at a®, and in the SU(3) limit,
when ¢ = 0 (or o4 = 0), it becomes af. Equations (2.117), (2.118) and (2.119) also help
us define the essential parameters R; of the potential:

1
R1 =01+ 27100'2 + 3710(77/0 — 1)0’3 + §(N — 1)(710 + 2)0'4

1
R2 =09 + 37100'3 — g(no(N + 1) -+ 6)0’4
Rg = 03

1
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Figure 2.15: Parameter space (p3 = D?/C, p;) for p, = 340. The bifurcation set is shown
as a green curve, and the Maxwell set is shown as a red curve. The blue line is the
separatrix defined by the vanishing of the T} coefficient of the Taylor series expansion,
and it intersects the Maxwell set at D?/C' = —0.3147, where a change in curvature of the
red curve occurs. The points in the left plot represent the values of (p3, p1) used in the
contour plots in Fig. 2.16. In the right plots we show a representative potential for each
region.

where R, is the parameter of the SO(4) dynamical symmetry and is proportional to the
interaction parameter c. This choice is made so that one of the essential parameters is
directly related to this dynamical symmetry.

Subtracting the constant term Tj of the Taylor series expansion and V to the semi-
classical potential (2.113) we can rewrite the potential in terms of the essential parameters
and the previously defined @;(«) polynomials in (2.86):

Vi, 01 R;) = V(a,0c50;) — (ngor + no(ng — 1)og + ng(ng — 1)(ng — 2)o3)

Vit @ [RiQi(0) + Ro@ala) + RsQs(a) + RiQu()].  (2.121)

What follows is exactly analogous to the previous case and we can obtain the bifurca-
tion and Maxwell set following the formulae of Appendix C. The other separatrices are
also obtained following the steps described in the previous sections. What changes is
the definition of the new essential parameters R; in (2.120) in terms of the interaction
parameters.
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2.5.2.2 Critical point . as a function of «

By direct substitution of (2.110) in (2.99) we arrive at the one-dimensional potential

V(Oéa 90) pz) = % +

1
</01042F11(Oé) + P2044F22(06) + (P3F20(04) + P4F11(Oé))2

FOQ(OZ) 4F22(O[)
+202F() = (b4 5)Finla))
(2.122)
where the p; parameters are given by
EF
— A4 =
1 + 20
F2
=B+C+—
P2 +C + e
D
P3 \/5
_FE
P4 NG,
_DE (2.123)
Ps = o .

Here we can notice the increase of complexity in the semi-classical potential in both
the definition of the parameters as function of the interaction parameters and in the
structure of the functions of « that define the potential. Before starting this exercise
we may consider simplifying the potential (2.122) by focusing on the case of a system of
spherical clusters, which automatically sets ps = ps = 0, and the potential depends on
three parameters. The results of this analysis can be found in [47]. In this particular case
the potential is

1 3 Fyo()?
Ve, 0. pi) = ——— °F 'F )
(o, 0, p;) Fool0) <P10¢ (@) + paa” Fog(ar) + 4 Fy(e) — no(ng — 1)

—(b+b)a®Fys(a)) — nopy — no(no — 1)p2 — no(ng — 1)(ne — 2), (2.124)

where we have redefined the potential so that it vanishes at the origin o = 0. In this case,
the 6. critical point can be written as:

D Fy(w)

203 = —————.
o8 2 2C O[QFQQ(O[)

(2.125)

The bifurcation and Maxwell sets are then obtained by application of the formulae in
Appendix C.

A slice of the three-dimensional space (p1, ps, p3) for a fixed value of p; can be seen in
Fig. 2.15. We identify four regions where two minima coexist: In region i the spherical
minimum is dominant; in region ii the deformed minimum is dominant; in region iii the
deformed minimum remains dominant but the spherical minimum becomes a deformed
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Figure 2.16: Contour plots (c, v) of the energy surface (2.99) for different values of (p3, p;)
labelled under each plot (shown as points in Fig. 2.15), where v = cos260. The critical
values as a function of a, denoting the steepest descend path described by (2.125), are
shown as the dashed (blue) lines. In the right side we plotted the potentials (2.124) as
functions of «a for the same parameters used in the contour plots.

minimum; and in region iv the spherical minimum becomes a deformed minimum and it
is dominant. Contour plots of the semi-classical potential for different values of the p;
parameters are shown in Fig. 2.16 along with the critical values of 6. as a function of
«; in the right the corresponding one-dimensional semi-classical potential are plotted. In
this example we travel along the Maxwell set where the two equal minima coalesce in a
single minimum at the end of the Maxwell set.

To determine which of the three critical points for the variable 6 is of physical signifi-
cance, we have to use the parameters {a, a, b,b, ¢, ¢, t1} which result from the fitting of the
Hamiltonian to experimental data. Then, these values of the parameters are substituted
in the semi-classical potential in (2.99) and we can plot the potential surface in the vari-
ables (o, ). The dominant minimum of this potential surface will be associated with one
of the three critical points in #, while the other critical points will correspond to either a
higher minimum or to a saddle point. The analysis of the separatrices in the parameter
space must be done with the critical point associated with the dominant minimum. Here
we have presented an analysis of all three critical points of the variable 6 for systems of
spherical clusters, so that its application to particular examples can be direct.

The more general case of the analysis of a system with deformed cluster is still pending.
In this case the parameter space is five-dimensional, lending itself to more opportunities
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for phase transitions, but we believe that with the methods described here the different
separatrices in parameter space can be constructed. It remains of interest the application
of this case to systems of heavy nuclei, where a more general Hamiltonian must be used.
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Chapter 3

Quantum phase transition in an
effective model of QCD

In this chapter we will apply the methods based on catastrophe theory used in the SACM
in previous sections to an effective model of QCD to show the usefulness of the techniques
employed.

Effective models of QCD are useful for being comparatively easier to apply and study
than real QCD, while also being non-perturbative. Important information about real
physical properties and their consequences can be extracted by a detailed analysis of these
effective models [97-100], such as the structure of the physical vacuum containing quarks,
antiquarks and gluons [101]. Using these effective models the modelling of pentaquark
and heptaquark states was done in [102]. A short comprehensive review of the effective
model of QCD considered can be found in Ref. [103].

3.1 Description of the model and Hamiltonian oper-
ator

The model considered here was first described in [98], but we will use a different trial state
for the expectation value of the Hamiltonian, and in its essence is a Lipkin model [28] where
the quarks have two energy levels, one at —w, and the other at w,. Additionally a gluon
state is considered at the energy wg. The fermiomic state energy is at w, = 0.33 GeV,
which corresponds to approximately a third of the mass of the nucleon at 1 GeV. The
gluon state is at wg = 1.6 GeV, corresponding to the energy of a gluon pair, with the
energy of a single gluon being 0.8 GeV. In Fig. 3.1 an schematic picture of the energy
scale of the model is shown. The degeneracy of the fermionic state depends on the number
of degrees of freedom for the quarks 2€2 = nyn.ns = 3x3 x2 = 18, where ny is the number
of flavor (up, down and strange), n. is the number of color and n; is the number of spin
orientations, and no orbital degree of freedom is considered. Using the Dirac picture in
the perturbative vacuum the lowest fermion level is completely filled and to excite one
quark from the lower level to the upper one requires an energy of 2w,, thus creating
a particle-hole state, which corresponds to a quark-antiquark pair, with the antiquark
described by the hole. Up to 22 quark-antiquark pairs can be created.
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Figure 3.1: Schematic description of the energy levels of the quark and gluon states. The
quarks have two possible states at £w,, with w, = 0.33 GeV, i.e. approximately one third
of the mass of a nucleon. The gluon state is at 1.6 GeV, which is the energy of a gluon
pair, and the one-gluon energy is 0.8 GeV.

In this model pairs of quark-antiquarks and pairs of gluons are approximated by
bosons, and their interaction is described the product of the respective creation and
annihilation operators. For the quark-antiquark pair b} and by are the creation and an-
nihilation operators, where f runs from 1 to 2(2, and we assume that a quark from the
state f in the lower level is excited to the same component in the upper level. For the
gluon pairs 8" and B are the creation and annihilation operators.

The Hamiltonian of the model is given by

H = 2wmng+ wsng+ C { [(bT)Qs2 + 2(bT . b) + (ST)sz} (1 o %) BT
+5 (1 - ;’—5) (b))% +2(b" - b) + (sT)%ﬂ} , (3.1)

where n,, is the number of quark-antiquark pairs, nz is the number of gluon pairs, and s
is an auxiliary boson (analogous to o in the SACM) such that it ensures that the number
of all bosons remains constant: 22 = ng + n,, with ng the number of s bosons and ny; the
number of b bosons, corresponding to the quark-antiquark pair boson approximation.

The Hamiltonian depends only on the parameter C', which gives the intensity of the
interaction. When C' = 0 the ground state is given by the quark-antiquark pairs in the
lower level and no gluon pair is present. The (1 — %) term ensures that when the number
of fermion pairs tends to the maximum value, i.e. all the quarks in the upper level, the
interaction shuts off. This simulates the PEP as the total number of quarks allowed in
the upper level is 2Q); each with different quantum numbers. In Fig. 3.2 the interaction
appearing in the Hamiltonian are depicted, where the double straight line corresponds to
quark-antiquark pairs and the double wavy line to gluon pairs.
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Figure 3.2: Graphical diagrams of the interactions in the Hamiltonian of the quark-
antiquark and gluon pairs. They are motivated by the real QCD interaction. A double
straight represents a quark-antiquark pair and a double-wavy line represents a gluon pair.
The time line goes from bottom to top.
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3.2 Semi-classical potential

Similarly, the semi-classical potential is obtained as the expectation value of the Hamil-
tonian in a coherent state basis. In analogy to the IBM [9] the coherent states are defined
by

Q0
) = NoNse® [s' + (a- 0] [0), (3.2)
with the normalization factors N, and N given by
1
Ny = ; (3.3)
(2! (1 + (- ))*]?
Nﬁ = eij%'z’ (34)

and with the vacuum state |0) = |0),]0)s being the direct product of the quark and gluon
vacuums.
The semi-classical potential is given by

(" - ) (- a) + (" - af)
1+ (- )] 14 (o - a)]?

2 (a* - @) 1(1 M) (3.5)

it o) 1@ o

V = 2w,(29) 5 +wsyy +2Q2Q - 1)C(y+7v7) [
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and using the following parametrization of the coherent states parameters

(a . Oé) _ O‘%O,O)em(b(om + O[%Ll)emqﬁ(m)
=

(o) %0,0) + a(21,1)
(o a’) = (azgo,o))zedw(o’o) + (04?1,1))2672@(1’1)

v = et (3.6)

Vo= 2w,(29Q)
2 2
{1 + X0 O‘(l,l)}

' ' o e219(0,0) +e_2i¢<0’0) +a? e2i(1,1) +e_2i¢<171)
+2Q(29 — 1)Cy (e + ) 00 )+ )

L+ ag + O‘%Lnr

20 = 11+ afyg) +afy L+ afyg) +afiy
2
(6]
V = qu(QQ)m + Wg")/z

cos 2¢0,0) + 204%171) cos 2¢1,1)
(1+ a?)?

204%0 0)
+2Q(2Q — 1)C2y cos ¢, ’ (3.7)

2 o? o?
=2 (1= .
20 —11+ a2 1+ a2

In the last line we defined the new variable o = af, o + a7, ;). The (A, \) notation refers
to the flavor irrep of the quarks, where (0, 0) is flavor zero and (1,1) is the flavor octet.

The semi-classical potential depends on five variables: «, v, ¢(0,0), ¢(1,1) and ¢.. How-
ever, after minimization of the potential we will be left with two variables: « and . The
critical points of the potential are those which satisfy VV/|; = 0, where @, represents the
five critical points values of the variables. The set of equations for the angular variables
are explicitly given by

% = —4Q(2Q — 1)Cysin ¢, [QQ(QO,O) cos 2¢(E)710)++a22§‘2(21,1) €08 2¢(1,1) 292_ . i;z
st
a55(‘0/,0) = —40(22 — 1)Cycos ¢7% sin 2¢0,0) = 0
32(‘1/,1) = —4Q(2Q — 1)Cy cos %% sin 2¢1.1) = 0,

(3.8)

which can be solved by setting ¢, = ¢,0) = ¢@1,1) = 0, and we identify them as critical
points. Direct substitution of them in (3.7) yields the following two variable semi-classical
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potential

O 8020 — 1)y [ L 2
(1+a2p2 7 Ti+a22li+a2 201

The critical points of the new semi-classical potential (3.9) satisfy VV/|, ., = 0 and
its component for the v variable is the partial derivative

V(a,v;C) = 4Quw, ] . (3.9)

ov a? 1 2
— =2 Q20 -1 = 1
gy | = et ( )0<1+a2>2[1+&2+m_1} 0,  (3.10)
which can be solved for v and we get
C  a? 1 2
= —40(2Q - 1)— . A1
e ( )wg (1+ a?)? [1+a2+29—1} (3:11)

Direct substitution of (3.11) back in (3.9) gives the new one-dimensional potential

Vi, 7. C) = 49 of o {1 ;2 ]2 (3.12)
Qe = Aig (1+a2)2 K(1+a2)4 1+a2 20-1 ’ '

where we defined the dimensionless parameter x as

2

K = 4020 — 1)? ¢ : (3.13)

Wep

The previous simplification of the initial two-dimensional potential to a one-dimensional
one is justified by the calculations described in Appendix B.

3.2.1 Bifurcation and Maxwell sets

Similarly to the SACM examples discussed previously the bifurcation and Maxwell sets
in the one-dimensional parameter space can be obtained by following the formulae in
Appendix C.

A feature which define the critical point at the origin of the potential (o = 0,7 = 0)
can be found by calculating the Hessian determinant at that point resulting in

?V(ay;,C) 82V (ay:0)

Oa? Oad _
9*V(ay;0) 32V(a,jﬁC) = 169w s, (3.14)
Or9a 9 la=0,=0)

which is a positive constant independent on the parameter, meaning that the critical point
(v = 0,7 = 0) always remains a minimum.
The critical manifold of the potential (3.12) is the surface of critical points, which
satisfy the equation
IV (a, 75 C)
[oJe!

spanned by the variation of the parameter . From (3.15) we can solve for x and obtain

(1—a?)(14a?)*20—1)2
~202(a +2Q) (ot + 202(2Q — 1) — 2Q)°

=0, (3.15)

K= (3.16)
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In this one-dimensional example the singular mapping of the critical manifold to the
parameter space occurs when that derivative of (3.16) with respect to « is zero, which
leads to a 10th degree polynomial:

fe(a,2Q) = =402 + 4Qa*(7Q — 3) — 2a*(209% — 180 + 3) + 2a°(120? — 180 + 5)
+a®(12Q2 — 7) + o',
(3.17)

and after solving it for o we substitute the result back (3.16) and obtain the bifurcation
set. For the set values 2(2 = 18, w, = 0.33 GeV, and ws = 1.6 GeV, we get

Kp = 5.8997. (3.18)
The bifurcation set in the parameter space C' is obtained by substituting (3.18) in (3.13):
Cp = 0.017303 GeV. (3.19)

The Maxwell set is the subspace in parameter space where the mapping of the roots
manifold is singular. The roots manifold is the surface of all the real roots satisfying

Ve, 76 0) + Vo =0, (3.20)

as the parameter k is spanned, with V4 a real number. We can solve (3.20) for k, setting
Vo = 0 as no two minima coincide at Vj # 0, and we get
(1+a®)*(20 —1)2

= . 21
" a?(a? 4 2Q)? (3.21)

Again, in this one-dimensional example the singular mapping occurs when the derivative
of (3.21) with respect to « is zero. This condition leads to a 4th degree polynomial

far(a,2Q) = —2Q 4+ 3a2(22 — 1) + o, (3.22)

whose appropriate real roots are given by

a = i\/% (—3(20— 1) + V3602 — 280+ 9). (3.23)

Substituting (3.23) back to (3.21) we obtain the Maxwell set as a function of 2(2:

(20— 1)2 (5 62+ 0+ 40000 — 7))’

kv (2Q2) = 5 (3.24)
2(3 602+ /9+40(9Q — 7)) (3 — 20 +,/9 + 4Q(9Q — 7))
For the set values 2€2 = 18, w, = 0.33 GeV, and wg = 1.6 GeV, we get
Ky = 8.14502, (3.25)

and using the definition (3.13) the Maxwell set in the interaction parameter space C' is:

Cyr = 0.020331 GeV. (3.26)
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Figure 3.3: Global minimum of the semi-classical potential as a function of k. A first
order phase transitions is found at x = 8.14502 (C = 0.020331 GeV), characterised by a
discontinuity in the first derivative with respect to x. The values used in this plot are
wg = 0.33GeV, wg = 1.6 GeV and 2Q2 = 18.

3.3 Quantum phase transitions

When the interaction parameter C' increases in intensity until it crosses the value Cy; a
first order QPT occurs, when a former local minimum at a > 0 becomes the new global
minimum of the potential at V(o > 0) < 0, while the minima at the origin V(v = 0) = 0
stays the same. In Fig. 3.3 the global minimum of the potential is plotted as a function
of k, where a discontinuity of its first derivative with respect to k is part at the point k),
of the Maxwell set.

In Fig. 3.4 contour plots (left) of the semi-classical potential V(a,~;C) in (3.9),
along with the critical value of v as a function of « in (3.11), and the corresponding
one-dimensional potentials (right) for different values of C' are shown. For the value Cp
we can see that a new local minimum is beginning to emerge, and for the value C; two
minimum are at the same height.

3.3.1 Physical observables

In this subsection we study how some physical observables related to the number of
particles change as the interaction parameter C' increases and the phase transition is
reached. The expectation number of the quark-antiquark pairs and the gluon pairs are
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Figure 3.4: In the left side we show contour plots («,7) of the semi-classical potential
(3.9) for different values of C'. In the right side their respective one dimensional semi-
classical potential (3.12) are plotted. The critical values of ~, as a function of o given in
(3.11) are depicted as blue lines in the contour plots. The values used for these plots are

wg = 0.33GeV, wg = 1.6 GeV and 2Q2 = 18.

given, respectively by

In Fig. 3.5 the expectation number of the quark-antiquark pairs and gluon pairs as a
function of C' are plotted. The plots are obtained by evaluating (3.27) and (3.28) at the
critical points (a.,7.) of the global minimum of the semi-classical potential. For values
of the parameter C' below the Maxwell set C); the number of quark-antiquark pairs and
gluon pairs is zero, as the global minimum is located at the origin. As the interaction
is increased a sudden jump at C; occurs and the number of particle pairs is non-zero.
This discontinuity is a consequence of the phase transition. The number of gluon pairs
surpasses the number of quark-antiquark pairs at about C' = 0.039 GeV, and as the
interaction increases the number of quark-antiquark pairs become saturated tending to a
constant value, while the number of gluon pairs continue to increase.

The results obtained from (3.27) and (3.28), shown in Fig. 3.5 can be related to
physical quantities. The quark-antiquark and gluon condensate [101] in terms of the
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Figure 3.5: Expectation values of quark-antiquark pairs (n,) (blue, solid) and gluon pairs
(ng) (yellow, dashed) as a function of C. The black dot and the black star depict quark-
antiquark and gluon pairs at C' = 0.020331 GeV (Maxwell set) and at C' = 0.022301 GeV,
respectively. For large values of C' the gluon pairs grow indefinitely, while the quark-
antiquark pairs saturate at about (n,) = 6.169. The values used for this plot are w, =

0.33GeV, wg = 1.6 GeV and 22 = 18.

number of quarks and gluons was given in [104]:

- 1 /2
(vac|W W lvac) = — <& — >

V3
O T —— o, 167
(Vac\?FWFa lvac) = el (4ng +9), (3.29)
B

where W, is the fermion function, V = 4773/3 is the volume of a hadron with radius
7o = 0.875fm = 4.375GeV ™' [104], and a, is the strong coupling constant. In [101] the
respective values of the quark-antiquark and gluon condensates obtained were

(vac|U ;U |vac) = —(0.223 GeV)?
(vac| Z2F9 ¥ vac) = (0.360 GeV)*. (3.30)
N

urs a
Using (3.30) and (3.29) we can deduce that the number of quarks for these values is
approximately n, ~ 4, which corresponds to the value of (n,) immediately after the
phase transition. As an example we consider two values of C' to calculate the number
of quark-antiquark pairs and gluon pairs to use in (3.29) and compare the results with
(3.30). The two values considered are C; = Cj; = 0.020331 GeV and a point a little after
the phase transition Cy = 0.022301 GeV. In Fig. 3.5 the number of quark-antiquark pairs
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and gluon pairs for those two values are represented by a circle for C'; and by a star for
Cs. In the table below we show a summary of the results:

Values of physical quantities for two values of C'
C(GeV) (ng) (ng) (vac|W ;W s|vac) | a
C7 = 0.020331 4.67192 1.42697 —(0.202 GeV)? 7.156
Cy = 0.022301 5.01946 1.79012 —(0.1963 GeV)? | 6.513

The value of the quark condensate obtained at the point of the transition is comparable
with the value presented in [101], and the values of the strong coupling constant are also
within the range of value predicted in [101]. From these results we can conclude that
the model is consistent and that the physical vacuum of QCD is probably a state near a
phase transition. From this study we also find that the methods of catastrophe theory
are very useful in the description of phase transitions in different models in various areas
of physics.
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Chapter 4

Conclusions

In this thesis we studied the quantum phase transitions in an algebraic cluster model
which observes the Pauli exclusion principle, namely in the SACM. Even though this
property of the model adds some complexity in the semi-classical analysis, comparative
to other models, we believe it is worthwhile to solve these problems as they offer a more
accurate description of the physical interactions. As test examples we considered two
types of cluster systems: The system of two spherical clusters O + o — 2°Ne, and the
system of two deformed clusters 2C + 2C — #*Mg.

In order to study the QPTs we used the catastrophe theory program. This allowed
us to construct the separatrices in parameter space of the semi-classical potential of the
SACM for two different types of parametrisations of the coherent states: One where they
transform as tensors, in the same way as the creation and annihilation operators of the
7 bosons, and the other where they arbitrary complex variables. Going from one region
to another implies a change in the stability structure of the potential, i.e. in their critical
points, which are interpreted as phase transitions. A different method to obtain the
Maxwell set separatrix based on the essence of catastrophe theory was developed. This
new method is useful when dealing with complicated and involved potentials. Three types
of phase transitions were identified:

i) Region I — Region IV: The spherical global minimum V(o = 0) = 0 continuously
and becomes a deformed global minimum V' (« > 0) < 0 resulting in a second order
phase transition.

ii) Region II — Region III (crossing the Maxwell set): The global minimum of the
potential suddenly jumps from a spherical global minimum V(e = 0) = 0 to a
deformed global minimum V(a > 0) < 0 resulting in a first order phase transition.

iii) 7o > 0 to 7y < 0 at r; = 0: The spherical global minimum V(a = 0) = 0 continu-
ously changes and becomes a deformed global minimum V(« > 0) < 0, where the
potential goes as af in the limit o — 0, resulting in a third order phase transition.

We explored two different ways of obtaining trajectories in parameter space for the
purpose of going from one region to another:
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a) In the SU(3) limit we fix the interaction parameters {b,b,c, &, ¢} and vary the
parameter a(a) of the quadrupole interaction (second order Casimir operator of

SU(3)).

b) When mixing with the SO(4) symmetry is allowed we fix the interaction parameters
{a,a, b,b, & ,t1} and vary the parameter ¢ of the second order Casimir operator of
SO(4), which results in a second order QPT, where a spherical minimum becomes
a deformed minimum.

We were able to map the results obtained of phase transitions semi-classically to effects
in the energy levels and other physical observables obtained with the diagonalisation of
the Hamiltonian in the space of the SACM. In the SU(3) limit it was possible to find
signatures of a QPT in the energy levels of the 07 states as avoided energy levels with
the ground state 07 in the vicinity of the value of a(a) where it crosses the relevant
separatrix. In the case with SO(4) symmetry mixing smooth changes where found in the
B(E?2) probability transition of the state 2{ to 0 and in the expectation number of 7
bosons in the ground state as functions of ¢ near the crossing of the separatrix, when
going from region I to region IV. These smooth changes were more sharp and drastic in
the semi-classical analysis with coherent states.

In this thesis we also applied the catastrophe theory methodology to a different physical
problem: An effective model of QCD. This shows the effectiveness and usefulness of the
methods developed in this work. The Hamiltonian of the model depends only on one
interacting parameter and the parameter space is one-dimensional. When the intensity of
the interaction is strong enough and surpasses the value of the Maxwell set a first order
phase transition occurs. We were able to extract physical information when studying the
expectation value of the number of quark-antiquark pairs and gluon pairs, and relating
them to the quark and gluon condensates. A value for the strong coupling constant
just after the point of the phase transition was obtained and was found to be consistent
and within the limits established by [101] for low energy. This way we can interpreted
the physical vacuum as a state just after a phase transition. In both of these examples
the phase transitions are obtained by increasing one of the interacting parameters until
it reaches a critical value. This results in the trajectory described in parameter space
crossing of one of the separatrices and the structure of the potential is changed.

The present work developed in this thesis can be expanded and improved, and a num-
ber of different applications to other areas of physics are possible. Of immediate interest is
the application to the SACM for heavy nuclei, which has been recently developed in [105]
based on the pseudo-SU(3) model [106,107], and study QPTs in heavy cluster systems.
The comparison of experimental data which can be identified as the phenomena of QPTs
is of significant importance and remains to be study in detail in the future. The use of
the cranking method to study QPTs of excited rotational states for systems of deformed
clusters still remains to be fully analysed, and we hope that the results presented in this
thesis may be useful for this and many other purposes.
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Appendix A

Expectation values in the coherent
state basis

The geometrical mapping of the SACM was given in [70]. The coherent states were defined
as

@) = Ny (" - wl)™[a’ + (- 7)) |0)

N! dno
= ——" Nym——Iot+~(a* 7N tm|0 Al
e e o £ ale w0 (A1)
with the normalisation constant given by
N2 g dro
Ny2 = ( 1+ o -Vt A2
Nomo ™ (N + ) dye dv%“’[ ol ) ==l (4.2

The coherent states depend on the minimal number of m bosons ng, on the total
number of bosons N + ng and on the «,,. As mentioned in the text in Section 2.2 there
are two main cases for the nature of the coherent states parameters:

i) The a,, behave as tensors and transform in the same way as the 7! and 7™ oper-

ators, i.e.
ol = (1) "a, (A.3)

ii) The «, are completely arbitrary complex variables.

In the following all expressions will be written with the case ii) knowing that the case
i) is easily obtainable using (A.3).
The direct product appearing in (A.1) are explicitly given by

The expectation value of an arbitrary operator O is explicitly given by

0lfo + 71 (- )]V O0lo" + (- 71)]¥ 7 0)
(A.5)

NI r dno  qno

Ola) = N2
<Q| |Oé> N,ng [(N+n0)' d’}/?o d/}/go<
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The operators that appear in the Hamiltonian are couplings of the creation and an-
nihilation operators of the U(4) group to spin S = 0,1,2. In the following we enlist the
expectation values of these type of operators [62, 70]:

g1 Fii (o)
R
(alfm & w50 6 ) = [fa" x @) x & x a2 o
o s F2o()
(of[x! @ wl)No?|a) = [ x a]})] Fyo(a)
) o g Frola)
(ol(a 2 @ o) = [ s
(a|(e")?a?|a) = (N +ng)(N +ng— 1)
. Fiu(e) . o Fa()
—2(N 41 — (e a)Foo(Oé) tlofxa) Foo()

where we introduced the notation &, = (—1)"™a_,,, and the F,,(«) functions are defined
as [62]:

N1)?
Fpq(0®) = ( A.
pa(@?) (N + o — max(p, q))! (A.7)
) N+no—zmaX(P7‘I) N + ng — max(p, q) (k+p)! (k+q)! 2k
k=max(no—p,no—q) k (k +p— nO) (k +q - TL())' '

Using the results in (A.6) we can obtain the expectation value of the Casimir operator

Co(\ p):

F (O{) FH(Oé)
Ca() Ca() 2 —— .
<O[| 2( ,/,L)|O[> < 2( C?:U’C» + \/_<QCO>[a X a] Foo(Oé) + (a a)FOO(OO
FQQ(OZ)
+ (a* - a)? : A8
(o e (A8)
Finally, we define the square of the relative angular momentum as

L*=Lg-Lp=-2V3[[rl@n)' @ [x" @], (A.9)

the minus sign is to maintain the Cartesian L* = L2 + L; + L2, This is because the
spherical components of L, i.e. the components on the spherical basis, are defined as

L, =V2[rton], (A.10)
L, =V2[xte@n', (A.11)
Ly = V2[x" @ 7}, (A.12)
so that
L=—-L_ Ly +LyLy— L L,=L:+L,+ L2 (A.13)
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which is effectively recreated in (A.13). The expectation value of (A.13) is

<04|L2|a>=—2f<04|[[ '® ]1®[ "'® @)'lgla)

__2\/_2 \/5 —— 0,

X 3> (Imalma|Img) (Imglma|1my){a|w), mp, ! w0, o)

mimso msmaq

= =23 (=" 3 > (ImyIma|lm)(Imglma|l — m){a|nl, mm,wl, w0, |a)

mimsa msmaq

and with
TerTring = <_]‘>1im2ﬂ-7m2ﬂ-1n3 = <_1>1im25777,;n2 + ﬁinger (A14>
we get
(a|L?|a) = —22 ST (=D (g Ime|Im) (1 — molmy|l — m){al|w!, w0, le)
mimomay

—22 —1)tm Z Z (1m11m2\1m)(1m31m4\1—m)(a\wimwinsﬂmﬂm\(@

mi1msa m3amaq
Fii(a2
= -2 Z(_l)lfm Z (_1)1*m2(1m11m2|1m)(1 — malmy|l —m)al, & 1 (a®)

mimomaq L FOO(OZQ)

~2S (0 S S (et (s oL = )0, 5, B P

mima2 m3maq

_ ~ Fn(OéQ)
=2 -1 ! mlém m m
m;)M( ) " 4am1a 4F00(O[2)

F 2
S2S 0SS (st (s oL = )0, o P

mima msma

o Fy(a )_ o X & o d10F22(042)
Z O 3 2v/3[[a" x &' x [a* x I R (A.15)

where we used the following identity

= =D ST (=D (Amalma[lm) (1 — molma|l —m) = > (=) 60, iy

mi1mamaq mi1mg
(A.16)
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Appendix B

Critical points of a function of two
variables

Two particular examples of functions depending on two variables and four parameters
are studied. In the first example the function has a linear and a quadratic term in the
variable y. In the second example the function has a quadratic and a quartic term in the
variable y. In both examples the dependence on the variable x is given by non-singular
rational functions.

In this work we encounter two potential functions, which depend on two variables.
Both of these potential functions, one in the SACM and one in the QCD example, fall
into the first example discussed here. The second example of functions are simply added
to illustrate a particular type of potential functions for which the methods discussed are
still applicable.

B.1 First example
Let us consider the two variables function f of the form:
fx,ys a1, a9, a3, a0) = gs(2) + asga(®) + azy?gs(x) + asyge(x) + argi(2), (B.1)

where x,y, a1, as, as, as € R, and g;(x) are real non-singular rational functions.
The critical points (x.,y.) are the pair of values that satisfy the condition

Vf(x,y)|(mc’yc) =0. (B.2)
This condition may be written as the following set of equations:

3_f _ % 094 2093 992 g1

9r - or +a4%—|—a3y %%—QQ?J%%—%@—ZE =0 (B.3)
0
5 = 2039g5() + aaa(a) =0 (B.4)

Then, the critical points (z.,y.) are those that satisfy (B.3) and (B.4) simultaneously.
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Figure B.1: Contour plot of the example in (B.10), with a4 = 20, a3 = 10, ay = 80,
a; = 20. The blue curve represents the critical points of y as a function of x given in

(B.11).

We can solve for y in (B.4) and obtain

az ga(z)
Ye(T) = —— , B.5
and by direct substitution in (B.3) obtain an equation solely for the z variable
Of 0gs , Oga a3 (g3(x)9g5  ga(x)Ige 991
P —_J= < |- — _9: —= — =90 B.6
or oz Mo daz \ g3(x) Oz g3(x) Ox e ’ (B-6)

so that the solution of (B.6) provides us with the critical values of x which in turn, by
direct substitution in (B.5), also provides us with the critical values of y.

We will now show that by direct substitution of (B.5) in the initial function (B.1)
we obtain a one dimensional function in the variable x, whose critical points condition is
equal to (B.6), thus allowing us to treat the problem as a one dimensional system where
the y variable is always critical.

Substituting (B.5) in (B.1) we get

a3 g5(x)

f(z,y.(x); ar, ag, a3, as) = gs(x) + asga(w) — 4—(1393(@ + a191(x), (B.7)
and differentiating with respect to x we get
of g5 | 9dgs a3 (gi(x)gs ga(x) Dga 91
- 7 = _Z =2 9= 72 - B.8
Jr  Ox s oz * daz \ g2(x) Oz gs(z) Oz o oz’ (B-8)

which is identically to equation (B.6).
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Figure B.2: Plot of function f(z,y) in (B.10), with ay = 20, a3 = 10, az = 80,
a; = 20. The red curve along the 2-dimensional surface is the one-dimensional func-
tion f(z,y.(x), a1, as,as) and its projection in the (x,y)-plane is shown as the blue line in
the contour plot.

As a particular example to illustrate this result we consider the following functions for
gi(z) in (B.1):

g5(x) =0
28 ot 22
S T
94() 8+6+4+2+
28 2t 2
LTty B.
g3(z) 6+4+2+ (B.9)
PER
gg(ac):€+§—|—a:+1
2
x
91(95):54‘1

and obtain the two variable function

8 2 2t a2 20t 2
f(xiy;a17a27a3aa4):a4<§+g+z+?+1>+a3y2<€+z+5+1>
5 3 2
+a2y<%+%+x+1>+a1<%+1>. (B.10)

In Fig. B.1 we show the contour plot of (B.9) for a particular set of values of the param-
eters. The blue curve represents the critical points of y as a function of x, which from
(B.5) and (B.9), are

5 3
%+%+x+1
_4:[6 x4 z2 1
6 4 2

Ye(a) = (B.11)
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In Fig. B.2 we show the three-dimensional plot of (B.10). As a red curve along the
2-dimensional surface is the one-dimensional function f(x,y., ai, as, az) and its projection
in the (z,y)-plane is shown as the blue line in the contour plot.

B.2 Second example
Let us consider the two variables function f of the form:

f(x,y;a1, a2, a3, a4) = gs5(7) + asga(x) + a3y4gg(x) + a2y292(x) + a1g1(7), (B.12)

where x,y, a1, as, a3, a4 € R, and g;(x) are arbitrary real functions and gs(x) has no real
roots.
The critical points (x.,y.) are those that satisfy the condition

vf(x7y)|(mc,yc) = 07 (B13)

this condition may be written as the following set of equations:

of 9gs  Oga 1993 2092 091 _

or Oz T ox +asy ox a2y ox T ox =0 (B.14)
0

6’_5 = dazy’gs(x) + 2a2yg2(z) = 0. (B.15)

Then, the critical points (x.,y.) are those that satisfy (B.14) and (B.15) simultaneously.
We can solve y in (B.15) and obtain

yo(x) =0 (B.16)

_ a2 go()
2a3 g3(x)’

(B.17)

which are now three different solutions for y. Direct substitution of (B.17) in (B.14)
obtain an equation solely for the = variable

of _9gs , O a_%<9%<x>393 292<f>%>+ 991

or  Ox s dr  daz \g2(x) 0x " gs(x) Ox “or

=0, (B.18)

so that the solution of (B.18) provides us with the critical values of x which in turn, by
direct substitution in (B.17), also provides us with the critical values of y.

We will now show that by direct substitution of (B.17) in the initial function (B.12)
we obtain a one dimensional function in the variable x, whose critical points condition is
equal to (B.18), thus allowing us to treat the problem as a one dimensional system where
the y variable is always critical.

Substituting (B.17) in (B.12) we get

a3 g3(x)

" lus 05(2) + a191(x), (B.19)

f(xa yi(x)7 ay, Gz, as, a4) = g5(l') + a4g4(:c)
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Figure B.3: Contour plot of the example in (B.22), with ay = 2.4, a3 = 4, ay = —1,
a; = —1.8. The blue curves are the critical points of y as a function of = given in (B.23)

and (B.24).

and differentiation with respect to x we get

of _ 095 . D91 <g§(%‘)093 292(%)%) 991

gi(x) Oz gs(x) Ox

g @ (B.20)

or O = Oor  4as

which is identically to equation (B.18).
As a particular example we consider the following functions for g;(x) in (B.12):

gs5(x) =0
ga(z) = at
gs3(x) =1 (B.21)
g2(x) =1+ 2
gi(z) = a?
and obtain the two variable function
f(z,y; a1, a9, a3, ag) = asx® + azy* + axy®(1 + 22) + ay2*. (B.22)

63



In order to illustrate the critical points, etc., we choose the parameters: as = 2.4, a3 = 4,
ay = —1, a; = —1.8. In Fig. B.3 we show the countour plot of (B.22) for the chosen
values of the parameters. The blue curves represent the critical points of y as a function
of z, which from (B.16), (B.17) and (B.21), are

yo(x) =0 (B.23)

ya(z) = + é(l +22). (B.24)

In Fig. B.4 we show the three-dimensional plot of the function example in (B.22).
As light blue curves along the two-dimensional surface are the one-dimensional functions
flz,yo(x), a1, a9, a3, a4) and f(x,y+(x), a1, as,as,ay), and their projections are shown as
the blue lines in the contour plot.

Figure B.4: Plot of function f(x,y) (B.22), with ay = 2.4, a3 =4, as = —1, a; = —1.8.
The light blue curves along the two-dimensional surface are the one-dimensional functions
f(x yo(x), aq,a9,as,a4) and f(x,y=(x), a1, as,as,ays), and their projections are shown as
the blue lines in the contour plot
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Appendix C

Bifurcation and Maxwell sets for an
arbitrary potential

Let us consider potential V' (x;ry, 79, 7r3) that is a real function of the form

V(x;r1,m2,73) = r1g1(w) + 1292(7) + r3g3(z) + g9a(x), (C.1)

where g;(x) are arbitrary one-dimensional rational functions with no singularities in the
domain of z, and r; three real parameters. The parameter space of the function (C.1) is
three-dimensional and is expressed as (71,72, 73).

By gradually changing the parameters the qualitative structure of the potential, i.e.
its minima, maxima, and saddle points, also change. Therefore the critical points x..
of the potential are functions of the parameters. Catastrophe theory provides us with
a framework of dividing the parameters space with separatrices in regions where the
qualitative behaviour of the potential remains the same, so that when given a particular
set of values of the parameters, i.e. a point in parameter space, we are able to know the
structure of the potential, in particular, how many minima does the potential have. Two
of the most important separatrices are the so-called bifurcation set and Maxwell set [41].

As we will see, according to catastrophe theory the bifurcation set and the Maxwell
set of a parameter dependent function are subspaces in parameter space defined by the
points where the mapping of a certain manifold to the parameter space is singular. In
this Appendix we will use this approach to write compact parametric expressions for both
the bifurcation set and the Maxwell set of a general one-dimensional potential function.

C.1 Bifurcation set

This separatrix divides the parameter space in two regions: In one region the function
has no extrema, at the separatrix it has a saddle point, and in the other region it has a
maximum and a minimum. In Fig. C.1 a schematic depiction of a function in the vicinity
of the bifurcation set is shown. The bifurcation set is then the subspace in parameter
space where critical points emerge.

We begin by taking the derivative of the potential (C.1) with respect to x and equating
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Crossing the bifurcation set

Figure C.1: In the left, before crossing the bifurcation set separatrix, the function has no
extrema. In the middle, at the bifurcation set, the function has a saddle point. In the
right, after crossing the bifurcation set separatrix, the function has a maximum and a
minimum.

it to zero:

dVv

1 = 7’191 (wc) + r29;(x0) + T3gé(x0) + 94,1(%) = 0. (C.2)

This define the critical points z, of the potential (C.1) for any particular selection of the
parameters.

The critical manifold is the hypersurface of all critical points spanned by the variation
of the parameters:
dVv

MBI {(l‘c,’l“l,rg,'l“g) ER4| E

- 0} . (C.3)

The bifurcation set is the subspace in parameter space (r1,72,73), where the mapping
(e, 11,79, 73) > (11,72, 73) Of the critical manifold to the parameter space is singular, or
in other words when the Jacobian determinant of this transformation is zero [41].

From (C.2) we solve for r; and get

m:—a&5m¢@»+mm%wwmm» (C.4)

This results in 71 being expressed as a function of the critical points z. and the parameters

ro and r3. The mapping of the critical manifold to the parameter space then becomes
(e, 9, 173) > (11,72, 73). The Jacobian determinant of the mapping is given by

i or o or, o, on
% % % B 880 ors ors B 87«1 (C 5)
S Oz, '
o e o 0o 0 1
and it is singular when it is equal to zero. Using (C.4) we obtain

O L (Wi g}) + raW (g g)) + W(ghngl)) =0 C.6

0. (o 5 (r2W (g2, 91) +73W (g3, 91) + Wigs. 1) ) =0, (C.6)

Le (gl(xc))

where W(f,g) = f(x)g'(z) — f'(z)g(x) is the Wronskian determinant. From (C.6) we can
solve for ry and get

b
W(g1, 95)

o = —

(raW (gt 98 + Wi 90)) (©7)
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as a function x. and rs. Finally, direct substitution of (C.7) in (C.4) gives us r; as a
function of x, and r3 as

r =

1 (
— (W (gh, gh) + W ’,’). C.8
W\ (95, 93) (95, 94) (C.8)

Then, the bifurcation set of the potential function (C.1) is the parametric surface in
three-dimensional space defined by (C.7) and (C.8):

Cg = {(rl(xc,7"3),7“2(956,7"3),7“3) | ze, 13 € R} ) (C.9)

C.2 Maxwell set

This separatrix divides the parameter space in two regions: In one region the function
has two or more extrema at different values, e.g. two minima with one being lower than
the other; in the Maxwell set two or more extrema have the same value, e.g. both minima
have equal depth; and in the other the extrema have again different values, e.g. the
minima the had a higher value is now the lower one. In Fig. C.2 a schematic depiction
of a function in the vicinity of the Maxwell set of two minima is shown.

Crossing the Maxwell set

Figure C.2: Transition of a function with two minima across the Maxwell set. In the left,
before crossing the Maxwell set separatrix, the minimum on the left is lower than the
minimum on the right. In the middle, at the Maxwell set, the two minima have same
value. In the right, after crossing the Maxwell set separatrix, the minimum on the left is
higher than the minimum on the right.

The Maxwell set is the subspace in parameter space where for at least two critical
points x; and x5 the following condition holds

V($1;7"1,7“2,7"3) = V($2;7”177"2,7"3) = -V, (C.lO)

where V., € R and —V, is the value of the extrema. This condition can be written as the
following expression:
V(i re,m3) + Ve =0, (C.11)

where we consider all the values x, such that the potential function equals —V, for a
particular choice of the parameters r;. We are only interested in the cases when x, are
also critical points.
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Analogous to the bifurcation set case we consider a roots manifold defined as:
My = {(%77"177"2,7"3) eR | V(wyiri,ra,rs) + Ve = 0} ; (C.12)

i.e. the hypersurface of all real roots of (C.11) spanned by the variation of parameters.
The reasoning is as follows: As the parameters are arbitrarily varied a critical point arises
when two real roots (or a conjugate complex pair) of (C.11) coalesce; in this case we
will have a critical point x, such that the value of the function is —V, for the respective
values of the parameters. This occurs at the intersection of the critical manifold (C.3)
and the roots manifold (C.12), which happens when the mapping of the roots manifold
to the parameter space is singular. Then, we can define the Maxwell set as the subspace
of parameter space where the mapping (z,,71,79,73) — (71,72, 73) of the roots manifold
to the parameter space is singular for two different critical points (roots) z; and x, for
the same value of the parameters.
From (C.11) we solve for r and get:

1
= = (ragnln) + ragale) + gae) + Vo). (C13)
g1(zr)
Similarly to (C.5) the Jacobian determinant of the transformation is
or 1
8—1’1 = 2@ (T2W(g2,91) +73W (g3, 91) + W (g, 1) + 91(%)%)7 (C.14)

and the mapping is singular when (C.14) is equal to zero.
From (C.14) we can solve for ro and get

1 /
ro = —m (7’3W(91a93) +Wi(g1,94) — 91(%)%), (C.15)

which is given in terms of the critical points x, and the parameter r3 and V.. By direct
substitution of (C.15) in (C.13) we can obtain 7 as:

1

W(91792)

also given in terms of z,., 73 and V.. The parametric surface defined by (C.15) and (C.16)
corresponds to the values of (11,79, 73) for which there exists a critical point x, such that
the value of the extremum is —V.. We can show that the z, which satisfy both (C.15)
and (C.16) are critical points by direct substitution in (C.2), with z. = z,, and seeing
that the expression is automatically satisfied.

For the particular case where the potential function (C.1) always has an extremum at
V. = 0 the Maxwell set is the parametric surface in three-dimensional space defined by
(C.15) and (C.16) setting V. = 0:

CJ(\)4 = {(Tl(l'r,?“g),7’2(1'7«,7“3),7’3) | Ty, T3 € R} . (Cl?)

We continue by supposing that there exist two different values x; and x5 such that
the following set of algebraic equations are simultaneously satisfied:

ro(x1573, Vo) = ro(wo573, V0) (C.18)
7’1($1;7’3,VC) = T1(5E2§7’3,Vc)> (C.19)

(FsV (92,95) + W (921 90) = ghl) V2 ), (C.16)

r =
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with 79 and 7 given by (C.15) and (C.16), respectively. We can rewrite (C.18) and (C.19)
as the following set of equations:

ry  rsWis(xy, x2) + Wiy, 22) — V.G (21, 20) =

0
1 r3Was(wy, @) + Was(xy, 22) — VeGa(xy, 29) =0

where we defined the following functions:

Wij(z1,22) = W(gi, 95)l,, W91, 92)|,, — W(gi, 95)l,, Wlg1,92)l,,  (C.22)
Gi(z1,m2) = gi(x1) Wlg1, 92),, — 9i(w2) W(g1,92)l,, - (C.23)

Eliminating V. from (C.20) and (C.21) we obtain r3 as a function of x; and z:
T3 (G2($1,$2)W13($1,$2) - G1($1,$2)W23($1,$2))
+Go(x1, B2)Wia(@1, 22) — Gr (21, 2)Waa(21, 22) = 0, (C.24)
and eliminating r3 from (C.20) and (C.21) we obtain V. as a function of z; and xs:
Vc(Gl(9€1,~’U2)WQ3(9€17$2) - G2(9€1,$2)W13(9517332))
+Wiz(21, 22)Waa(1, v2) — Waz(z1, 22) Wia(21, 72) = 0. (C.25)

Then, for every value value of 3 one can solve (C.24) and determine the values of z;
and x5, which in turn can be substituted in (C.25) to obtain the corresponding value of
Ve. We finally substitute everything back in (C.15) and (C.16), so that now r; and ry are
given in terms of x1, zo and r3, and we obtain the Maxwell set as the parametric surface
in three-dimensional space defined as:

Cv = {(7’1(901,$277“3),7”2($1,!E2,7“3),7”3) | Ty, T2, T3 € R}, (C~26)

where x; and x4 satisfy (C.18) and (C.19).
To reduce computation times we find that the combinations of functions appearing in
(C.24) and (C.25) can be written as:

Go(x1, x)Whi(x1, 22) — G (21, 9) Wayi (21, 22)
= Wi(g1,92)l2, W1, 92)l.., (gi(:vl) W92, 9i)la, + 91(22) W (g2, 9i)1,
= 95(x1) W(g1, 9i)l4, — 92(2) W (g1, 90)l.,
+ @) Wlon, @)L, + w) Wlgn. )1, ). (c27)
and
Wag (1, x2)Wig(x1, 22) — Wig(xq, 22)Was(xy, 22)
= - W(g17g2)‘x1 W(gl,gg)\m (W(g17g2)‘x1 W(g3,94)\x2 + W(gl,gg)\m W(g3,94)‘x1
- W(g17g3)‘x1 W(g27g4)‘x2 - W(ghgzs)\m W(g2ag4)‘z1
+ Wig1, 94)lo, W92, 93)]0, + W91, 94)l0, W92, 95)l.,, ) (C.28)

where in both expressions the common term W (g, g2)|
of the equations.

W (g1, gg)|902 can be factored out

Z1
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Appendix D

Definition of the ;(«) polynomials

The definition of the Fp,(«) functions, which appear when calculating the expectation
values of the operators in the Hamiltonian, is given by the following expression [62]:

(N1)?

Fpg(a®) = D.1

pal@) (N + ng — max(p, q))! (D-1)
. N+nozm:ax(p,q) N + ng — max(p, q) (k+p)! (k+q)! 2k
k=max(no—p,n0—q) k (k +p— nO)' (k +q - TL())' .

In order to express the semi-classical potential in terms of the essential parameters it
is necessary to rewrite (D.1) in a suitable way. For this purpose we begin by expanding
(D.1) explicitly for the values of p and ¢ which appear in the semi-classical potential:

! N!'  (ng+k) (ng+k)! a*
2p _ 2n0 "o 0 0
aPF,(a) = Ningla —+...+ +...
(@) 0 [(no—p)! (N —k)!' ng!  (no+k—p)! (k)2
[N+ n0)? o
Nlng!(N 4+ ng — p)!

(D.2)
2 Nl (ng+3)at
2 — Nlngla® _ « 0 @
a’ Fy(a) = Nlngla™™ [N(N 1)(ng +2)(no + 1) 5 + N3 ol 3
n N! (no + k + 1)! ok P (N +n0)! on_s
(N —Fk—1)! ! (k+1DN k=1 " nl(N—2)! ’

withp=q=1,2,3.

When subtracting the constant term 7y (2.77) of the Taylor series expansion about
a = 0 of the semi-classical potential to (2.69) we obtain linear combinations of the F),(«)
functions. In what follows we deal with those expressions and manipulate them to rewrite
them as linear combinations of some new polynomials which will be multiplied by the
essential parameters r; (2.83).

Expression for fi1(a) = o?Fiy(a) — ngFyo(a):

n N N' (no—l—k)' OéQk
fule) = Nlngla™ > = = G = 1)

k=1

(D.3)
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Expression for fos(a) = o Fas(a) — ng(ng — 1) Fyo(a):

Nl (ng+k) o2
N—-K! no Kl(k-1)
N N! (no -+ ]{])' OéQk

N
fQQ(Oé) = N!nol(x2"° 2710 Z (
k=1

D4
PN el R (D-4)
where we used
(no+k)(ng+k—1) —ng(nog — 1) = 2nok + k(k — 1). (D.5)
Expression for fs3(a) = a®Fz3(a) — no(ng — 1)(ng — 2) Fyo(a):
NN (ng+ k) o
= Nlngla®™ ~1 .
fa3(a) nola™ 1 3no(no )k; (N =K nol  Kl(k—1)
N N! (no —+ ]{])' OéQk
3
0 N el R(E D)
NN (ng+ k) o

D.6
+,§(N_k>! nol Rk —23)! (D-6)

where we used

(D.7)
Expression for o Fy(a):
1 NNl (ng+ k) o
*Fyo(a) = Nlngla®™ | =(N — 1 2
o Frofe) = Ninola™ | 5V = 1)lno +2) 2 (5= = J =)
1 NN (ng+ k) o
——(no(N+1)+6
5 (1ol ) ),;(N—k)! no!  kl(k —2)!
N N! (no—i—k)' OéQk
—ngo(N + 1 D.8
ooV >,;3(N—k)! nol (k+ 1)k — 3)! (D-8)
where we used
11 11 (N —k)(no+k + 1)
.~ S (N-1 94— (ng(N + 1
Fte =2V D02+ s g oV D)+ 6) 4
1 1
= —ng(N +1).
G i —aygheW L
(D.9)
Defining the polynomials appearing in (D.3), (D.4), (D.6) and (D.8) as
NN (ng+ k) o
A —  =1,2,3.
Qi) ;(N—k:)! no!l Rk —pp T b9
NoOON! (ng+k)! o’k
Qa(a) = (no +£) (D.10)

(N—K)! no! (k+Dlk—3)
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we are able to write the previous expressions as linear combinations of (D.10):

—|—én0(N + 1)Q4(a)] . (D.11)

When dealing with large values of N, such that N —nyg—p—1 > 0 and p > ¢ are
satisfied, it is possible to factorize the function a*F,,(a?) in the following way:

a®Fy,(a?) = Ningla®™ (1 + o*)N"07PG (), (D.12)
where the function G),(«) is a polynomial of order 2ny + 2¢g defined as

no+q

Gpyla) = Z Cpq(k)a%a (D.13)

k=0

with the coefficients ¢,,(k) given by

Calk) = zk:(_l)jp! (p _J;f+ k:) (no; k:) (no +pp— q+ k) (N — ng —jp+j - 1) |
(D.14)

Then, it is possible to cancel out the term o*™ (1+a?)N¥ =" in the semi-classical potential.
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