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Sammendrag

I denne masteroppgaven har vi studert fasediagrammet tilhgrende den kirale faseovergangen til
kvantekromodynamikk (QCD) i T-p-planet. Vi bruker den linesre sigmamodellen med kvarker for
a modellere QCD ved sma energier. For & regne ut fasediagrammet benytter vi oss forst av mid-
delfeltteori. Med denne tilnsermingen finner vi en fgrsteordens faseovergang i hele T-u-planet i den
kirale grensen. Imidlertid finner vi en crossover ved null kjemisk potensial med fysiske kvarkmasser,
som endres til en fgrsteordens faseovergang nar u gkes. Dette impliserer eksistensen av det kritiske
punktet.

Etter dette flytter vi fokuset til en mer raffinert teknikk, nemlig den funksjonale renormaliser-
ingsgruppen. Vi bruker sa lokalpotensialtilneermingen for & finne en likning for det effektive poten-
sialet. Med denne tilnsermingen finner vi en annenordens faseovergang ved null kjemisk potensial
i kiralgrensen, som endres til en fgrsteordens overgang nar vi gker u. Dette betyr at ved bruk
av renormaliseringsgruppen fant vi et kritisk punkt ogsa i den kirale grensen. Nar vi sammen-
ligner fasediagrammet vi fikk ved & bruke middelfeltteori med fasediagrammet vi fikk ved & bruke
renormaliseringsgruppen observerer vi at det sistnevnte fasediagrammet faller av raskerer for hgye
kjemiske potensial enn fgrstnevnte.

Selv om denne oppgaven i hoveddel angar QCD med to kvarker, s har en tre-kvark-modell ogsé
blitt introdusert, og vi finner faseovergangen til denne ved bruk av middelfeltteori. Sammenlignet
med to-kvark-modellen ser vi at effekten av & inkludere sserkvarken pa fasediagrammet er sveert
liten. Forskjellen mellom diagrammene med og uten sserkvarken blir stgrre dersom vi velger en
hgyere verdi for sigmamassen, men selv ved 800 MeV er forskjellen fortsatt liten.
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Abstract

In this thesis we map out the phase diagram of the chiral phase transition of quantum chromody-
namics (QCD) in the plane of temperature and quark chemical potential. We use the linear sigma
model with quarks (LSMq) as a low energy effective theory of QCD. We first employ the mean-
field approximation to calculate the phase diagram. With this approximation we find a first-order
phase transition in the whole T-p plane in the chiral limit. However at the physical point we find
a crossover at zero chemical potential, which changes into a first-order transition as we increase p,
implying the existence of a critical endpoint.

We then turn our attention to the more sophisticated functional renormalisation group and
nonperturbative approximations. Using the local potential approximation (LPA), which is the
simplest nonperturbative approximation, we found a second-order phase transition in the chiral
limit at zero chemical potential. As we increased u, the transition changed into a first-order one,
which means that in contrast to the results from the mean-field approximation we found a critical
endpoint also in the chiral limit. When comparing the phase diagrams obtained in the mean-field
approximation with the phase diagrams from the LPA, we see that the latter phase diagram declines
faster for high chemical potentials.

While this work is primarily concerned with two-flavour QCD, we also introduce the three-flavour
LSMq model and map out the phase diagram in the mean-field approximation. We find that the
inclusion of the strange quark only has a minor effect on the phase diagram. The difference becomes
more prominent as we increase the mass of the sigma particle to 800 MeV, but the difference is still
small.
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Notation

Natural units A = ¢ = kp = 1 are used throughout the thesis.

The metric is
" = diag(1, —1,—1,—1).

If coordinates are denoted by a simple = or y, the full space-time vectors z*, y* are implied, and
with multiplication of these, the contraction has already been carried out xp = x,p". Space vectors
will be written in boldface x, y.

Greek indices take values starting at 0, while Latin letters take values starting at 1. Einstein’s
sum convention is always implied, meaning that Greek indices are always contracted up with down,
while Latin ones are summed if repeated. Examples:

o 22 2 2
x.ﬁU‘u—fI}O 1 Ty T3

aibi = Z aibi

Whenever d is denoted as the dimension, both space and time dimensions are included. In most
cases we will work in 4d Minkowski space, meaning one time dimension and three spatial dimensions
with the metric signature above.

Space-time integrals with no boundary conditions imply that they are taken to infinity

/d%z/dt/dx/dy/dz

If the integration measure is d%z, this implies integration over all space-time dimensions. The
integration measure dx is over all spatial dimensions. Sometimes the notation

/xand/q

will be used. This also implies integration over all space-time dimensions, but it is context de-
pendent. In the sections on quantum field theory, they are integration over Minkowski space-time,
while in the sections on thermal field theory they include the thermal limit in Euclidean space, or
are identical to the sum-integral in Fourier space:

/m:/OBdT/dx, /qETn:ioo/(Qd:)?’

X1



I have chosen to use the standard representation of the v matrices

o [ T 0 . 0o 7 5 0 1
! o 1) 7 — 0 ) 1o )’

where 7% are the three Pauli matrices, I is the 2 x 2 identity matrix, and +® = iy0y14243.
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Introduction

The phase diagram in the plane of temperature 7" and baryon chemical potential up (i.e. baryon
density) of quantum chromodynamics (QCD), the theory describing the dynamics and interactions
of quarks and gluons, has in recent years received a lot of attention due to its rich structure [T}, 2].
At low temperature and density, QCD is in in the so called hadronic phase, where quarks and
gluons only appear as bound states such as the baryons and mesons. This owes to the confining
nature of the strong force. At high energy scales on the other hand, QCD possesses asymptotic
freedom, which allows for interesting and exotic phases at high temperatures and/or high densities.
For example heavy-ion collider experiments at RHIC (Relativistic Heavy Ion Collider) and LHC
(Large Hadron Collider) has verified the existence of quark-gluon plasma at high temperatures, and
the same phase is strongly believed to have existed in the very early universe. At low temperatures
but high densities, a quark matter phase as well as multiple colour-superconducting phases are
predicted. These phases are believed to exist inside compact stars and be present at the collapse of
neutron stars [3].

The aforementioned confining properties of QCD makes it an exceedingly difficult theory to work
with, as perturbative techniques break down at energy scales lower than that of deconfinement. One
therefore has to resort to other methods of calculation such as lattice QCD, a numerical technique
using a discretised version of QCD to calculate various quantities from first principles. Another
option, which we will make use of in this thesis, is to model QCD with effective theories, simplifying
the picture considerably. One such model is the linear sigma model with quarks, in which gluons have
effectively been replaced by mesons, and quark-gluon interactions with quark-meson interactions.
On top of being a very successful model, it has an historic background as Yukawa proposed in 1934
[4] that the force particle corresponding to the strong force was in fact the meson, for which he later
received the Nobel Prize in 1949.

Even using effective models for QCD we still can not find analytic expressions for the quantities
needed to calculate the phase diagrams, and further approximation is needed. We will first use
the mean-field approximation, to calculate said quantities, but we will quickly turn to a more
sophisticated nonperturbative functional renormalisation group technique. One should notice the
small figures in the upper right corner of every odd page. This is the plot of an effective potential
at various stages of renormalisation, calculated using the renormalisation group equations we will
derive later in this thesis, and is meant to be flipped through like a flip book.
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CHAPTER 1
( Preliminaries

In this thesis I will assume that the reader is familiar with the basics of quantum field theory (QFT)
and I will therefore only give a very brief derivation of it. Afterwards I will continue with a study of
some of its properties and applications before proceeding to a formalism in which the temperature
is nonzero.

1 Quantum field theory
In the early 20" century, at the discovery of the quantum theory, physicists realised that physics
might not be as predictive as they first thought. Quantum theory, which seemingly governed the
mechanics at very small scales, could only calculate probabilities for outcomes. Meaning that any
quantum process would have a fundamental element of uncertainty tied to it. One manifestation
is Heisenberg’s uncertainty principle, which states that if the position of a particle is known to a
certain precision, there is a limit to how precise one can know the momentum of the same particle.
This limit is determined by the Planck constant found almost 30 years earlier by Planck in relation
to the energy distribution of black body radiation. Therefore, in any quantum theory, for a given
process one would calculate the probability for a certain outcome, and use that to make predictions
of what will generally occur. These probabilities are called transition amplitudes, and we will have
a look at how they are defined and calculated using quantum field theory.

A transition amplitude is defined as (B,t¢|A,t;), where the square of this is the probability of
finding the system in state |B) at time ¢; given it was in state |A) at time ¢;. This is in the so called
Scrodinger representation, in which the state of the particle is time dependent, and can be evolved
in time by applying the time-evolution operator e~ (=) In the Heisenberg representation on the
other hand, particle states are time independent, however quantum mechanical operators are not.
We will not concern ourselves with this representation here, and in the Schrédinger representation,

the transition amplitude is

(B| e =) | A) (1.1)
The time-evolution operator stems from the stationary solution to the Schrédinger equation
dp -
— =H 1.2

where H is the quantum mechanical operator corresponding to the classical Hamiltonian.

First let us derive a formula for the transition amplitude of a specific system. The algebra and
identities needed is listen in appendix To calculate [Eq. (1.1)[ we insert N (taken to infinity)



complete sets of states |¢) at times t,, separated by an infinitesimal time At = (t; —t;)/N. We also
insert a complete set of states in momentum space (|7)). This yields

N dr, .
(@l |gy) = lim / (Hd%;) (@slm) (vl e A o) o my-1)
n=1

x (1| e A gn ) o (e A g (dale) . (1.3)

Here |¢y,) is the state at time ¢, = ¢; +nAt, while |m,,) is the momentum rep. at time ¢,,. Expanding
the exponents to first order in At we should obtain terms on the form H |¢,). We assume that all
|pn)’s are eigenstates to the operator H with eigenvalues H,,. Identifying this as the series expansion
of an exponential, and evaluating the scalar products (¢, |m,,) using we finally arrive at

(o] e M1 |g) = lim / (Hd@ ) )

X exp {—ZAtZ/dd L [H(gi, i) — mi( i1 — di) / At] } - (14)

Taking the continuum limit we rewrite the sum in the exponential as an integral over time, and
recognise the last term as the formal definition of the partial derivative w.r.t. time, of the field ¢. A
new notation for the outer integration measure is also introduced symbolising functional integration,
but is identical to what is defined above:

d(tr)=oy
(fs| e H 1) | /D(]ﬂ)ﬂexp{ /t dt/dd ! < %—H(@w))}. (1.5)
o(t:)=¢ !

1.1 Transition amplitudes for bosons

To continue the calculations from [Eq. (1.5), we will choose a simple Hamiltonian describing a system
of scalar fields with a standard kinetic term and a momentum independent potential,

1 1
H= ﬂr + = (w) + §m2¢2 +U(o). (1.6)
Even though this might seem simple, it can be easily extended to other fields by using the associated

kinetic term. Actually, the Hamiltonian describing the famous Standard Model of particle physics
is this form, only extended to all the various fields. Inserted into [Eq. (1.5)] we have

(Pr:trlgisti) = AJim /D¢D7T eXp{Z/dd imi (Piv1 — di)
— iAt(%Trzz + 3(V§:)* + dm?¢7 + U(@)ﬂ } (1.7)

The fields are all discretised in time, but also need to be discretised in space for us to be able to
evaluate the integrals. This we do by dividing space into M?® boxes with sides of length a and



take the limit a — 0. To make sure we keep track of all dimensionfull quantities, we substitute
m; with a dimensionless one m;(x) = p;(x)/Va3At. As the 7’s in Eq. ((1.7)) is term by term only
dependent upon the current space-time coordinate, we end up with NM? Gaussian integrals that

can be evaluated using Eq. (B.4)),

Ood ‘ 3 1 i3 (- — h)2
/ ;exp{_i;pgﬂ\/gwjﬂ—@)m}— @exp{” 0 =) } (L8)

—00

Taking the continuum limit again in both space and time yields the final result

L\ 5
(br,trldists) = <2ma%§) /D¢ exp{i/dt/dd_lw{ ((;f) %(V@ —1im2¢* - U(qﬁ)} },

_C/D¢exp{ /dt/dd Y £(0,0, ¢)} (1.9)

The term in the exponential is known as the action, S = [dtL = [ L. To get a physical inter-
pretation of this result, it is easier to turn to the quantum mechanical result. Assume we have a
particle at position z; at time ¢;, and want to calculate the probability that it is at position xy at
time t7. Analogous to the calculation we just did, the transition amplitude is given as

(@ flz:) _/<den> ] Lansin) (1.10)

The transition amplitude can therefore be interpreted as the interference between all possible paths
in space the particle can take to get from position x; to position x;. The phase associated with
each path is given by the action said path generated. This method for calculating the transition
amplitudes is therefore often referred to as the path-integral formalism. In an analogous manner,
the transition amplitudes in field theory is the sum of all intermediate field configurations the field
¢ can take “moving” from configuration ¢; to configuration ¢y.

1.2 Generating functional

The transition function calculated in Eq. calculates the probability for a state given at time t;
evolving into a specific state at time ¢;. Usually what happens both before and after the measured
time, as well as everything happening in the background is irrelevant. It is therefore customary to
simplify it by choosing both |¢;) and |¢f) to be the vacuum state |(2), and take the limits t; — — oo
and ty — oo. Now that we have removed the initial and final state from the transition, how can
this predict any physics? In the spirit of quantum mechanics, we promote the field ¢ to an operator
and expand it in Fourier space,

d(z) = / (%)(iiiﬁ (&pe—W + dl,eip”‘). (1.11)

ap and di, are the annihilation and creation operators respectively of states with particles having
momentum p. Meaning that

a}, 1) = Ip), 1.12)
ap [p) = [2), (1.13)



in which |p) is a one particle state with momentum p. Transitions from a state with a set of particles
to another state with another set of particles can therefore be expressed using the correlation
functions:

Gn(x1, 22, ..., 2n) = (QT{d(x1)P(22) - - P(wn) }|) (1.14)

where T is the time ordering operator making sure that for instance destruction of a particle cannot
happen before is has been created. The relation between the transition amplitude and the correlation
function is summed up in the Lehmann-Symanzik-Zimmermann (LSZ) reduction formula which we
will not go into here. A full derivation can be found in introductory books on the subject, e.g. [, [6].
Using the results from the transition amplitude calculations, the correlation functions (also called
n-point functions) can be expressed on integral form:

(QT{p(21)p(x2) - - P(an) Q) = N /Dqﬁ d(x1)p(x2) - -'qﬁ(:):n)exp{i/dd:r L(0,0, ¢)} (1.15)

In the above expression N is a normalisation constant. We want the probability normalised so that

(Q|Q2) = 1, implying that
N = /Dqﬁexp{i/ddwﬁ}. (1.16)

There exists a simpler method for calculating these correlation functions based on an object called
the generating functional. Suppose we included a new term in the action in the form of an external
source J(x) coupled to the field

/ddac J(x)p(x). (1.17)
We call the resulting object the generating functional and denote it W[.J] (also often written Z[J]),

WiJ] = /D¢ exp{i/dda: £+ J(@)(x)] } (1.18)

Taking the functional derivative of W with respect to J, then setting J = 0, results in

ZV[}[O] 5JZL“1)W[J]‘J0 = I/Vl[O} /D¢ ¢7(az1)exp{i/ddx [,}, (1.19)

which is exactly the correlation function of one field at position x1. This is easily generalised, and
the correlation functions can therefore be conveniently expressed as derivatives of the generating
functional

1§ )
WI0] 16 (1) i0J (wa) 0 (zn)

(QUT{¢(x1)¢(x2) - d(x0) }Q) = WiJ] (1.20)

J=0

If the Lagrangian is a dependent on more than one field, every field can have a separate external
source coupled to it. For example Lagrangians with fermionic fields will have one source 7 coupled
to the Dirac field v, and another source 1 coupled to the Dirac adjoint of 1):

Wn, 7] = /DW exp{i/dd:v [ﬁ(w,az?)+ﬁw+azn]}. (1.21)



1.3 Symmetries

Now that the basics of QFT has been introduced we turn to a short analysis of the symmetries of
the transition amplitudes. Then we state and prove Noether’s theorem, which will be important
when we later wish to couple the quarks to a quark number chemical potential.

Symmetries of the Lagrangian

Arguably the most important symmetries are those of the Lagrangian itself, as one usually defines a
physical system by its Lagrangian density and not e.g. its action. In fact, there are many situations
where one requires the Lagrangian to be invariant under certain transformations, and in that way
constructs the Lagrangian based on which symmetries it must satisfy. For example the Lagrangian
of a relativistic model must be invariant under a Lorentz boost, implying that only terms where all
Lorentz indices have been contracted are allowed.

Symmetries of the action

While all symmetries of the Lagrangian also are symmetries of the action, there exists transforma-
tions that are symmetries of the action, but not the Lagrangian. To see this, assume we have a
transformation which adds a total derivative to the Lagrangian density

L—L+0,T" (1.22)

The corresponding action is
S’:/dm£+8uj“:5+/d8ﬁ-j, (1.23)
1% Q

where we used the divergence theorem to convert the integral over 9,J*" to a surface integral. If
the flux running out of the surface 2 is zero (which is often the case for physical current densities),

the action is invariant under the transformation of [Ref. (1.22)]

FEuler-Lagrange equation

The equations of motion in classical mechanics can actually be expressed as a symmetry of the
action. In classical mechanics, the physical field configuration is that which minimises the action.
At the minimum, the derivative of the action with respect to ¢ and d¢ is zero, and therefore the
action should be invariant under an infinitesimal transformation of these two quantities

S(¢+ 09,06 +609)|, = S(,09)], . (1.24)

Rewriting this using the definition of the action, we get

S(¢+ 60,00 + 05¢) = /dxﬁ(¢+5¢,a¢>+85¢),

_ / do {£(6,00) + ‘;gw + afgfgbauaqs},
= [ar{(0.00) + [gi—@“agqu]M}Jr/QdSﬁ”(;;ibM,
= S(¢,00) + /daﬁ [gg - 8“(9%(;)}5"5‘ =0 (1.25)



The surface integral in the third line is zero because the variation of the field must be zero at the
boundary (d¢(2) = 0). Comparing Egs. and (L.2F)), we see that the last term must be zero
for the action to be invariant. The deviation from the minimum, d¢, is arbitrary, and therefore the
expression in the parenthesis must vanish, giving the equations

oL oL

These are the equations of motion for the classical field ¢, also known as the Euler-Lagrange equa-
tions.
Noether’s theorem

Noether’s theorem is an important result in field theory which summarises the connection between
continuous symmetries and conservation laws. The theorem is as follows:

For every continuous symmetry there exists a conserved current (j*) corresponding to
that symmetry

Proof:

A continuous transformation is one where the field can be transformed by an infinitesimal amount
(¢ — ¢+ o). Inserted into the Lagrangian:

oL oL

L(¢+0¢,00+ 05¢) = £+—¢5¢+ 55 ¢8 .00,
"
oL
=L+ 0, (08H¢5¢) [8¢ “aaﬂdj‘sd” (1.27)

where we have written one of the terms as a total derivative plus a partial derivative, similar to
the partial integration done in Eq. . The expression in the | |-bracket is the Euler-Lagrange
equation, and is therefore zero. As noted previously, a symmetry transformation of the action is
one which at most adds a total derivative to the Lagrangian. Therefore we can equate the right
hand sides of Eqgs. and , and we are left with a conservation law,

oL
Ou(55500— Tu) =0=10 1.28
The conserved current, j* is often called the Noether current, emphasising that it is a conserved
current corresponding to a continuous symmetry. There is an analogue to Noether’s theorem in
QFT, where every continuous symmetry has a Schwinger-Dyson equation associated with its Noether
current conservation law. We will not derive this here, but a derivation can be found in [6], pp. 308.

Ezxample: U(1) symmetry

Probably the simplest demonstration of Noether’s theorem is by constructing a U (1) symmetric
Lagrangian and applying Noether’s theorem to an infinitesimal U(1) symmetry transformation. The
Lagrangian of a massive, noninteractive complex field ¢ is

= 20,0 0" ¢ — sm*¢* . (1.29)



A complex field has two independent components, and we will therefore treat ¢ and ¢* as indepen-
dent fields. One can easily see that the above Lagrangian is symmetric under a U (1) transformation,
¢ — €“¢ and ¢* — e "¢, where « is a constant. On infinitesimal form, these transformations are

¢ — ¢ +iag , (1.30)
" — ¢ —iag", (1.31)
from which we can see that ¢ = ia¢ and J¢p* = —ia¢p*. As the Lagrangian was constructed to be

invariant under a U (1) symmetry, this is not only a symmetry of the action, but also the Lagrangian,
meaning that the current J* in Eq. (1.28]) is zero. The Noether current is therefore

Ju = 3i90u8" = 36" 046 = Im[9" 06, (1.32)

which can be shown to be the number density four-current of the complex field ¢.

1.4 Abelian gauge theories

In the previous example we described a theory which was invariant under a global continuous
transformation, meaning that the phase of the U(1) transformation is the same for all space-time
coordinates. It is interesting to see how we can promote this symmetry to be local (@ — «(z)).
A theory invariant under such a local continuous symmetry is referred to as a gauge theory. To
illustrate, let us return to the U(1) symmetric Lagrangian.

Ezxample: U(1)
Transforming the Lagrangian in Eq. ((1.29)) using a space-time dependent phase a(z) we end up
with the following:
L= au (e—ia(m))¢*)au (eia(zr)qb) _ m2¢*¢7
= L +i¢0,a0" " —ip*0,00" P + ¢ 0,00  a. (1.33)
This Lagrangian is clearly not invariant under a local U(1) transformation, and we see that the
problem resides in the derivative terms. When a was a constant, the two operations of transforming
the field ¢ and taking the derivative of ¢ commuted, and we could therefore pull the factor '
outside the derivative and cancel it with the factor coming from ¢*, just as we do for the mass term.
Therefore, to ensure gauge invariance of the Lagrangian in Eq. (1.29)) we introduce a new derivative

D, called the covariant derivative, which also transforms under the gauge transformation in such
a way as to cancel the term caused by the commutator of @ and e*®(®):

ot — DF = 0F + i AH, (1.34)
where the gauge transform of the gauge field A, is
At — AF — OFa, (1.35)
The definition of the covariant derivative ensures that

D (A)p — D, (AN D p = @)D (A)g, (1.36)



which implies that the new Lagrangian where we have replaced derivatives with covariant derivatives
L= 3(Duo)" (D 9) — 3m*¢* o, (1.37)

is invariant under a local U(1) symmetry transformation, but what is the meaning of these gauge
fields? In its current state we see that the gauge fields are coupled to ¢, but they are not propagating
as there are no kinetic terms associated with them. We are allowed to include such a term in the
Lagrangian but it must also be gauge invariant. An example of such a kinetic term can be found in
electrodynamics, namely the electrodynamic field-strength tensor

FHrY = gt AY — 9V AF. (1.38)
Which when contracted with itself gives the Lagrangian of the electromagnetic fields

1 1
— " B = —§(E2 — B?). (1.39)

L=
With the gauge field A, behaving suspiciously like the electrodynamic four-potential, one would
suspect that A, can be used to describe photons. In fact, gauging with the U(1) symmetry group
is one of the easiest ways to couple a theory to electrodynamics. The substitution of the derivative
with the covariant derivative can be seen as field theory’s answer to the minimal substitution often
used in particle mechanics, and the gauge transformation of of the gauge field A, is the same as
the gauge transformation of electrodynamic four-potential. In a similar manner the weak force is
described by an SU(2) gauge symmetry and the strong force by an SU(3) gauge symmetry, but as
neither of these symmetry groups are Abelian, there are some complications which we will tackle in
Sec. Al

1.5 Symmetry breaking

Now that we have analysed symmetries and their usefulness in QFT we will turn our attention to
the dynamics behind breaking these symmetries. Spontaneous symmetry breaking (SSB) and the
appearance of Goldstone bosons is of particular interest.

Breaking of a discrete symmetry

First of all, let us look at breaking of a discrete symmetry. The simplest discrete symmetry is the
Z1 symmetry, an example of a Z; symmetric Lagrangian is

L= 310,00"p — 3m*¢* — fA¢* = 50,00" ¢ — U(9). (1.40)

Knowing that classical dynamics is governed by configurations which minimises the energy, the
minimum of the potential U(¢) is of some interest as the quantum ground state of the system
should be close to this values. The minimum is given by

0 m? > 0,
b0 = R, (1.41)

If we have a mass parameter less than zero, we have two possible minima to choose from. While
they are themselves related by a Z; transformation, choosing a minimum breaks Z; symmetry as



Figure 1.1: Discrete spontaneous symmetry breaking.

the ground state is not Z; symmetric. This is what is known as spontaneous symmetry breaking,
its name owing to the fact that we “spontaneously” break the symmetry at the point of choosing a
minimum. An illustration is given in Fig.

A little side note. One can argue that the choice m? < 0 is not physical, as no particle can
have imaginary mass. But by analysing the fluctuations around the minimum, which is why were
interested in the minimum in the first place, we see that the fluctuating fields (¢ = ¢ + gg) has
acquired a positive mass v/2m

U(@) % Ulgo) + 5U" (606 = Uy + m?|d* (1.42)

Breaking of a continuous symmetry

The simplest example of a continuous symmetry being spontaneously broken can be studied by sim-
ply expanding the previous example to be O(2) symmetric by including an additional independent

field (¢ — ¢ = [¢1, ¢2]):
L= 30,010"¢1 + 50,020 P2 — 5m* (¢F + ¢3) — 1A (47 + ¢%)2' (1.43)

If m? < 0, the minima satisfies m? + \(¢? 4+ ¢3) = 0. This time the minima are located on the circle
(¢2 + ¢2) = —m? /A, and once again we have to choose. Choosing ¢1, = \/—m2/), ¢a, = 0, and

expanding the fields around this solution, we obtain
~N\2 T2 ~ 2 =
L= 5(0u1)” +5(0ud2)” —Im’ld1” — Uo + O(%). (1.44)

Again, even though we chose m? < 0, a physical particle with positive mass appears, but also a
particle with no mass at all (here ¢~)2) Looking at a plot of the potential in Fig. we can identify
the massive particle as fluctuations perpendicular to the minimum curve (the red curve), and the
massless mode as fluctuations parallel to it. The massless mode is normally named the Goldstone
boson, as it is predicted by Goldstone’s theorem.



Figure 1.2: Breaking of a continuous symmetry.

Goldstone’s theorem

For every spontaneously broken continuous symmetry, there appears at least one massless
particle. The number of massless particles is equal to the number of generators of the
broken group [7].

Proof:

Assume we have a Lagrangian on the form:

L = (kinetic terms) — U(¢;), (1.45)
with N fields, ¢;. Expanding the potential around its minimum, we get
Ul(gi) = Ulio) + 5(¢i — ¢i0)(dj — djo) m—F— +.. (1.46)

8¢ia¢j ?i0,950

where the double derivatives are positive as ¢q is the minimum of U. A continuous transformation
of the field ¢ can be written on its infinitesimal form:

¢i — @i + ¢ (1.47)

The system is symmetric under this transformation, and therefore U(¢ + d¢) = U(¢). Expanding
the left hand side around d¢ = 0, we get

o

U(¢i) = U(¢i +0¢i) => ¢ 90; 0. (1.48)
Differentiating this expression with respect to ¢; and evaluating it at the minimum, we get
65@-) <8U> ( 0*U >
+ 0 =0, 1.49
( 8¢] o 6¢z b0 8@6(;53 o ( )

where the first term is zero, being the definition of the minimum. This implies that in any direction
¢; in which 0¢; # 0, the double derivative is zero, and looking at the series expansion in Eq.
this corresponds to a massless particle. These directions are exactly those in which the symmetry
has been spontaneously broken, proving Goldstone’s theorem. Additional proofs of Goldstone’s
theorem can be found in a paper by Goldstone, Salam and Weinberg form 1962 [§].

10



Figure 1.3: The tadpole diagram.

1.6 Renormalisation

We will in this section look at some examples of perturbative renormalisation before we move on to
more advanced methods in A simple A¢* theory will be used to illustrate. The Lagrangian
for this system has already been written down multiple times, and is

Lypt = 20,000 — Im*¢* — 328", (1.50)

It is common to make use of the Feynman diagrams for keeping track of calculations in QFT. We
will not go into the formalism behind these diagrams, as a more complete overview can be found in
any introductory QFT text, e.g. [5,6]. The Feynman rules for A\¢* are

i :
= m, = —i\. (1.51)

First let us calculate the “tadpole diagram” shown in figure Using the Feynman rules given in
Eq. (1.51)), the diagram is given by the expression

1
- A ——. 1.52
Miyod [ s (152

The momentum ¢ is a variable in Minkowski space, but we can rotate the time-component to
the imaginary axis (known as a Wick-rotation) and we get the expression below in d-dimensional
Euclidean space

dd

If d is larger than, or equal to, 2, this expression diverges for large q. We therefore have to find a way

to rid ourselves of such divergences, but first a quick note. One might wonder what the quantity
M in the calculations above is. It is related to the transition amplitudes in the following way,

<¢)f1, (;5f2, ce ¢fn|¢ila G2y -« oy Pim) = (27‘()4(5(en—m0m. cons.)i/\/lif (1.54)

Also, unless otherwise stated, all calculations involving diagrams are “amputated”’, meaning that
external lines have the Feynman rules,

—> o =1, —> =1 (1.55)

11



Regularisation

To be able to cure such divergences, some measure of their divergence is needed, one cannot simply
cancel infinity with infinity unless it is known that they cancel. The process of getting an analytic
expression for divergent terms in QFT is referred to as regularisation. There are multiple schemes
to follow when regularising a theory, and each of them have different virtues. We will use cut-off
regularisation for this example as it is easy to implement and easy to grasp. Other options include
dimensional regularisation[9], Pauli-Villars regularisation [10], lattice regularisation and Schwinger’s
proper time regularisation [11].

With cut-off regularisation one only takes momentum integrals up to some cut-off scale A by
either cutting the integration sharply at that scale ([ R S A), or by introducing a smooth cut-off
function, an example of which we will see in Sec. 3.4 Applying a sharp cut-off to Eq. (1.53), we
get:

2 [ q°dg S N VR m? + A2
Mir =1 2(2m)4 /o 2 +m2 Reg 1672 /0 @+ m2 3272 [ m-log (1.56)

Even though we have gained an analytic result for the contribution of the tadpole diagram, it is
still clearly ambiguous. The scale A is somewhat arbitrary and in the end we would like to take the
limit A — oc.

Renormalisation

It is time to cure the divergences accumulated so far. To motivate the method of renormalisation,
we will first look at how the propagator is altered by the inclusion of loop diagrams in general, but
first, some notation is needed.

Diagrams can be conveniently grouped depending on how many sub diagrams they contain.
Those which cannot be divided into sub diagrams, are called one particle irreducible (1PI). Diagrams
that can be cut into two 1PI diagrams are called 2PI and so on. For example the diagram

&

is 1PI, while the diagram

is 2PI as it can be cut into two 1PI diagrams (illustrated by the dashed line). All definitions aside,
let iM? denote all propagator like 1PI diagrams (one incoming and one outgoing line):

12



The exact propagator is the two-point function ({2 ¢¢¢; |€2)), which includes all propagator like
diagrams. In terms of iM? defined above, it reads:

_ 1 1 T 1 o 1 o 1
_p2_m2+p2_m22M p2_m2+p2_m2ZM p2_m21M p2_m2+""

i i \" i 1 i
= 5—— > |im? = — = : 1.58
p2_m2nZ:0< p2_m2> p2—m21—iM2p2fm2 p2—m2—|—M2 ( )

The exact propagator therefore describes the propagation of a particle with mass m?—M?. Since the
exact propagator is the proper one, one would argue that the parameter m?
as it does not give the physical mass at all. Using m3 = m? — M? we should rewrite the Lagrangian
to be dependent upon the proper mass parameter

is somewhat misleading

Lypt = 30,00"¢ — 3me? — SM2¢* — Ixg". (1.59)

The theory is said to have been renormalised, and M? is commonly called the mass counter term
(often written dm? to signify this). Similar to this, both A and Z (the field strength, unrenormalised
it is one, Z¢ = 1¢) need to be renormalised when other loop diagrams are included. In perturbation
theory, just as the loop diagrams are calculated order by order in A, the parameters are renormalised
order by order. Therefore the parameters are written down order by order:

m? :Zm?/\i, (1.60)
=0

Y (161)
=0

where mg and g are the fully renormalised parameters. Renormalised parameters are often called
“dressed” parameters, while nonrenormalised ones are called “bare”. In the previous example we
calculated iM? to first order in A, which translates to

1 m2 + A?
2 2 2 0
= A 1 ( ) . 1.62
my 3 2[ mglog mg ] (1.62)

2 Thermal field theory

QFT is a formalism mostly used to predict the physics of quantum systems in a vacuum. Thermal
field theory (TFT) on the other hand, even though mathematically very similar to QFT, aims at
calculating ensemble properties of a given model. For example thermodynamic pressure, particle
density, free energy and other quantities often related to the domain of thermodynamics and sta-
tistical mechanics. Despite the apparent difference between the two, they are closely related, and
many of the methods and phenomena encountered in QFT are also present in TFT. They are after
all the same theory only applied to different systems. While a brief overview of TFT will be given
in this section, a more thorough approach can be found in introductory text books on the subject
[12, 13].

13



Figure 1.4: Vacuum diagrams.

Before we can introduce TFT, we need to define the grand canonical partition function, arguably
the most fundamental object in statistical mechanics. For a system with possible energy states F; n
with N particles, at temperature 1" and chemical potential u, we can associate a Boltzmann factor
exp(—(E; n — uN)/T) to estimate how likely it is that the system occupies this configuration. As
this is not a normalised probability, we need to multiply all such Boltzmann factors with a global
normalisation constant 1/Z, where

Z =Y e Fin-nN/T, (1.63)
Nii

and this normalisation constant is known as the grand canonical partition function. From it, a
surprising amount of information can be extracted, more than one would think from a single object.
A detailed description can be found in e.g. [14]. Converted to the language of quantum mechanics
E should be promoted to the Hamilton operator and N to a particle density operator. All in all,
the partition function is

Z= <e—<H—“N)/T> = (¢nl e (H=1N)/T gy (1.64)

Following the same steps as we did deriving an integral representation for the transition amplitude,
we can find an integral representation of the partition function in QFT:

B(8)=do
A o)
Z = / D¢Dr exp {/0 dr /ddzx (maq: —H(p,m) + [LN(§Z5,7T)> } : (1.65)
#(0)=¢o

There are two major differences between this expression and the transition amplitudes in QFT. First,
the time variable has been replaced by a new variable t — — it = —i% = —if. Integrals over the
new “space-time” is therefore in Euclidean space instead of Minkowski space, which is why TFT is
often referred to as the Euclidean formalism, or the imaginary time formalism. Given a Lagrangian
in QFT, it is converted to a Lagrangian of TFT by the simple substitution and redefinition

L(t,x) — L(—iT,x) = —Lp(T,X). (1.66)
The second major difference is the boundary condition. Where QFT had boundary conditions
decided by the transition one wished to calculate, the boundary conditions for the partition function

are periodic. In terms of Feynman diagrams this implies that only closed loop diagrams are allowed,
also called vacuum diagrams. Some examples are illustrated in Fig.

14



2.1 Thermodynamic quantities

With the simple replacements mentioned in the previous section, we can write down the TFT’s
equivalent to the generating functional

W[J] = /m exp{ - /Oﬁ dT/ddla: (LE(¢) — J¢)}. (1.67)

This still has periodic boundary conditions, and therefore the relation to the partition function is
trivial, W[0] = Z. Using the partition function we can calculate both Helmholtz’ and Gibbs’ free
energy. They are classically defined to be

F= ;h)g(Z), (1.68)
G=F+pV. (1.69)

We can construct a functional form of Helmholtz’ free energy analogous to the generating functional.
It is given by:
1
FlJ] = —Blog(Z[J]). (1.70)
The functional form of Gibbs’ free energy is a bit trickier. It can actually be defined as a Legendre
transformation of Helmholtz’ free energy (which is why we needed it on its functional form). We
define ¢ to be

6 1 [Déola)e /IO
da(z) = 5J(x)f[‘]] B [Dpe [E-T9 (171)
Gibbs’ free energy is then given by the Legendre transform:
T(¢a) = —F[J] + / A%z J(2)pa (). (1.72)

As expected from a Legendre transformation, the field J can be recovered by taking the ¢.; derivative

of F[¢cl]7 5

Uoa) = J(x). 1.73
From Helmholtz’ free energy, the thermodynamic potential is defined as
1
Q==F|0 1.74
S0, (1.74)

which can be used to obtain the pressure (P), the entropy (5), the particle number density (V)
and the energy density (£), which are given by [14]

P=-Q, (1.75)
oP

§=7r (1.76)
oP

N=— 1.

£=Q+ TS+ puN. (1.78)
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2.2 Partition function for bosons

We want to calculate the partition function for a Lagrangian with a single scalar field ¢, similar to
what we did in Sec. [[.T] The TFT Lagrangian is

1/09\2 1 2 1
Lr= 5(57?) + 5(w) + M6t +U(9). (1.79)

This Lagrangian does not have any continuous global symmetries, and looking to Noether’s theorem,
does not have any natural conserved charge to be associated with a chemical potential. uN is
therefore set to zero. With a system in place, the integral over 7w in Eq. is done analogous to
the calculation in Sec. and we end up with:

ZzN/DQSexp{—/Oﬁdr/ddxﬁE(é)uqS,(b)}. (1.80)

Letting U(¢) = 0 we can carry this calculation a bit further, but first we must Fourier transform
the fields:
=3 ) fppe’nTHxP), (1.81)
nop

Because of the periodicity constraint on the field, ¢(0,x) = ¢(8,x), w, = 2n7T. Conversely,
fermionic fields have an anti periodicity constraint, 1(0,p) = —¢ (S8, p), implying v, = (2n+ 1)7T,
where v, is used instead of w, to signify this difference. Inserted into the action, we can carry out
the integrals over 7 and x to obtain

1
5= 5 Z Z ( — WpWm —P-q+ m2)¢m,q¢n,p /Bdn,—m V‘Sp,—qa

n7m p?q

1
= 5/3‘/ Z (w727, + p2 + m2)¢—n,—p¢n,p- (1.82)

n?p

The field ¢ is real, therefore ¢, —p = ¢}, , = ¢ p and the partition function is simply

Z= N/ (Hd%,p) exp{ — m/% > (wr+p’+ m2)¢ijp}. (1.83)
n,p n,p

The field ¢y, ;, has mass dimension 2, so we should change variables ¢ — py/3/V. The integral is a
simple Gaussian, and is evaluated using Eq. (B.3)) with A;; = % B?(w? + p? + m?)d; j resulting in:

Z=N’

det(A H o V(w2 + p2 +m?2) (1.84)

Our ultimate goal is to calculate either of the free energies, so we take the logarithm on both sides
and obtain:

log(2) = —%tr [log(Aj)] + K = —% Zlog [B*(w2 4+ p® +m?)] + K, (1.85)

n7p

where the trace-log identity, log[ det(4;;)] = tr[log(A;;)], has been used. K is independent of 3 and
V', and will therefore be discarded. The right hand side can either be calculated using the contour
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trick described in Appendix B[F] or by using a set of sum identities and mathematical tricks. As
the contour sum is frequently used to calculate several other such sums, we will use it here as well
to become familiar with it. The other approach is described in [12].

The logarithm has branch cuts instead of poles in the complex plane, and must be rewritten in
a more convenient form before proceeding. Rewriting it as an integral

B2 (p*+m?)

log(Z2) = —= Z Z / ﬂ221+2 + log(B%w? + 1), (1.86)

P n=—o0

we can pull the sum over n inside the integral over a2, and obtain an expression similar to the
formula derived in the appendix. Once again the last term is independent of both temperature and
volume, and is discarded. Using the result from Eq. (B.17) we get

log(2) = —Z/ [1 - 2np(Ta)]. (1.87)

1
/da
ea_

and throwing away constant terms, we end up with the final result

Utilising

=log(l —e™?), (1.88)

log(Z) = —;V/dp [Bw + 2log(1 — e_ﬁ‘”)], (1.89)

where w = /p? + m2. Using Eq. (1.70), we get the free energy to be
1
F = 2V/dp [w + 2Tog(1 — 6_5“)]. (1.90)

The first term is badly divergent as we carry out the integral over p, but as this term is temperature
independent, it is seen as a background energy. We can only measure differences in energy, and
therefore it will never show up in any physical results. Based on this, the divergent term is commonly
dropped.

3 Renormalisation group

In Sec. we saw that calculations in QFT sometimes result in ultraviolet divergent terms, and
that these need to be regularised and then renormalised for the theory to give physically sensible
results. This should not come as a surprise as ultraviolet divergences are related to arbitrary high
energy scales, at which we cannot even be certain that QFT is the correct theory, not to mention
the Lagrangian density.

A good example of a similar ultraviolet catastrophe occurring in classical physics, is the energy
radiation of a black body. Classically, the energy radiated from a black body at energy 7" in a small
frequency interval (v,v + dv) is given by

I(v,T) = 2m*T. (1.91)
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Calculating the total energy flow we integrate over all possible frequencies

J(T) = /OOO I(v,T)dv = 27T /OOO v dv. (1.92)

Analogous to the UV divergences of QFT, the integrand goes to infinity as v—oo. Large v, or
small wavelengths, is exactly what we struggle with calculating amplitudes of loop diagrams. When
quantum mechanics was introduced in the early 20" century, a recalculation of the energy flow
resulted in Planck’s distribution function

4723

I(v,T) = T 1

(1.93)
For small v, Eq. (1.93)) can be series expanded in v, and we recover Eq. (1.91]). As an example,

with T = 1500K, the classical expression is a good approximation for values up to 103s~! =
6.58 - 10~ “MeV.

Therefore, in a very similar fashion, we expect there to be a different theory explaining physics at
very high energies. The high energy particle accelerators are hard at work looking for results which
deviate from the standard model of particle physics. For example CERN is quickly approaching
proton-proton collisions with energies up to 14 TeV, but above this scale we do not know the validity
of our theories.

3.1 Coupling renormalisation

In section [I.6] the notion of “bare” and “dressed” parameters was introduced. The “bare” parameters
are the parameters of the Lagrangian, and they had to be renormalised to cure them of their energy
scale dependence. This scale dependence is of some interest, and as we will see, it is normally
described by differential equations called the renormalisation group equations (RGEs).

The physical interpretation of renormalisation is a bit different in the different fields of physics,
but in high energy particle physics it is seen as a screening effect. The most easily grasped example
comes from the screening of the electric charge due to vacuum polarisation. Heisenberg’s uncertainty
principle states that AxAp > %, which in some circumstances can be interpreted as AEAt > %
Therefore massive particles can come into existence for short periods of time, telling us that the
vacuum is not strictly empty. Various conservation laws still play their roles, so for every electron
coming into existence from these vacuum fluctuations, a positron must also appear. If there is a real
electron present in the vacuum, the virtual positrons are attracted towards this by electromagnetic
interactions, while the virtual electrons are repelled. Effectively this creates a dielectric cloud of

virtual electron-positron pairs surrounding the electron as illustrated in Fig.

Measurements of the electric charge can be carried out by looking at the cross section of an
electron bombarded by photons. If a low energy photon is used, less energy is needed to deflect it
from its path, and interaction with the virtual electron-positron cloud will be significant. On the
other hand, if a high energy photon is used, more energy is needed, and the photon will penetrate
deeper into the electron-positron cloud, making the screening less dominant. Therefore, a low energy
measurement of the electron charge should result in a lower value than a high energy measurement,
implying an energy dependence of the electric charge.
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Figure 1.5: Vacuum polarisation of the electric charge.

For a short while it was believed that all interactive terms were screened in a similar matter,
and that all such parameters had to increase with scale, but it was later shown that a non-Abelian
Yang-Mills Lagrangian (such as in QCD) can have the opposite behaviour. More on this later.

3.2 The Callan-Symanzik equation

When renormalising the mass parameter of A¢*, we calculated the dressed mass based on the
assumption that the sum of all propagator terms should have a simple pole at the renormalised mass.
This is known as a renormalisation condition, and for massive particles, choosing the renormalisation
scale is straight forward. If, on the other hand the particles are massless, what should the scale be?
This question does not only affect massless theories, but all theories in the high energy limit where
the mass is much less than the momentum. In those cases a different scale must be chosen.

Setting the renormalisation scale to be ©, the renormalisation conditions for the propagator of
Ap? theory reads:

@ =0 for p? = —©72, (1.94)

2
9 @ =0 for p? = —©2% (1.95)
Op? _/

As mentioned, in a massive theory, the physical mass mp is a natural choice for O, but for a massless
theory this is a bit arbitrary, and one choice for ® might be equally good as another. An equation
describing how the parameters change based on this choice is therefore desired. For that we look at
how the n-point function is renormalised.

With a massless theory, there are only the field strength Z, and the coupling constant(s) g
left to renormalise. For simplicity, we choose a theory with only one coupling, which has bosonic
degrees of freedom. The renormalised n-point function should only depend upon the renormalised
coupling, and the renormalisation scale. The unrenormalised n-point function on the other hand
should only depend on the cut-off scale A and the unrenormalised coupling. The n-point function
can be renormalised through n field strength renormalisation factors, which means we have a simple
relation between the two:

Grn(Ar, ©) = 27" (g0(A), & ) Gon(g0(A), A). (1.96)
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Since Gy is independent of O, taking the derivative wrt. it gives the equation

0 dgr 0 1 _d _
~——
B(gr) v(9r)

which is known as the Callan-Symanzik equation [I5] [16], but it does not end there. What would
happen if we chose a different renormalisation scale © /b7 Following the same arguments as earlier
we should get new renormalised parameters (subscript eff)

Grn(gm, O/b) = 2} *(0)Grn(ges 1 (b), ©). (1.98)

The new coupling constant should satisfy the differential equation:

dge
b2l = 3(g.14(b)), 9ess(1) = gr. (1.99)

gefs is an effective coupling constant at the new energy scale ©/b and is called the running coupling
constant. The [- and v functions can be calculated by renormalising various n-point functions.
With A¢?, ones has to renormalise both the 2- and 4-point functions to extract the B function.
One-loop results for both A¢* and QED are given below

Brgt(A) = 16?;2 A+ 0N, (1.100)
3
Baep(e) = 1;2 +O(eb). (1.101)

In both cases, f > 0, meaning that the running coupling increases with energy scale, just as we

argued in Sec. 3.1}

3.3 Wilson’s renormalisation group

A different, but very elegant way to look at renormalisation was introduced by Wilson in [17].
Suppose we have a theory defined up to some cut-off scale A. For simplicity let us look at a theory
with a single scalar field ¢, such as the one in Sec. with the partition function

zA:/(m))A exp{ —/dT/dXﬁ(QS)}. (1.102)

Cutting off the high energy contributions to Z can be expressed as only integrating over fields with
energy less than this scale:

(Do)a = ] do(p). (1.103)

Ip|<A

Defining a second cut-off scale © < A, we can split the fields ¢ into two sets. One for energies below
the new scale, and another for energies in between the new and the old energy scale:

$<(p) = {ff(p) when |p| < © (1.104)
else

¢ (p) = {;b(p) when © < |p| < A (1.105)
else
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With these new variables, the partition function becomes

Z\ = /D¢</D¢>> exp{ —/dr/dx£(¢>< +¢>)}. (1.106)

The integral over ¢~ can in general not be calculated analytically, and one must resort to either
perturbative methods or other nonperturbative approximations, but assuming we could, we would
be left with a effective Lagrangian describing the system at the new renormalisation scale:

2 - | <D¢)@exp{ ~farf dxﬁeffw)}. (1.107)

This formalism is a member of a larger group of formalisms known as the functional renormali-
sation group (FRG), a good introduction to which can be found in e.g. Ref. [I8]. In contrast to the
Callan-Symanzik equations, which are renormalisation group equations for the individual parame-
ters of £, the FRG equations are in general RG equations for £ itself. As a result, a Lagrangian
renormalised using an FRG formalism can take on any functional form accepted by its symmetries.
E.g. an A¢? Lagrangian can after at a lower renormalisation scale include a six and eight point
coupling even though it only had a four point coupling at its initial renormalisation scale. We would
therefore write the A¢* Lagrangian at an arbitrary renormalisation scale to be

_ 1 2 1 2 1 4 1 4 1 6 1 6
L= SKi(0,0)" = SK20" + [ Ka(0,0) — [ Kad' + SKG(00)° — Koo’ — ... (1108)

It is convenient to define a vector K = [K1, Ks, K3, K4, K5, Kg, . ..], whose initial value for a A¢*
theory is K= [1,m2,0,,0,0,...], as we integrate out momentum shells K traces a line in K-space.
If we have experimental values our theory should explain, the idea is to choose the correct initial
conditions for K so that it ends up at a point in K-space that describes a Lagrangian with the
correct properties.

3.4 The effective average action

The effective average action (EAA), also an FRG method, is an alternative to Wilson’s. With
Wilson’s method we integrated out high energy modes of the partition function and saw how this
could be seen as a change in the Lagrangian. As we saw, the new Lagrangian could include new
couplings, and therefore be a very complex object. Instead of looking at how renormalisation evolves
the Lagrangian, EAA analyses how Gibbs’ free energy is Changedﬂ Let us introduce a parameter k
to keep track of the modes integrated out in such a way that

Lr=n[dal = S[¢ = ¢al, (1.109)
Lk=o[pa] = T¢al. (1.110)

At k = A no modes have been integrated out, and we recover the original Gibbs’ free energy, while
at k = 0 all fluctuations have been integrated out and we should be left with the true free energy,
quantum and thermal fluctuations included. A common way to include this k dependence is by
adding a momentum dependent mass like term which can work as a regulator similar to the mass
term added in Pauli-Villars regularisation. If the effective mass term is taken to infinity for certain

L!QFT’s equivalent to Gibbs’ free energy is called the average action, hence the name effective average action
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energy modes, they will decouple from the system, and not contribute to the free energy, while if it
is set to zero the energy mode will be left unchanged. In terms of the action, we write

S[g] — S[o] + A[d], (1.111)
where .
Axld] = 5 [ o(@) Bz —y)oly) = 5 /ddka(p)¢p¢p. (1.112)
x?y

Ay has the form off a mass term and the conditions ((1.109 can be translated to Ry
Ri=o(p) =0, (1.113)
Ri=a(p) = o0, (1.114)
Ry (|p| > k) ~ 0. (1.115)

As long as the function Ry (p) follows these criteria and does not explicitly break any of the symme-
tries of the Lagrangian, the possible choices for Ry (p) are limitless. Depending on the system some
choices are easier to work with than others, but there has also been studies by e.g. Daniel Litim
[19, 20], where he tries to optimise this choice.

Ezxact RG equation for scalar fields

Our goal is, using the k dependent Gibbs’ free energy introduced in the last Section, we want to find
an differential equation on the form 9yI'y = fr(I'x). Recalling Sec. , Gibbs’ free energy is defined
using Helmholtz’ free energy, which in turn is defined by the generating functional. Including the
the cut-off term Ay, the generating functional is

- /Dqsexp[— S16] - Awld] + /Jcb} (1.116)

The definition of the k-dependent object 'y has to be slightly different from the definition of Gibbs’
free we have in [Eq. (1.72)| for it to satisfy the condition in Eq. ((1.109)),

Lyldal + FilJ] = /J¢cl — Agloal, (1.117)

where one should notice the addition of Ajx. To obtain an expression for 9.I';, we can take the
derivative of Eq. (1.117) with respect to k, but there is a difference between taking the derivative
keeping the field J constant, or the field ¢. They are related by

b
1.y = Oklgu +/$¢d(w)5¢d(x), (1.118)

where 8k| J is the derivative when J is kept constant and dy¢,, With ¢ constant. To differentiate
FJ], it is easiest to start with W/[J

O Wi [J] = —/ng( x)Ox Ry (x — )¢(y))65k[¢]+fJ¢7
-1 x?kRk(:c— )5J(x)(5j$(y)Wk[J]. (1.119)



In the last line we used the trick introduced in Sec. [[L2to rewrite the fields as functional derivatives.
Writing Wy [J] in terms of Fj[J] results in

2F, 0F; OF;
57

O s FilJ] = —= / OBy (x @3J(y) " 57(x) 07 (y)

(1.120)

From here on we will drop the subscript ¢l from ¢ and only include it if there is any doubt. Taking
the k|J derivative of Eq. (1.117)),

52 F, 5Fx OF
Ok Tk[d] = — mgkRk(fE - y)(&](x)éj;(y) + 6J(9]Z) 5J(3];)) + /z J(x)Op(z)
~ 3 [ @R =00 5 [ B - oo
~ 3 | Rale =)o@ @rot). (1121)

and using Eq. (1.118)) to convert the derivative, we end up with

(52./Tk; ]

Ok|sT'k[@] = t OB (x — )[m

z,y

(1.122)

To convert this into a proper differential equation of 'y, we will have to analyse the expression
further. First we note that the modified Legendre transformation in Eq. (|1.117)) results in slightly
modified Legendre identities

gk(&:])] = 9(@), (1.123)
oLk[o]
5;(3;) =Jl@) - /y Ri(z = y)o(y)- (1.124)

Making use of these, we can write

B (52Wk 62Wk 5.J(2)
oo —y) = / 5J ) 36(x)’
52Wk 51“k
/ 5J (% + ka >>’
52Wk 52Fk
- [ romsm Goamem *Rk(z‘y)>' (1.125)

The last line implies that the two factors are the functional inverse of each other, therefore we can
symbolically write
1 2 -1
Olk=3 [ OBule—y) (TP (0,9) + R —y)) (1.126)
Z?y
or, more conveniently in Fourier space,

+5(zo+p’)Rk(p))f1 , (1.127)

q,—4q

5Ty,

1
Ol =3 /q@’“Rk(Q)(aqﬁ(p)w(p')
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The subscript indicates that we later have to evaluate the momenta (p,p’) at (¢, —q). A diagram
representation is sometimes also used, with the notation

1
= , ® = akRk(p), (1.128)
2 (0) + Ri(p)
the exact RGE can be expressed as
1
Ol = 3 . (1.129)

The RG equation can be easily generalised to theories with more than one field ¢,

+5(p+p/)Rk,i,j(p)>_l : (1.130)

q,—9q

52T},

1
T = gtr/q Ol <‘W5¢J(p')

where ()7" has been promoted to the matrix inverse o p) + Ri(p)lis
h ! has b d to th £ [T (p) + Re(p))i;

Ezxact RG equation for fermionic fields

For fermionic fields, the calculation is almost identical. The generating functional is dependent on
two fermionic sources n and 77, Wx[n, 7). We define the two new fermionic fields 1. and v to be

Ya(x) = (Sg(];), (1.131)
Ya(r) = 5;];(];). (1.132)

The cut-off function Py(z — y) is, analogous to the scalar case, included as a mass term,

Ay, 9] = [ 9(y)Pilz — y)y(a). (1.133)
T,y

Dropping the subscript ¢l on 1 and 1, the parameter dependent Gibbs’ free energy is thus

el d] = —Fl.al + [ A@)io) + [ Somie) - Aelw, 0, (1131)
with the RG equation
82Ty, -1

Ol = —tr | Ok P, ————— + P . 1.135
= =ir [ o) (i + 7o) .

where the trace is over the spinor indices of . Using dashed lines to symbolise the true fermion
propagator, the diagram representation is

P50 (T ' (1.136)

1
\ 1
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Approximations of the RGE

The two Egs. and are exact RGEs, and solving them is just as hard as finding an
analytic expression for the partition function. We will therefore approximate I'y by expanding it in
derivatives of ¢, and truncate the series after a few terms, see e.g. Ref [21I]. At order O(9?), the
free energy is

FWﬂz/h%(;awwvmﬁ+an) (1.137)

where V4 is the Euclidean derivative operator (V4 = [0, 5]) The factor Zj, is a field normalisation
term, whose components are in general different for the space and time derivatives of ¢. The lowest
order derivative expansion, O(9°), is named the local potential approximation (LPA), in which the
field strength renormalisation Zj is set to one:

Ty[¢] = / d’z (é(vw +Uk(9)). (1.138)

As one can see, the only k-dependent term remaining is Uy, and we would therefore like to find a
differential equation for OUj instead of the one we have. This can be acomplished by evaluating
the free energy in uniform fields ¢(x) = @yuni, in which case it is

Fk[(buni] = VU(¢uni)a (1139)

where V (in contrast to V') is the full space-time volume. The rest of the calculation will be carried
out in Fourier space. The Fourier transform of I'j, is

1
N = [ty (Gp%0)o(-p) + Uo(r))). (1.140)

Using this expression, we can calculate I‘,(C ; J

62Ty, / d < 5 o*U >
= [d dp—)op+d)+ 7 |- 1.141
sotgoote) ) TR D F G050 S
The second term can be identified by
oU(¢-) 0*U

. 0600, aqﬁumd(w 20y =),

ela(@—2) giq' (y—=
/ / 3¢12m1 ’

o0°U
=F2 |5 , 1.142
ol iz ] (1142
where F? is the double Fourier transform. Collecting all the terms, we can write
1 , 0*U , -1
VORUy, = 5 /qakRk<Q) (5((1 +4q) [q + (%g} +0(qg+4q )Rk(Q)>q’_q- (1.143)
We can make use of the functional inverse introduced in Eq. (1.125) to identify:
0°U - 3(q+4q")
Sg+d) | + +6(q+¢")Ri(q = . 1.144
(8a+d)|¢* +552] + 00+ d)Ru(a) 7795+ R (1.144)
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Finally, with §(0) =V, we arrive at

Ok Ri(q)

1
Uy = / . (1.145)
2 )2+ %quk + Ri(q)

26



CHAPTER 2
( Quantum chromodynamics

This thesis, as mentioned earlier, is about the phase transition taking place at high temperature, or
high particle density, where the bound quarks in the hadrons and mesons becomes deconfined. If
the temperature is high enough, the resulting phase can be a plasma like state of quarks and gluons
known in the literature as quark-gluon plasma (QGP). The full phase diagram is discussed later in
Before we get to the result, we will study the standard theory of the quarks and gluons
known as quantum chromodynamics (QCD), as well as some effective models used to approximate
this theory.

4 General overview

The interactions between the quarks and gluons, known as the strong force, is described by a theory
called quantum chromodynamics. The theory consists of six quarks each carrying one of three colour
charges E The six quarks are named up (u), down (d), strange (s), charm (c¢), bottom (b) and top
(t), and the type of quark is referred to as flavour. Each of the quarks has a corresponding anti
quark which can carry negative colour charge. It might seem a bit confusing, but it is equivalent
to electric charge in QED, the electron carries negative electric charge, and the positron carries
positive electric charge. One could argue that there are actually 18 quarks and not six, as up-blue,
up-green and up-red are all different particles, but this is not common practise. The quarks and
their properties can be conveniently arranged into three families by their masses, and is given as:

Generation Electric

1. 2. 3. charge
up charm top 2/3e
down | strange | bottom | —1/3e

Quarks have spin 1/2, and are therefore fermions. The mediators of the strong force are gluons.
They are massless vector bosons with spin 1. In contrast to photons, gluons also carry colour charge,
and do therefore interact with each other. Gluons actually carry one positive and one negative colour
charge. This would add up to nine possible gluons, but only eight of these exist. The ninth possible
gluon would be a colourless free state, and nothing like that has been observed experimentally.

!The strong charge is named colour charge, of which there are three, red, blue and green, hence the name
chromodynamics
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Figure 2.1: The spin zero meson nonet.

The self interactiveness of the gluons is one of the reasons why QCD possesses many interesting
properties, and why it is a notoriously difficult theory to work with. QCD is confining, meaning
that at low energies (or conversely large distance) the potential energy between a quark-anti quark
pair becomes very high [22]. This is why we never see free quarks, because as one tries to pull
the pair apart, the potential energy between them rises to a level where there is enough energy to
create a new quark anti-quark pair which in turn form new bound states of quarks. On the other
hand, QCD is also asymptotically free|23| 24], meaning that the strength of the coupling decreases
for high energies (short distance). In terms of the theory we introduced in the S-function
for the QCD coupling is negative. At low energies, this coupling E| is O(1), which has bothered
theorists for a long time as perturbation theory breaks down. While at high energies, the coupling
decreases, making perturbation theory viable again. At scale myz (=91 GeV), it is measured to be
as(myz) ~ 0.118 [25].

4.1 Bound states

As already mentioned, only bound states of quarks appear in nature. There is actually a simple
rule of thumb for this, all physical states must be colour singlets. This can only be achieved by
having either one anti-colour for every colour, or an equal number of the three colours. With this
in mind, only a limited number of possible configurations of bound states are possible. So far
only two such configurations have been found experimentally, bound states of a quark-anti quark
pair (qq), called mesons, and bound states of three quarks (qgq), called baryons. Combinations of
these two configurations are also theoretically possible, such as the four-quark mesons (¢gqq) or the
pentaquark (ggqqq), but decisive evidence of their existence has yet to come from experiments.

On top of this classification, the mesons and baryons can be grouped based on their intrinsic
spins. As they are bound states of particles with spin, they can themselves have spin values resulting
from the addition of the constituents’ spins as well as any possible angular momentum excitation. We
will not go into details on this, but it can be found in any introductory text to quantum mechanics,
e.g. |26, 27]. The mesons, being a bound state of two spin 1/2 particles, have integer spin, while
the baryons have half integer spin. Based on these two groupings, the mesons and baryons can

2By the coupling we mean a generalised fine-structure constant, as = g°/47, where g is the QCD analogy to the
electric charge e.
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Figure 2.2: The spin 3/2 baryon decuplet.

be quite elegantly displayed in diagrams where they have been sorted according to their electric
charge and flavour charge. The first of these diagrams were found by Gell-Mann [28, 29|, before
the introduction of the quark model, displaying the eight baryons with spin 1/2. The diagrams for
the spin zero meson nonet and the spin 3/2 baryon octet is shown in Figs. and The quark
model was in fact originally motivated by how neatly all the newly discovered particles could fit
into such diagrams, hinting at an underlying structure.

Hypothetically there should also exist bound states of gluons, dubbed glueballs. These have not
yet been found experimentally, but they have been simulated using lattice QCD.

5 Yang-Mills theory

In we saw how the U(1) symmetry group could be gauged by introducing a gauge field A*.
Any Lie group can in fact be gauged. However, the procedure for doing so is not as straightforward
for non-Abelian Lie groups. We will take a closer look at how to define the Lagrangian of a gauged
non-Abelian symmetry group, known as Yang-Mills theory [30], but first let us have a short recap
of Lie groups and their properties.

5.1 Lie groups

A Lie group G is a group whose members depend continuously and smoothly on a set of parameters
aj, i =1,2,...,N. If a group element is denoted by u(«), the parameters can be chosen in such a
way that u(0) = e, where e is the identity element. A linear representation R of a group element u
is a linear mapping

u— Dg(u), (2.1)

where Dp has to satisfy Dgr(e) = 1, and Dgr(ujug) = Dgr(u1)Dg(us2). In physics, a matrix rep-
resentation is the most convenient one, as it lets us make use of the Lie group through standard
matrix multiplication.
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Because any group element can be mapped to different regions of parameter-space through
continuous translations, a study in the region around the identity suffices to describe the whole
group structure. An element infinitesimally close to the identity can be described as

u(da’) = e+ da; Ly, (2.2)
where the L;’s are the tangent vectors at e. In a linear representation, this would read

Tr; are called the generators of the symmetry group G in representation R. It can be shown that
using the tangent vectors, or the generators, every element u can be expressed in exponential form
as:

Dgr(u) = ¢'*iTri, (2.4)
which reduces to for infinitesimal . One can inspect the group algebra by testing the
second constraint in representation D (we dropped the subscript R) on exponential form. Using

elements u, = ' 7Ti, uy, = iTi and uup = ue = €77,

Y = oy + B — %m, with n; so that  o;3; [Ti, TJ] = e T}. (2.5)

Therefore,

T3, T5) = fijieTh, (2.6)
is called the Lie algebra of the group. One nice property of the algebra is that even though the gen-
erators T; depend upon the representation, the structure constants f;;i are representation invariant.
It is possible to use the structure constants themselves as a linear representation of the group, this
is referred to as the adjoint representation. If the members of the group G commute, G is said to
be an Abelian group, if not it is said to be non-Abelian.

5.2 Yang-Mills Lagrangian

Assume we have a Lagrangian on the form

L = Lyin.(00) — Ug(9), (2.7)

where the full Lagrangian is symmetric under global transformations of the group G (¢ — ud,
u € G). Upon promoting this symmetry to a local one, we want to introduce the covariant derivative
D so the combined transformations

¢ — u¢

DB } = D¢ — Dug = uDé, (2.8)

make sure the kinetic term is invariant. Including new fields AL, the covariant derivative can be
written as

D, =8, —iA,. (2.9)

Here, A, is a matrix, depending on the representation of the group. This dependence can be
extracted by setting A, = A} T*, where T" are the generators of G. To fulfil the criterion in
(2.8), A, must transform according to

Ay — At —i(0u)ul. (2.10)

30



Using the exponential form of the group G (u(z) = €9 (®7T") where a number g is introduced as

a coupling constant, the transformations are written on their infinitesimal forms

o— (1+ igoai(m)Ti)qﬁ, (2.11)

AL%AL—I—auai —gfijkajAfL. (2.12)

Having introduced the new gauge fields AL, the only thing missing in a proper Lagrangian is a
kinetic term for A,. In addition to being a kinetic term for A, it has to be invariant under the

gauge transformation in [Eq. (2.12) The commutator of the covariant derivative [D#,D,,] does
exactly that, and in writing it out we see that it is not a differential operator at all:

i .
;[DM, Dy| = Fu = 0,A, — 0,4, —ig[Au, A, (2.13)
and it transforms as expected
F — uFul. (2.14)
On component form, F),, = F;'WT", it is
Fl, = 0,Al, — 0,Al + gfi* Al AL (2.15)

From this, a gauge invariant kinetic term for the A%’s can be constructed. It is given by

1
Ly = —itr(Fw,F“”). (2.16)
It is conventional to choose a representation in which 7% is normalised so that tr(T%17) = %51-]-.
Inserted into [Eq. (2.16)|is reduces to
1 ..
Ly = —ZF;WFW”. (2.17)

Notice that any reference to the representation has disappeared as one would expect from a physical
theory.

6 QCD Lagrangian

Quantum chromodynamics is a Yang-Mills theory based on the local SU(3) symmetry group coupled
to six quarks described by massive fermionic fields 13*°. All indices included (flavour f = 1,2,...,6,
colour ¢,d = 1,2,3, spin s = 1,2 and gauge-index i = 1,2, ...,8), the complete Lagrangian is

- - . 1 . .
Locp = il (Y0 —mp) vl + g AL TE bl — TR (2.18)

The algebra governing the generators 7% are summarised in

The Lagrangian above only describes the chromodynamics of the quarks, not the other interac-
tions they also take part in as they possess both electric- and flavour charge. Electrodynamics can
be easily included by gauging the U(1) symmetry group as we did in while flavourdynamics
is a bit trickier, but as neither of these forces play any role in the forming of QGP, they are left out.
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Figure 2.3: Feynman rules for the QCD interactions

Using the Feynman rules displayed in one can perturbatively calculate the g-function
for a Yang-Mills theory. This can be shown for an SU(N) Yang-Mills theory to be

3
Blg) = _(49@2 (13—1N - %nf> (2.19)

where ny is the number of massless fermions coupled to the Yang-Mills field. Massless is taken to
be approximately massless compared to the energy scale at which the process is measured. With a
measurement done at 1 GeV, the u, d and s quarks are considered massless, while ¢, b and ¢ decouple
as their appearance in virtual processes are negligible at this scale. One notices that although the
fermions have a positive contribution according to the screening argument of the gauge
fields have the opposite effect. Therefore, as long as the total number of quark flavours is less than
17, the p-function will always be negative, and the QCD coupling decreases as the energy increase.
In terms of the strong force’s fine-structure analogue o, = g?/4m, the solution to is

as(k) =

Qs

1+ by 2 log(k2/M?)’

(2.20)

in which by = 11— %n ¢- Having both the arbitrary renormalisation scale M as well as the renormal-
isation condition ay, at this scale is somewhat impractical, therefore a second scale A is introduced
so that

1 = by log(M2/A2), (2.21)
47
which gives the equation:
27
k)= ——F——. 2.22
as(k) = 3 Toglh/A) (2:22)

The parameter A can be measured experimentally, and at ny = 3, it is A =~ 250MeV [25]. |Fig. 2.4
shows the behaviour of o above 1 GeV where perturbation theory holds. At lower energy scales,
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Figure 2.4: The running QCD coupling «[0].

as becomes too large for perturbation theory to work because a Taylor series in ag would give an
infinite number of non-negligible contributions. Therefore the exact behaviour of the S-function at
lower energies is still unknown.

7 Chiral symmetry breaking

Let us remove the gauge field from for a bit, and focus on a possible symmetry of the
free massive Dirac equation. It becomes a bit more transparent if we rewrite the Lagrangian to
be dependent upon the left- and right handed components of the fermion fields separately. In the
standard representation of the spinors, the Dirac spinors (lower case 1) are made up of left- and
right handed Weyl spinors (upper case ¥) in the following manner

1 Yp+ Vg
Y= 7 (\I]R B \PL> : (2.23)

and they can be projected out by applying the left- and right handed projection operators

A 5 )\
szlﬂzb:l( R)sz, (2.24)

V2 \Wp

. _1775 1 Uy _
Ly = ) = \/Q<_\PL>_1¢L. (2.25)

It might be worth mentioning that in the massless limit, ¥ and W, are helicity eigenstates of the
Dirac equation. Anyway, expressed in terms of ¢z and 1, the Dirac Lagrangian reads

Lpirac = WrIVR + b, — mppibr, — mLg. (2.26)
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We already know that the Dirac Lagrangian has a standard U(1) symmetry, but we see from the
representation above that by setting the mass terms to zero (often called the chiral limit), the left-
and right-handed fields decouple, and a second U(1) symmetry appears as we can now transform
these two fields independently,

¢R — eiaRwR, 'lbL — ele/JL. (2.27)

In terms of the full Dirac spinor, choosing ay = ag = «af, results in the standard U(1) transform

Y — eV, (2.28)
while a separate choice «4 = agp = —a, results in the chiral transformation
W — €Ay, (2.29)

and its corresponding Noether current is the axial current
34 = Py . (2.30)

It is therefore common to refer to the U(1)g x U(1)r symmetry as U(1)y x U(1) 4, where V stands
for vector and A for axial.

Another set of symmetries can be identified if we extend the Lagrangian to include more quark
flavours. It then reads

Lbirac = 1i(@ — my);,
= iRV ri + iLidri — MY ribL: — MLV R;. (2.31)

From the first of these, we see that by setting all quark masses identical, an SU(ny) symmetry
emerges, as we can rotate v; in flavour-space. This is commonly referred to as isospin symmetry,
and is almost an exact symmetry when n; = 2 as the u- and d quarks have almost identical masses
(m, = 1.7 — 3.3 MeV, myg = 4.1 — 5.8 MeV [25]). Setting all masses to zero, produces a second
axial SU(ny) symmetry as ¢z, and ¥g can be rotated independently, similar to the axial U(1) just
introduced. All in all, we have SU(ng)y x SU(ng)a x U(1)y x U(1) 4 symmetry in the chiral limit.
Actually, even in the chiral limit, U(1) 4 is broken by a peculiar process in QFT known as the azial
vector anomaly, or the Adler-Bell-Jackiw anomaly after its discoverers [31), 32]. Ten years later,
Kazuo Fujikawa showed that the anomaly was a result of the fermionic integration measure DD
not being invariant under the axial U(1) transformation [ [33, 34].

As for the SU(n¢)a symmetry, it is said to be softly broken in the ny = 2 sector, owing to the
small masses of both v and d. In we saw how a continuously broken symmetry resulted
in massless Goldstone bosons. The SU(2)4 symmetry is obviously not an exact symmetry at all,
it is explicitly broken by the v and d masses, which is fundamentally different from spontaneous
symmetry breaking. But as the v and d masses are very small, the symmetry is softly broken, and
we expect there to be three pseudo-Goldstone bosons with small masses matching the axial SU(2)

3More accurately, we come to a point in the calculation where we have to choose between vector and axial U (1)
symmetry, but as breaking the vector symmetry implies that flavour charge is no longer conserved, that choice would
be unphysical
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Figure 2.5: The chiral condensate.

symmetry. Searching particle data tables, we see that the three pions are perfect candidates as they
are pseudoscalar spin-less bosons with relatively small masses (m ~ 140 MeV).

We have just argued that mass terms on the form w7 are responsible for chiral symmetry
breaking. A natural candidate for a measure of how “bad”, if at all, the chiral symmetry is broken,
is the chiral condensate (1)1)). This condensate is directly related to the pions, as they are the
lowest energy configuration of this type, and should therefore be the dominating contribution.
When analysing the deconfinement transition in the next chapters, we will use (¥1)) as an order
parameter to identify when we have reached the deconfined phase. A rough picture of the chiral

condensate is shown in

8 The linear sigma model

The linear sigma model (LSM), is one of many models aiming at an effective description of QCD
at low energies where where quarks and gluons for the most part only appear confined within
hadrons. The model was proposed by Gell-Mann and Lévy in 1960 [35], and it is based on the
chiral condensate introduced in the last chapter. At low energies, the quarks and anti-quarks in
QCD should have formed bound states of spinless mesons, and an effective Lagrangian describing
the dynamics of the mesons can replace the QCD Lagrangian. With no quark degrees of freedom,
the two-flavour, isospin symmetric (mg = m,,), LSM Lagrangian is

1 1 1
Lisu = 50u6a0" 60 — 3m’Gatda — 1A (9ada)” + hado. (2332)

The parameters m?, A and h; have to be fixed by experimental measurements. Excluding the last
term, this theory is O(4) symmetric, which is isomorphic to the SU(2) x SU(2) symmetry of massless
two-flavour QCD. The parameter h, is introduced to break this symmetry explicitly, simulating
how SU(2)4 is explicitly broken by the quark masses. With A = 0, the O(4) symmetry can be
spontaneously broken, leaving us three massless Goldstone bosons taken to be the three pions. The
fourth field is identified as the o particle (referred to as fy(600) in the particle data group booklet
[25]), which has a substantially higher mass compared to the pions with m, = 400 — 1200 MeV. In
terms of the parameters above (still h = 0), m, = —2m? (m? < 0).

The model can also couple to quark degrees of freedom through Yukawa-coupling terms. This
model is named the linear sigma model with quarks (abbreviated LSMq), or the quark-meson model.
The two-flavour, isospin symmetric model reads:

Lrsyg =)@ —g(o + 7 7)|¢ + Lisu, (2.33)

where we have chosen to spontaneously break the O(4) symmetry of Lrgas in the ¢g direction, and
have renamed the fields ¢g = o, ¢; = m;. The quark mass term has manifested itself into couplings
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Figure 2.6: A T-up phase diagram for QCD, taken from [36].

with mesons, which classically results in an effective mass term for the quarks,

my=g(o). (2.34)

9 QCD phase diagram

In the world we live in, at normal temperatures and not too high particle densities, QCD is in
its confined phase, where quarks and gluons only appear in bound states such as the mesons and
baryons. Due to the nature of the QCD coupling, one could argue that at extreme enough conditions
we expect QCD to behave quite differently as the coupling weakens enough for quarks to free
themselves from their bound states. Such conditions have been reached in heavy ion collision
experiments at RHIC (Relativistic Heavy Ion Collider) and the LHC (Large Hadron Collider), and
is speculated to exist in the core of compact stars (such as neutron starts), and to have existed in
the very early universe. Our current understanding of this phase diagram is displayed in

In this thesis we are mostly concerned with the deconfinement transition, in which quarks and
gluons break free from their confined states, and move around as individual particles rather than
being bound within the borders of the mesons and baryons. This can happen in one of two ways.
Either, at very high temperatures, there is enough thermal energy to weaken the strong force
sufficiently, so the quarks can break lose. In this case they will move around in a “soup” of interacting
quarks and gluons. This is known as the quark-gluon plasma, which experiments have been able to
create for a fraction of a second during heavy ion collisions at the great colliders. Alternatively, the
hadrons can be packed so close together that their borders start to overlap making a description
of separate hadrons nonsensical, and we once again have a deconfined state. This is known as the
(normal) quark matter (NQ) phase, and is speculated to exist at the core of very dense stars, such
as neutron stars.
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At zero temperature and zero chemical potential we have vacuum, and it is here calculations
with QFT are carried out, predicting the result of results of e.g. proton-proton collision experiments.
Moving towards higher chemical potential, i.e. higher particle density, the first phase transition one
encounters is the familiar gas-liquid phase transition. It happens at roughly up ~ 924 MeV [I], and
above this limit the hadrons condense into “drops”. At higher density, we encounter the NQ phase
described above.

At higher particle densities still, one argues by Cooper’s theorem that we should have a super-
conducting state involving quarks. It can be rigorously shown for asymptotically high densities, but
one expects from calculations with various models to reach this phase also for intermediate values.
Colour superconductivity is a bit more complicated than normal superconductivity as there are
more quantum numbers present which need to form anti-symmetric states, and therefore there are
multiple superconducting phases. The first of these one encounters is the 2-flavour colour supercon-
ducting (2SC) phase where the up and down quarks form Cooper pairs. To satisfy the anti-symmetry
condition, these need to have different colour values, for example up-green with down-blue. Next
up is the superconducting state in which we have sufficient energy to include the strange quark.
This phase is known as the colour-flavour-locked (CFL) phase in which all three quarks form pairs
using all colours. These states are invariant under rotation in flavour and colour-space, but they
have to be simultaneously transformed to satisfy the anti-symmetry requirement, hence the name

CF locked
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CHAPTER 3
( Mean-field approximation

Our first approach at identifying the deconfinement phase transition is utilising the mean-field
approximation [37,[38]. It uses the linear sigma model with quarks to describe QCD at low energies,
and it assumes no bosonic quantum fluctuations. In the language of perturbation theory, it is a
“one-loop” approximation. We will in this chapter visit both a two- and three-flavour quark meson
model evaluated at both h = 0 (the chiral limit) and A > 0 (the physical point).

10 Two-flavour quark-meson model

The Lagrangian of the two-flavour linear sigma model with quark degrees of freedom is
1 1
Lopi = qlid — g(o +iv°7 - 7)]q + 3Ou00"0 + S0, 7O"F = U(0,7) + ho, (3.1)

where U is an O(4) symmetric potential of the vector [U, 7?] , and ho is a term for explicitly breaking
this symmetry down to O(3), simulating how chiral symmetry is broken by the quark masses. We

choose the classical potential to be
- L o9 9 o Al o a2
U(U,ﬂ):im (o —‘r?T)—i—Z(O' + %)%, (3.2)

as it is the simplest O(4) symmetric potential with bosonic couplings.

10.1 Thermodynamic potential

The first step is to add a quark chemical potential to the above Lagrangian. To do this, we need
to find an expression for the quark number density, which can be obtained by applying Noether’s
theorem to the U(1) symmetry of the quarks. On infinitesimal form, this transformation is

q— (1+i0)g = dq=1igq, (3.3)
g— (1—i0)g = 06q=—iq, (3.4)

which gives the following Noether current
0Lo fl

. aﬁgﬂ T
= 6,500+ 55500 =" (3.5)
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Its zeroth component is a conserved charge density which is identified as the quark number density.
The Lagrangian with a quark chemical potential is therefore

Lop — Lo + pngy’q. (3.6)
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Next we want to find an analytic expression for the thermodynamic potential defined in
using the mean-field approximation. Removing all bosonic quantum fluctuation, we simply substi-
tute o and 7 by their space-time independent expectation values, meaning that up to a normalisation
constant, the partition function is

Z = e PVUU) () / DqDq exp{ - / a[1°0- =7 -V +g((o) +in°7 - (7)) — mo]q}, (3.7)
xr
and in turn, using the calculation in the thermodynamic potential is

QT, ) =U((o) (7)) + Qqs (3.8)

where the quark anti-quark contribution is
d
Qgq = —2N;N, / (21))3{w + Tlog| 1+ ¢™H17] 4 Tlog|1 + e~ 7] } (3.9)
T

We have defined w? = p® + m? and m? = g2(<a>2 + <7?>2). Note that a factor N, has been added
to compensate for the extra colour degrees of freedom of the quarks. The first term is identified as
a contribution from the vacuum energy, and is therefore discarded. We find the expectation value
of the fields o and 7 by the minimum of the thermodynamic potential

o0
o =0 (3.10)
a0
52 =0. (3.11)

As the scalar fields o and 7 correspond to the chiral quark condensates, we find the chiral phase
transition at the point in T-u space where their expectation values are zero. (7) = 0 is always a
solution of the above equations with the given potential, and therefore the value of (o) determines
the phase transition.

10.2 Characterising phase transitions

One defines a phase transition by either the point where an order parameter has become zero,
or where it jumps discontinuously. If it jumps discontinuously it is said to be a first-order phase
transition, while if it goes continuously to zero it is higher order. The definition of the higher
order phase transitions follows the same logic. A second-order phase transition goes to zero with a
discontinuous first derivative, while a third order has a discontinuous second derivative, and so on.
Examples of a first and second-order phase transition is shown in Figs. and [3:Ib] On top of
the various orders of phase transitions, there is also an additional possibility, which is not a proper
phase transition, but is often associated with them. If the order parameter goes towards zero but
does never quite reaches it, we have a crossover. In those circumstances there are multiple ways to
define the crossover point. We will define it as the inflection point, or the point with the most rapid
change. Another alternative is to use the point at which the order parameter’s value is half of that
of the vacuum.
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Figure 3.1: Examples of 1st and 2nd order phase transitions.

10.3 Matching parameters

The Lagrangian in has four still undetermined parameters, m, A, h and g, and therefore we
need four experimental measurements to match the parameters with. The comparison is done in the
vacuum, zero temperature and chemical potential, where we have no thermodynamic fluctuations.
The four experimental values we will use are the constituent quark mass mgy (one-third of the proton
mass), the pion decay constant fr, the pion mass m,, and the sigma mass m,. Their values are

mg 312.8 MeV,
fr 93 MeV,
My 138 MeV,
me 450 MeV.
The partial conservation of axial current (PCAC) relations gives us (o) = fr, and from this we can

immediately see from the definitions in [Eq. (3.9)| that ¢ = mg/fr = 3.36. The meson masses are
given as the curvature of 2 at the minimum:

9?Q

zam? = B oo =m?+ \fZ (3.12)

» _ 0°Q 2 2 2 2
Mg = 532 =m~+3\f: =my +2\f;. (3.13)

(0),(7)
Inverted, they determine m and A:
3 2 2
m? = (m’r2m") — (269.6 MeV)?, (3.14)
m2 —m?

A=—"2—+T7=10.6. 3.15
o Y 319
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Figure 3.2: Thermodynamic potential at u© = 0 for various T in the mean-field approximation. The left
plot is in the chiral limit while the right plot is at the physical point, see main text for more
details.

Finally, using |Eq. (3.10), we find A to be

h=m2fr = (121.0 MeV)3. (3.16)

In the chiral limit (h = 0) we only need to match three parameters as m, = 0. They are m? =

—m2/2 and A = m2/2f2 while g is the same.

10.4 Results

The plots in show the thermodynamic potentials at zero chemical potential for various
temperatures (both h = 0 and h # 0). In the left plot, one sees that the potential develops two
minima as 7T increases, and at T' = 111 MeV, the minimum jumps discontinuously to zero, marking
a first-order phase transition. In the plot on the right we see how the minima continuously shifts
to the left towards zero, but never quite reaches it. This can be seen directly from the equation
determining the minimum

(m? + X\o?)o + 2Ny N.og® / (Qd:)g % [ng(T, ) + ng(T, )] = h (3.17)

where ng(T.p) = (e(“’_“)/T + 1)_1 is the quark distribution function and ng(T, u) = ng(T, —p) is
the anti-quark distribution function. One can sees that as long as h # 0, ¢ = 0 will never be a
possible solution, no matter the value of T and u. The position of the minima as a function of
temperature for zero chemical potential has been plotted in In this plot it is clear that the
system undergoes a first-order transition in the chiral limit, while it is a crossover at the physical
point, as argued above. The inflection point of the crossover-curve is at 7' =~ 120 MeV.

The resulting phase diagrams are plotted in [Fig. 3.4] At chemical potentials higher than 105
MeV, the thermodynamic potential develops a second minimum at the physical point. As T is
increased for these values of p, the minimum jumps discontinuously to the second minimum, and
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Figure 3.3: Plots of the minimum of the thermodynamic potential with varying T" at ;4 = 0. The plot shows
a first-order phase transition at 7' = 111 MeV in the chiral limit, while we have a crossover at
the physical point, its inflection point at "= 120 MeV.

we have a first-order transition instead of a crossover. The point (T, i) ~ (109, 105) MeV therefore
marks what is known as the critical endpoint, at which the phase transition should be second-order
(discontinuous first derivative). The existence and position of this point is still debated among
physicists, see e.g. Ref. [39] for an analysis and Ref. [40] for a lattice QCD perspective.

In the phase diagram has been plotted for various values of m,, and one can see a strong
correlation between the phase diagram and the value of the sigma mass. In addition to raising the
whole phase diagram, an increased sigma mass also pushes back the critical endpoint (CEP), and
at high enough my, it should disappear completely. As most lattice simulations [40] [41], 42] places
the (pseudo)critical temperature with zero chemical potential in the range 150-170 MeV, the results
from these plots suggests that the sigma mass should be somewhere between 600 and 800 MeV. The
results will be discussed further in when all approximations have been presented.

An important clarification has to be made regarding the phase diagram in the chiral limit. When
we calculated the quark contribution to the thermodynamic potential given in , we threw
away the quark vacuum energy contribution. If we had renormalised the vacuum contribution using
e.g. the cut-off regularisation scheme which was introduced in [Sec. 1.6 we would have found a
second-order phase transition in the chiral limit instead of a first-order, as shown by Skokov et al
in Ref. [43]. It was later shown by Andersen, Khan and Kyllingstad in Ref. [44] that the phase-
transition would be second-order in the whole T-p plane, not going through a critical endpoint.
The argument presented by Skokov et al is the following: Close to the critical temperature, the
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quark mass, which is proportional to the order parameter o, should be small compared with the
temperature, meaning that we can expand the quark contribution to the thermodynamic potential
in powers of my/T

772 1mi 1 m, m 3 ms
Qo = NN;TH -1~ ey~ ) (J> 2l of 24, 3.18
9q = Sl { 18O+12T2+87r2T4[0g A1) TE T O e (3.18)
Added to the mesonic potential, and using the expression for m,, we get the full potential
1 N¢N, 1 N¢N, go 3
Q= (m2+ @2 L) o2+ (A 4f‘31(7) — 21 )o* + Q. 3.19
2<m T )T T\ NI e o8\ G) e Ty ) TR (319)

With a potential on this form, it is the sign of the quartic term which determines the order of the
phase transition. If the quartic term is positive we have a second-order phase transition, while it is
first-order if it is negative. The A term therefore compete with the logarithm term to determine the
order of the transition, but as the temperature is high and the order parameter is small close to the
phase transition, the logarithmic term can become very large, and negative, leaving us a first-order
phase transition. To see how this is countered by the vacuum fluctuation of the quarks we regularise
the term with a UV cut-off A, and expand the result in powers of my/A

NyN. [*
st = — frf/ pPdp [ p? +m2,
0

2 2 6
:_NfNCA‘*{lerq+1mq[1+4ln(%)”+0<mq>. (3.20)

472 A% 8 A4 2A AS

The first two terms that are O(A*) and O(A?) and needs to be renormalised, but we see that the
logarithmic term exactly matches that of [Eq. (3.18)] cancelling the o-dependence of the logarithm

leaving us

L g oNgNe\ 5 1 4NN 2A 4
Q_2<m +9W o +Z Aty 12 log(ﬁ>+0 0" + Q. (3.21)

where C' is an unimportant constant. From this we see that as long as we choose a cut-off scale A
large enough, the quartic term will be positive and we have a second-order phase transition.

11 Three-flavour quark-meson model

The simple model introduced in the previous section can be extended by adding the strange quark
to the mix. At temperatures up to 150 - 200 MeV, it is certainly possible for the strange quark
(ms = 10173) MeV[25]) to contribute to the results. We will in this analysis follow the work of
Schaefer and Wagner [45].

11.1 Thermodynamic potential

Similar to the arguments presented when we wrote down the two-flavour Lagrangian, we require the
three-flavour Lagrangian to be symmetric under the U(3)z x U(3)r symmetry group in the chiral
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Figure 3.4: The phase diagrams for chiral symmetry breaking with m, = 450 MeV. First-order transition
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Figure 3.5: Phase diagrams for varying m, at the physical point h = m2 f,.
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limit, and then introduce an extra term to explicitly break this symmetry. Looking back at how we
constructed the QCD Lagrangian, the Lagrangian of the quark-meson model is

Lsp = q(id — gTi(0; + iv°m)) g + tr[0,0'0 0] — Us(¢) — Up(d). (3.22)

The matrices T; are the nine generators of U(3) (which are the eight generators of SU(3) plus
the identity), and ¢ = T;(o; + im;). The potentials Ug and Up are the symmetric and symmetry
breaking potentials respectively, and are

Us(6) = m?tr (6] + i (tr [¢T¢])2 + dotr[ (670)°), (3.23)
Up(¢) = —c(det[¢] + det[¢']) — tr[nTi(¢ + ¢1)]. (3.24)
The chiral anomaly in QCD, which was introduced in and was shown by 't Hooft in 1976

to be an effect of instanton configurations in the vacuum [46], is accounted for by the parameter c.
The parameters h; are introduced to break the SU(3)4 chiral symmetry, In Ref. [47] it is shown
that only diagonal matrices h;T; give symmetry breaking leading to the PCAC’s, meaning that only
ho, h3 and hg can be different from zero (we have chosen Ty = %I , and T; to be the Gell-Mann
matrices). We will also choose hg to be zero to conserve isospin symmetry between u and d, meaning
that we only break one component of flavour symmetry. This is often referred to as the 2+ 1 flavour
quark-meson model. Evaluated in the mean-field approximation we get finite expectation values for
oo and og only. The quark contribution is thus

Log=qr(id —my)qr, [ € {u,d,s}, (3.25)

: _ 1 1 _ 1
where m ar? the' effect‘lve quark masses, my, 4 —.%(00 + ﬁag) and mg = %(00 + \/50’8). One
can see that in this basis, oy and og are superpositions of a strange and a non-strange condensate.
It is more convenient to separate them, therefore a change of basis is made:

Oud ) 1 \/§ 1 9]
GG e

resulting in new effective quark masses m,, q = goyuq/2 and ms = gos/ V2. Similarly, we transform
ho and hg to hyg and hs. Once again, the quarks in the mean-field approximation has gained
effective masses by their interactions with the mesons, and the thermodynamic potential can be
calculated analytically

Q = Us + Up + Quq(T, 1) (3.27)
where the quark contribution is given by
Qe=-2Nc Y / {Tlog 1 te <“’f+ﬂf>ﬁ} + Tlog[1 + e_(wf_“f)ﬁ] } (3.28)
f={u.d;s}

with w = ,/p? + m?c. We will also here discard the vacuum energy of the fermions, even though
we argued in the previous section that this term can have an effect on the order of the phase
transition. To the best of the author’s knowledge, this contribution has not yet been analysed in

the three-flavour model, and is therefore a possible avenue for future research.
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11.2 Matching parameters

Analogous to the parameter matching we did in we have seven parameters to match in our
current Lagrangian, g, hqyg, hs, m, A1, A2, and c¢. The parameters h,q and hs can still be determined
by the PCAC relations which relates the condensates at zero temperature and chemical potential
to the pion and kaon decay constants [47, 48]

1
V2

We can use the pion and sigma masses to determine m? and A;, while )y is set by the kaon mass.
Lastly the anomaly parameter c is fixed by the average n-particle mass, %(m% + m??,) To be able
to evaluate the particle masses, we need to transform the condensates to their meson basis. The
U(3)y x U(3)4 symmetry the Lagrangian was constructed from results in 9 + 9 = 18 mesons. The
nine belonging to U(3)y, o;, make up the zero spin scalar nonet (J© = 0%), while the nine from
U(3) 4, m;, compose the zero spin pseudo scalar nonet (J¥ = 07, depicted in . The o and

7 matrices can therefore be written as [48]

(Owd) = fr, (os) = (2fk — fr). (3.29)

. %aud + %ao ag Kf’;*
o="To; = 7 ag %gud — %ao K} , (3.30)
K3t K} o
. %ﬂud + %ﬂ'o T K~
m="Tm = NG ot %md - %ﬂ'o K° , (3.31)
K+ KO s

where 0,4 and o, are mixtures of the o particle and fy(1370) particle E|, while m,q and 7, are
mixtures of the n and 7’ particles. This results in the following parameters for sigma masses of 450,
600 and 800 MeV

my [MeV] | m? [(MeV
450 (467.53
600 (342.50
800 —(306.29

0N Ao c[MeV] hyug [(MeV)3] kg [(MeV)?]
2 440 46.49 4807.25  (120.73)3 (336.41)3
2 1.40 46.49 4807.25  (120.73)3 (336.41)3
21349 46.49 4807.25  (120.73)3 (336.41)3

—_ — — |

while g is still determined by the proton mass, g = 2m,,/3 fr ~ 6.5.

11.3 Results

We have plotted the two condensates, 0,4 and o, in [Fig. 3.6 as a function of T" at u = 0, and
added lines showing the inflection points of the two curves. The nonstrange 0,4 condensate quickly

! £5(980) would also be a viable candidate, having the correct spin and parity, but the theory predicts a mass
m(os) ~ 1200 MeV, which is closer to 1370 MeV.
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Figure 3.6: The two condensates in three-flavour LSMq at zero quark chemical potential for various tem-
peratures. We have chosen m, = 450 MeV. One can see that the nonstrange condensate has a
sharp corssover at T' = 120.8 MeV, while the strange condensate has a much smoother crossover
at higher T ~ 234 MeV.
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Figure 3.7: Phase diagrams for m, = 450, 600 and 800 MeV. Crossover transitions are drawn with dashed
lines and first-order transition with solid lines. The CEP marked by e.
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Figure 3.8: Phase diagrams for m, = 450, 600 and 800 MeV with both the two- and three-flavour LSMq
models. Two-flavour results are plotted with plain lines while the three flavour results are
marked by —s—.

reaches its pseudocritical temperature T, at 120.8 MeV, close to the two-flavour value (119.7 MeV).
The strange o5 condensate however reaches its pseudocritical temperature at a higher temperature
of T.s = 234 MeV. Its transition is also much smoother than that of g,4.

We once again plot phase diagrams for various sigma masses in The critical temperature
of the nonstrange condensate has been used to identify the phase transition for a given quark
chemical potential, effectively marking the restoration of the SU(2) x SU(2) sub-symmetry of u
and d, with the full SU(3) x SU(3) following at higher temperatures and/or particle densities.
We have chosen the quark chemical potential to be independent of quark flavour, only considering
identical chemical potentials p, = g = ps = p. A comparison between the two- and three-flavour
phase diagrams are made in It is clear that the addition of the strange quark has a small
effect on the overall result, but that it becomes more prominent at higher energy scales, meaning
higher sigma mass as it is correlated to the temperature and density scale of the phase transition.
This comes as no surprise, as higher energy scales are needed to produce the strange quark than
the much lighter up and down quarks which dominates QCD at energies below 200 MeV.

In the temperature dependence of the effective meson masses is displayed and
discussed. The phase transition is just as pronounced in these plots as it is in as the
meson masses become degenerate when chiral symmetry is restored. The plots also show differences
between the pseudocritical temperatures for the nonstrange and strange condensates, as for example
the fp mass coincides with the other masses after the latter phase transition.
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CHAPTER 4
( Functional renormalisation group methods

Having produced phase diagrams with the slightly crude mean-field approximation in the last chap-
ter, we now move on to a more advanced method, the functional renormalisation group. With this
method we can find a nonperturbative expression for the thermodynamic potential in form of RG
differential equations, as described in This RG equation, being just as hard to solve as
finding the exact thermodynamic potential, will have to be approximated, which we will do using
the local potential approximation. This approach has become very popular since the introduction
of the effective average action by Wetterich [49, 50} [51], and the application of it can be divided into
two subgroups. One approach is to expand the potential in a Taylor series and truncate it after a
few terms

N
Ui(p) =Y ta(k)p". (4.1)
n=1

One can then insert this expression into the local potential approximated RGE and obtain coupled
differential equations for the parameters t,,. Examples of this approach can be found in e.g. Refs.
[52, 53]. An alternative approach, which is the one we will use here, is to discretise the fields, and
treat the potential at the discrete values of the fields as separate variables, which again results in
as many coupled differential equations as there are discrete values of the field, see for example Refs.
54, 55, [56].

12 The RG equation

Once again we will use the linear sigma model with two quark flavours to represent our system, its
Lagrangian with an added quark chemical potential is given by

1
Ly = [0 — 7V + g0 + 177 7) — 1+ 5(V49)" + U(9) — ho (4.2)
where ¢ = [0’, 7?]. Also here, U(¢), is an O(4) symmetric potential and an additional term, ho, is

added to the Lagrangian to explicitly break this symmetry. With the local potential approximation
this Lagrangian gives the effective action

A 1
o = [ dr [ ax {0 =) =7V bglo + 07 Aa+ 5 (Vi0)' + U)o | (1)
We assume that the quark-meson coupling g is already renormalised (is independent of k), and we
see from [Eq. (1.130)|that h also must be k independent as ho is linear in sigma, and the right hand
side of the RGE is only dependent on second derivatives in the fields. The full RG equation with

o1



both boson and quark contributions is simply the sum of the right hand sides of [Egs. (1.130)[ and
(1.135) [57], and can be written in diagrammic form as

1
Ol = itr - ', (4.4)

where the trace is over the components of ¢. There is also a trace implied in the fermionic term,
but that trace is over spinor, flavour and colour indices. Writing out the diagrams, the RGE is

52Ty, -1

56:(9)00; (1)

52Ty, -1
— tr /q 3kPk(q><5¢ OV +Pk(Q)> . (4.5)

Using the effective action from [Eq. (4.3)] we want an RG equation for the potential Uy, as it is the
only k dependent term in I'y.. Therefore similar to what we did in[Sec. 3.4 we evaluate the RGE with
space-time independent (uniform) fields. In this case, the double derivatives can be easily worked
out:

o [o.0.3) = g [auruta)( #0004 1) R))
q

82Fk , 9 82U
Tk _5 5+ 221 |
99i(p)0%;(p') b+r) {p it 6@8@-] (4.6)
Pry .0 , . L
m—d(o)[lv (Vn+Z/L)+fy-p+g(g+zfy 7—.7-‘-)]. (47>

We have Fourier transformed and have denoted the zeroth component of the momentum
four-vector as w,, for bosons and v, for fermions, same as the notation introduced in Next
we have to choose the bosonic and fermionic cut-off functions Ry(q) and Pg(q), which have to satisfy
the conditions stated in[Eqgs. (1.113) to (1.115)] An approximate way to achieve the second of these
conditions is by substituting infinity by the order of the renormalisation scale, which should be
chosen to be much higher than every other energy scale present. With this slight relaxation, the
second condition becomes

Ry=n(q) ~ A%, (4.8)
Pyn(q) ~ A, (4.9)

It is also important to note that P, must have the same Lorentz structure as a momentum term,
ie. Pi(q) ~ yug". If it was similar to a mass term (Py(q) ~ /¢?) or an axial current term
(Pi(q) ~ ¥°yuq"), it would explicitly break chiral symmetry. A thorough discussion can be found

in [57]. We will choose the same cut-off functions as e.g. [55] 58],

Ri(q) = (K* — o*) 0(k* — o), (4.10)
Py(q) = (\/EZ: I ZZ;; I zz - 1) [iv°(vn + ip) + 7 - q] 0(K* — °), (4.11)

where the function 6(z) is the Heaviside step function.
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12.1 Bosonic contribution

We will first evaluate the bosonic contribution to the RG equation using the cut-off function defined
in|Eq. (4.10)| Its contribution to the differential equation of Uy is

dq oLU? -1
k2 _ o2 (2 2 2 2 2
OUr(p)p =T E / q)tr 96:00, +0i(¢° + (k* —q”) 0(k* — q°) (4.12)

n=—oo

The potential U is O(4) symmetric, and can therefore be expressed as a function of p = (o2 + 7).
In this basis, the second derivative of U is 8¢> 8¢ = 0;;U'(p) + ¢ip;U"(p), where U/( ) denotes
derivative with respect to p. We have assumed that U will retain its symmetry as it is renormalised,
and we can therefore pick out a single direction in ¢ space on which U depends, and set the rest to
zero. As we have explicitly broken the O(4) symmetry in the direction of o, we will choose this as

the primary direction, and set # = 0, and p = %02. With this the matrix in [Eq. (4.12)|is diagonal

U +2pU" + ¢*> + Ry, 0 0 0

0 U+¢+R 0 0
E : (4.13)

0 0 U'+q¢®>+ Ry 0

0 0 0 U + ¢+ Ry,
which simplifies the expression considerably:
T 1
U 2d kO(k* —
3

+ . 4.14
w%+q2+Rk(q)+U’} (1

The first Heaviside function ensures that the integrand is zero for all values of ¢ higher than k.
We can therefore substitute the upper limit of the integral with k instead of infinity. As ¢ now is
ensured to be less than k, all step-functions are evaluated to be one, in which case q? + Ry(q) =
q? + (k? — q®)0(k? — q%) = k?, and we are left with

T 1 3
4.1
8kUk(¢) 27'('2 Z / p p |: 2 n L2 + U + 2pU// LL)2 + L2 + U/:| ( 5)

n=—oo

The only momentum dependence remaining is that from the integral measure, and the integral is
therefore easily carried out

Tk & 1 3
U, =— > . 4.16
WUk(@)5 = G ot [wg+k2+U'+2pU” +w%+k2+U’] (410

The Matsubara sums are both on the form calculated in [Appendix B5| and are given by [Eq. (B.17)]

4
WUk(¢)B = 15 2{ = (14 2np(wy)] +3ﬂ[1+2n3(wﬂ)]}, (4.17)
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where np(w) = (e“’ /T — 1)71 is the Bose-Einstein distribution, and the sigma and pion dispersion
relations are

W=k 4+ U +2pU", (4.18)
Wwi=k24+U. (4.19)

12.2 Fermionic contribution

Just as in the previous calculation, the step function in the numerator ensures that q < k, and
we can therefore replace the step function in the denominator by 1. This implies that we have to
evaluate an object on the form

[i7° (vn + ip) + 7 - 9] Ok A
[V (vn +ip) + 7 - q) Ak + go’

where Ay is the square root term in Py, and we have set @ = 0. To evaluate this we can expand it

(4.20)

in a power series:
oo

1 . 1 —Ak " .0 . — n
o+ [i’yo(vn+iu)+5/’~q]z4k _gaz<go > [w (Vn—l-lu)—l-fy.q] ) (4.21)

n=0

Utilising that all the v matrices are traceless and follow the anti-commutation relation {7“,7"} =
n*¥, we can trace the expression order by order

n=0: v, +ip)+5-q tr—0,
n=1: —(vn +ip)? — q? tr — — 4NNy [(vy + ip)? + qQ], (4.22)
n=2: (i’yo(yn—i-z',u)+’7‘q)3 tr — 0,

which again can be recognised as a different power series. The expression in [Eq. (4.20)|is therefore

© ;42NN
4NCNf(8kAk) (.;i-k)Z [(Vn + iM)Q + qQ] Z((gf)}z) [(Vn + z’,u)2 + qQ]TL

= Ap(OrAg)

n=0
4N Ny[(vn +ip)* + 7]

(g0)? + Ai [(Vn +ip)? + q2] '

Inserting the expression for A, the fermion contribution is greatly simplified, and we are left with

2NNy = [* k
OUpr = —T— ’d : 4.24
KORE =Dy /oq T n i) + K2+ (g0)2 424

(4.23)

n=-—o0o
Once again the only ¢ dependence left is that of the integration measure, and the integral is readily
calculated, leaving the sum. The sum is also on the form presented in and utilising

[Eq. (B.21)[we end up with the final result

NNy k4
OUrp = — 37r2f o [1 —np(wg, 1) — nﬁ(quu)], (4.25)
q
where the quark energy is
wa = k> + (g0)?, (4.26)

and np(wq, i) is the fermion distribution function introduced in the last Chapter.
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Figure 4.1: Plots showing the convergence of the parameter conditions as a function of RG time.

12.3 Full RG equation

Combining the meson and quark contribution we obtain the full RG equation for Uy

E* (1 3
OUr(p) = 127T2{w [1 + QHB(WU)] + o [1 + 27’LB(CL)7r)] }
NeNy k4

32w, [1 —np(wg, ) = np(wg, u)}- (4.27)

By setting the meson fluctuations to zero, we recover the expression given by the mean-field approx-
imation. This approach will therefore hopefully give more accurate results for the thermodynamic
potential and in extension the phase transition, as it includes both quantum- and thermal fluctua-
tions of the meson fields in addition to the quark fluctuations.

The RG equation is a two dimensional partial differential equation in the sense that it has partial
derivatives with respect to k on the left hand side and with respect to p on the right hand side. As
mentioned in the introduction to this chapter, two possible approaches one can take to solve this
is either to parametrise Uy and find one ordinary differential equation (ODE) for each parameter,
or to discretise p — p; and find an ODE for each U;(k) = Uk(p;). In this work the latter has been
chosen, and the details behind discretisation and how the partial derivatives in p are evaluated are

given in |chapter 5

13 Initial conditions and parameters

Before we can solve we need to provide a continuous set of initial conditions for the
potential Ug. These should be given at k& = A, where all quantum fluctuations are suppressed and
we regain the classical potential. For the initial condition we will use the same potential we used in
when utilising the mean-field approximation,

Un(p) = m?p + 4\p% (4.28)
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Figure 4.2: Plots displaying various aspects of the renormalisation of Uy at h = 0.

With this choice, the Lagrangian has four free parameters, which we will match to f;, m,, my, and
the proton mass m,,. We will map out the phase diagram both with and without explicit symmetry
breaking by the ho term, and therefore need to determine m? and A for both these cases. The
parameters h and g are set to g = my/3fr and h =0 or h = m2 f,, while m? and \ are set by the
two conditions

Q _
g— = 8?_0 —h=0, (4.29)
. o=fx g o=fxr
520 2Uj—o )
o7 _ = _ 4.30
902 |,_, = 80T |, T (4.30)

both at zero temperature and zero chemical potential. When integrating the full RG equation
numerically, it is convenient to change integration variable from k to the dimensionless variable
t= log(%), which we will call RG time. In we can see how the minimum, which should be
equal to fr at t = —oo, and the square root of the curvature of U at the minimum, which should
be m, at t = —o0, evolve as t moves from zero towards minus infinity. While the minimum quickly
stabilises at around ¢t ~ —2, the curvature continues to vary, but settles close to t ~ —3.5. We will
assume that the contribution from ¢ < —6 (k < 2.51073A) is negligible, and therefore truncate the
numerical integration at t = —6.

On top of the four parameters of the Lagrangian, the initial condition for U presented in
has an additional parameter, A. Analytically, all physical quantities (such as mg, fr
and T;) are independent of the cut-off scale A as long as it is larger than the highest energy scale
of the system. Unfortunately the numerical results are not, but the dependence on A is weak. We
have chosen a cut-off scale A = 500 MeV, which is larger than our choice for m,, just as Schaefer
and Wambach did in [54]. As we will analyse further in the value of the sigma mass is
somewhat problematic to determine in this model. While the minimum is very resilient to change,
the curvature at the minimum does not only depend on the five parameters, but also on the numer-
ical method used to solve the ODEs, which is unfortunate. The sigma mass will therefore be set
by an interval approximately 350 - 500 MeV instead of by a specific value. With this is place, the
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Figure 4.3: Minimum of the potential U; as a function of T" with g = 0. The left plot is taken in the chiral
limit, and it shows second-order phase transition as the minimum goes continuously to zero.
The right plot is at the physical point and it shows a crossover where the minimum approaches
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values chosen for m? and \ are
h=0 h=mif,
m? [(MeV)?] | 0 (98.1)2
A 2.125 2.45

14 Results

From the full RG equation given in it can immediately be seen that the renormalisation
is a competition between the meson and quark contributions. The meson contribution, having a
positive sign, drives the potential to higher values, weakening its symmetry breaking and pushes
the minimum towards zero, while the quark contribution has the opposite effect. This is even
clearer in where the renormalised potential has been plotted with either the quark- or
the meson contribution turned off. The unrenormalised and fully renormalised potential has also
been plotted as a reference. Combined with the plots in which show the potential at
different renormalisation times ¢, we can conclude that the quark contribution is dominant in the
high k region, while the mesons contribute more towards the end. Because the meson contribution
is dependent on the derivatives of U, we see that as the potential starts to decline, we get a feedback
reaction where the meson contribution takes over as a result of the quark contribution pushing the
potential down. At around ¢t = —0.6 or k£ = 0.5A we see that the feedback has reached its limits
and the potential is driven towards higher values again. These complex interplays between the two
contributions are the reason why the fully renormalised potential is not simply the average between
the pure meson and pure quark renormalised potentials.

In the minimum of the renormalised potential Uy as a function of temperature has been
plotted. In the chiral limit (the left plot) we have a second-order phase transition at zero quark
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Figure 4.4: Phase diagram in the chiral limits. The second-order phase transition is plotted with a dashed
line, while the first-order phase transition is plotted with a solid line. The critical endpoint is
marked by a dot e.

chemical potential. At higher chemical potentials, this transition eventually turns into a first-order
transition, and we therefore also in the chiral limit find a critical endpoint. This was not seen in
either of the two mean-field approximations (although not explicitly shown for the three-flavour
model), telling us that the inclusion of both the thermal and quantum fluctuations of the mesons
add to the phase diagram. The resulting phase diagram is plotted in and one can see
the critical endpoint at (T, ) =~ (253,62) MeV. The plot to the right in shows a crossover
transition at the physical point. Because we lack precise knowledge of the position of the minimum,
due to the discretisation of o, the inflection point cannot be found with numerical derivatives like
we did previously. The data points were therefore fitted to a similar curve, from which we could
calculate the inflection point. The phase diagram at the physical point has been plotted in [Fig. 4.5
The standard deviation of the fitting parameters, resulting in a standard deviation for the critical
temperature, has been added as error bars. After p =~ 260 MeV, the fitting function is no longer
good, and the transitions have therefore been taken as an educated guesses based on the shape of
the o0o(T') plots, the error bars given accordingly. The fitting procedure and the resulting errors
are discussed in more detail in One should also notice the lack of a critical endpoint
in the phase diagram at the physical point. It should be stressed that this is not because none
exists, but is simply a consequence of the numerics, as they are less accurate at small, but nonzero,
temperatures. It was therefore difficult both to find the transition temperature, and also the order
of the transition. The critical endpoint has therefore been omitted.

The plots in shows a comparison between phase diagrams produced using the LPA
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Figure 4.5: Phase diagram at the physical point. The error bars indicate the error of the parameter fit
which had to be carried out to identify the crossover transition, see the full text and
for more details.

and the mean-field approximation. In both the chiral limit and the physical point we see that
the inclusion of meson fluctuations has pushed the critical temperature at zero chemical potential
to a higher value, despite the lower value for the sigma mass. On the other hand, in the region
of high 1 and low T the phase diagrams calculated with the LPA drops quicker than that of the
mean-field approximation. The two curves even cross before they hit the p axis. The explanation
for this behaviour can be found in the RG equation, At zero temperature the fermionic
contribution to the potential is:
4
OUr (T = 0) = ~ 52 11 g — )], (4.31)

2
3T wy

where once again 0 is the Heaviside step function. Therefore, for all values of £ and ¢ such that
wq < p, the quark contribution is zero, and as a result, at high  and low 7" the meson contribution
is dominating. Earlier we argued that the meson contribution weakens the symmetry breaking,
driving the minimum towards zero, which is why we should expect the phase diagram to drop
quicker at high p if this contribution is included.

15 Thermodynamic quantities

In [Sec. 2.1 we introduced the thermodynamic potential © and the various thermodynamic quantities
which could be calculated based on it. In this section we will use the LSMq with the local potential
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Figure 4.6: Comparison between phase diagrams resulting from the LPA (m, ~ 450 MeV) and the mean-
field approximation (m, = 600 MeV).

approximation to calculate these quantities and compare them to that of a free gas of massless
quarks and gluons.

15.1 Additional contributions to the high temperature region

If we had used [Eqgs. (1.75) to (1.78) to calculate the thermodynamic quantities using the results
for 2 obtained after having integrated down from the ultraviolet cut-off scale A, we would find the
results lacking in the high temperature regions when compared to e.g. mean-field calculations or
lattice results. The reason for this is that we are missing the temperature dependence of the modes
with energies higher than A, and these need to be reincluded in to obtain correct results for the
thermodynamic quantities. We write the corrected €2 as

Q= Qy+Q, (4.32)

where g is the contribution from k = A to k = 0, the one calculated in the previous section, and
Qp is the contribution from & = oo to kK = A. Due to the asymptotic freedom of the quarks and
gluons we assume that the meson condensates have melted, and that we are left with free quarks
and gluons for energies above A. Therefore, for k£ > A, the RG equations are

3

WUk = 1502

{Ng[1+2n3(k)] —4dF[1—nF(k:)—nF(k)]}, (4.33)
where Ny = 2(N? — 1) is the degrees of freedom for the gluons and dp = NyN, is the degrees of
freedom for the quarks. We have excluded the quark mass from the dispersion relation of the quarks
as it is negligible compared to values of k larger than A. The addition from the high temperature
limit to the thermodynamic potential is therefore

A
2y = 12;2 /Oo K dk {Ng [1+ 2np(k)] — 4dp[1 — np(k) —np(k)] } (4.34)
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Figure 4.7: The pressure and quark number susceptibility at the physical point using the LPA both with
and without corrections from the high energy modes. The lower curve is without corrections

while the upper one is with.

The two divergent terms are also this time not dependent on either 1" nor u, and they therefore
only contribute to an unobservable shift of the potential. The thermodynamic potential can be
renormalised simply by subtracting the potential of the vacuum from the final result.

15.2 Results

All the results of this section will be normalised to those of a free gas of massless quarks and gluons,
and will be given at zero quark chemical potential. The thermodynamic potential of a free gas of
massless quarks and gluons is given by

7\ dp dp
Q m:—(N Ld )—T4——T2 2_ AP 4 4.35
! 9+ 5% ) 50 6 H T 1ot (4.35)

The pressure with and without the high temperature correction has been plotted in nor-
malised with the pressure of an ideal gas. The plot clearly demonstrates that the high energy modes
becomes more important as one cranks up the temperature, but there is a problem. Already at
T = 50 MeV, around 20% of the pressure comes from the high energy modes, and as T rises above
250 MeV, the contribution from the modes with energy less than A becomes negligible. The same
behaviour can be seen from the quark number susceptibility

0?pP

i = 4.36

which has been plotted in

The problem arises from the choice we made for A. While 500 MeV was sufficient to obtain
information about the critical region and find the chiral transition for a sigma mass approximately
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450 MeV, it is too low to acquire information on the thermodynamics of the system at high temper-
atures. Unfortunately, choosing a higher cut-off scale requires a lot of time both tuning parameters
and calculating the quantities themselves. We therefore did not have enough time to finish these
calculations, and it will therefore be a natural continuation of this work. This will be discussed
further in the last chapter.
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CHAPTER 5
( Numerical methods

In this chapter we will analyse the underlying numerics of the results presented in this thesis. We
will focus on numerical methods, numerical instability and minor details one has to pay attention
to. There will be both pseudocode and C++ code included to describe the numerical methods and
ideas.

16 The mean-field approximation

First, a short summary of the numerics at the base of the mean-field results will be given. The GNU
Scientific Library (GSL) [59], a C library for numerical computation, has been used extensively. Most
notably it includes a C implementation of QUADPACK [60], a FORTRANT7 library for numerical
integration of one-dimensional functions, which was used to evaluate the integrals in [Eqgs. (3.9}f3.28)).
We also used two of the library’s many root finding algorithms. The Brent algorithm was utilised
to find the roots of the two-flavour model, and the Hybrid algorithm with a multi-dimensional finite
difference scheme to calculate the Jacobian was used for root-finding with the three flavour model,
see [59, p. 383] for more detail.

16.1 Crossover transitions

Finding the phase transitions for small chemical potentials is quite straight forward. For both the
two- and three flavour case, the root of the derivative of the thermodynamic potential was found
rather than the minimum, as an analytic expression for this derivative could be easily calculated. We
only had a crossover at the physical point, whose inflection point was found by numerical derivatives
in 7. When scanning for this inflection point, steps of around 1072 MeV were taken in 7', being
more than sufficient to get accurate enough results to take numerical derivatives, which we will see
is not the case with results from the renormalisation group methods.

16.2 First-order phase transitions

Finding the first-order phase transition when h = 0 is trivial as we know that the minimum jumps
to zero at the phase transition. Therefore one only has to check if the thermodynamic potential
at the local minimum is less than the value at zero for every iteration. When this no longer is the
case, we have found the critical temperature.

At the physical point it is a little bit trickier as the new minimum to which we jump discontin-
uously also has to be found. Therefore, knowing both the shape of the potential and the nature of
the root finding method in use is essential. When using numerical root-finding functions, one has to
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Figure 5.1: A plot showing multiple root finding with multiple guesses. Potential taken from two-flavour
linear sigma model with m, = 600 MeV at (T, 1) = (70,250) MeV at the physical point.

specify an initial guess where the root might be. If the function has multiple roots, the numerical
method usually finds a root close to where the guess said it would be. When looking for a first-order
transition we therefore have to make two guesses to where the minima are. From we can
see that in our case, a good idea is to let one guess be close to the original minimum (f;), and the
other guess be around zero. Below is a pseudocode snippet describing how the phase transitions
were found and identified:

mins[5] stores 5 minima, needed for numerical double derivative
findMinimum() takes two input, temperature and a guess, returns minimum
for i =0 to 5 do {find the first 5 minima}
mins[i| = findMinimum(7T, f)
T=T+dT
end for
while T' < Tj,.x do
minl = findMinimum(T', mins[4])
min2 = findMinimum(7T', 0)
if minl # min2 then
if Q(min2) < Q(minl) then
return 7T {7, found, first-order transition}
end if
end if
for i =1 to 5 do {throw away one minimum to make room for minl}
mins[i — 1] = mins]i]
end for
mins[4] = minl
ddxz = doubleDerivative(mins) {calculate numerical double derivative}
if ddz > 0 then
return (7 — 2dT) {inflection point, second-order transition}
end if
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T=T+dT
end while

17 Renormalisation group approach

We solved the RG equation, which is a partial differential equation in k& and p numerically by
discretising Uy (p) — Ug(p:), where p; are the discrete values of p and ¢ runs from 1 to n. This way
we are left with an n-dimensional ODE instead, which we proceeded to solve using Runge-Kutta
algorithms of varying order. We tested the results for n = 100, 200, 500 and 1000. While the three
first choices had no affect on our final result, the third choice gave worse results than the others.
This is to be expected as we do not have the precision in k& to account for the precision in p. A good
analysis of errors in numerical solutions to PDEs can be found in [6I], p. 1036]. Most of the results
are therefore calculated with n = 200. Actually, for most of the results n = 256 was used. The
reason for this is that the code used to solve the ODEs was paralellised using a messenger passing
interface (MPI) library for C++, and as processors have a tendency to come with the number of
processing cores equal to a power of two, 256 = 2% was used for portability.

17.1 Runge-Kutta method

Probably the most used method for numerical solutions to ODEs is the Runge-Kutta method. To
illustrate it, we will use an ODE on the form

dy(t) = f(y,t). (5.1)

Let us descretise it in time, t — t; = to + th and y(t) — y; = y(t;). The lowest order Runge-Kutta
method (normally called the Euler method) is obtained by substituting the derivative in
with a first-order forward difference formula:

Yir1 = Yi + hf(yi, ti) (5.2)

With this formula, we can give an initial value for y, yo = y(t9), and evolve it in time towards the
final result y = y(ts), but there is a problem. Not only is is the algorithm only correct to first-order
in h, meaning that we need very small step-sizes, it is also quite unstable. We can obtain a better
result by also taking into account the derivative at the mid-point, known as the midpoint method
(or second-order Runge-Kutta). This needs to be done in two steps:

kl — hf(tl7y1)7
Yir1 = Yi + hf(ti + 3h,yi + 3k1), (5.3)

and this method is correct to order k2. So by taking into account derivatives at more and more points
in between t; and t;11 we can increase the accuracy of the method. An n-th order Runge-Kutta
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method is therefore on the form

k1= hf(ti,yi),
k2 = hf(tl + CZhayi + a21k1)a

. m—1
km = hf(ti + cmh,yi + Y amjk;),
j=1

Yirl = Yi + Zldjkj, (5.4)
j:

where generally m > n. The algorithm is fully defined by the parameters ¢; and d; and the lower
triangular matrix a;;. The classical fourth order Runge-Kutta is defined by the following set of
parameters:

(5.5)

= N N= O
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17.2 Stepsize control

While there is nothing wrong with using a fourth order (or higher) Runge-Kutta with a constant
stepsize h, we can save a lot of computer time by varying h depending on whether f is smooth or
not at the current ¢;. To do this we need an estimate of the error relating to the current stepsize.
The simplest approach to this is through step doubling. We could first calculate y,,+1 with one step
of size h, and then again calculate y; ; using two steps at half the stepsize, h/2. The difference
0 = Y11~ Yn+1 gives an estimate for the error associated with the stepsize h. This technique could
unfortunately require as many as 3n — 1 evaluations of f, which would be costly, but better methods
have been developed.

One such method is the 4,5-Dormand-Prince (Dopr45) algorithm [62], where two sets of parame-
ters, their only difference being the values of d;, give one result correct to O(h*) and another correct
to order O(h®). The difference between these two values for ;.1 gives the error estimate needed
to decide whether the current value of h is sufficient. These two sets both require six function
evaluations, which is substantially better than the step doubling technique which would require 11
evaluations for the fourth-order Runge-Kutta.

In this work, we have a set of n coupled ODEs, let us denote them by y(¢;, p;) = yi ;. Let yit1;
and y;, ; be two different methods for calculating the next step, correct to different orders in h.
For example y is calculated with the fourth-order expression of the Doprd5 algorithm, while yx is
calculated with the fifth-order expression. The total error is then

1 (Yirny — Yy )
= |= ARG A 5.6
“r n ; ( scale; (56)

where the scale; is an error bound which we set to be

scalej = atol + rtol MAX (Jy; 1 4, [y ;1)- (5.7)
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Hence, atol denotes the absolute error tolerance while rtol is the relative error tolerance. Therefore
if err is greater than one, we reject the step and reduce h by a factor depending on err, while if
err < 1 we accept the step and increase h accordingly.

Both Dopr45 and Dopr853 (8,9-Dormand-Prince algorithm with a fifth- and a third order error
estimate and 12 function evaluations [63]), as well as the classical fourth-order Runge-Kutta as listed
in have been implemented and used to solve the RG equation. Whenever fourth-order
Runge-Kutta was utilised, a stepsize of h = —1075 was used. We checked that neither halving nor
doubling this value had any effect on the final result. With both Dopr45 and Dopr853, we mostly
used an absolute error tolerance of either 1072 or 10~!® depending on whether we calculate U; with
a high or low T'. This choice was made on the basis that the potential U possesses no additional
structure on scales less than these values.

17.3 Handling complex numbers

Due to the truncation of the integral over k (or t), the potential Uy, obtains an imaginary part during
the numerical integration. Therefore, instead of having n ODEs we end up with twice as many as
we need to account for the running of the imaginary part as well. This is as straightforward to
account for as one would think except for the square roots in [Eq. (4.27), where one has to be a bit
careful when evaluating. The square root has two different solutions, separated by a complex phase
m, and the physical result should trace a continuous line in the complex plane. Meaning that if one
plots Uy in the complex plane as a function of p, this line has to be continuous. This was achieved
by comparing the real and imaginary parts of the complex square roots at point p; with its values at
the previous point, p;—1. This is most easily explained with C++ code for the complex square root
function, and pseudocode for the continuity check. First comes the complex square root function,
which has a branch cut at the negative real axis. The resulting real part will therefore always be
positive:

//Input: real and imaginary part of the number which will be used, and
//containers to store the result in
void complexSqrt(const double re, const double im, double &sqrtRe, double &sqrtIm«
=)
{
double w;
double aRe fabs (re);
double aIm = fabs(im);

if (re==0 and im==0){

sqrtRe = 0; sqrtIm = 0;

return;
}else if( aRe >= alm){

w = sqrt(0.5xaRe + 0.5%aRe*sqrt(l. + alm*alm/(aRexaRe)));
Yelse{

w = sqrt(0.5*xaRe + 0.5*alm*sqrt (1. + aRexaRe/(alm*alm)));
}

if(re >= 0){
sqrtRe = w; sqrtim
}else if (im >= 0){
sqrtRe = 0.5%alm/w; sqrtlm = w;

0.5%xim/w;
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}elsed{
sqrtRe = 0.5%xalm/w; sqrtIm = -w;
}

Next is a piece of pseudocode explaining how we make sure the resulting contributions are
continuous as we increase p.

fh. and fi  are the values we will take the root of
the result stored in \/fi . and v/fi,
for :=0ton do
compleXSqrt(f}ée, f}m, \/JTiRe’ firm)
if 1 # 0 and |\/FR€\ > ]\/Flm| then
sign = SIGN(y/ fi=1L.)
else if i # 0 then
sign = SIGN(y/ fi=1,, ) - SIGN(+/ f?},.)
end if
\/ﬁRe = sign - \/ﬁRe
fi[m :Sign' fiIm
do additional calculations
end for

Another alternative would be to convert from Cartesian to polar coordinates, and then at each
iteration check if the complex phase is continuous.

17.4 Phase transition at the physical point

As presented in the previous chapter, the phase transition for small chemical potentials at the
physical point (h = f,m2) is a crossover, the same as we had in both mean-field field approximation.
We will also here define the transition to be at the inflection point of either the o¢-T curve or the
oo-p curve, but contrary to the mean-field approximation, we have discretised o, and therefore do
not have the precision necessary to find this point consistently using numerical derivatives. Instead
we fitted the data from the calculations to similar looking curves whose inflection point is known.
We have, similar to Andersen and Tranberg in Ref. [64] chosen to fit the plots to the function
bTL

The parameter n was varied by hand rather than fitted. For small u, n = 4 was found to provide
good fits, while a lower value were used for higher u. At each step, multiple values for n were tested,
and when it had been determined, the critical temperature is given by the parameter c¢ as

n—1
T.=1{ . 5.9
et (59)

where e.g. n = 4 was found to give excellent agreement for small . After ¢ has been decided from
the fit, the critical temperature is given as T. = (3/5)%2%c. An example fit with = 0 is shown in
which shows excellent agreement. The fits were calculated using the Levenberg-Marquardt
algorithm, using an implementation provided by GSL.

oo(T) =a+ (5.8)
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Figure 5.2: A fit of the o¢-T curve at u = 0 using [Eq. (5.8)

17.5 Numerical instability

While the position of the minimum has been found the be very resilient to change in the numerical
methods used, the potential itself seems to be more unstable, which is why it was argued that the
sigma mass was hard to fix exactly. Numerical unstable differential equations are often referred
to as stiff equations, and are often related to possible divergences. In our equations, we have
terms like i and i which can be singular for an unfortunate set of initial conditions. While an
algorithm utilising constant stepsize might blissfully skip past these problematic points (and they
often do) with only minor numerical inaccuracies to show, the adaptive stepsize algorithms have an
unfortunate tendency to hone in on these configurations, decreasing the stepsize until it is below
the precision of the computer, and then fail. It is hard to say which approach produces the most
correct results, and they should both be used with a bit of caution. Stepsize control certainly seem
like the safest option as it would rather stop than letting inaccuracies propagate through, it does
however not always produce any results. In addition, stepsize control algorithms can also obtain new
instabilities resulting from having too many function evaluations (which themselves carry faults).
Ideally one would use an algorithm to solve the differential equation more suited for solving stiff
equations such as the implicit methods, but they require the Jacobian of the right hand side (8;1%8{0]-’
where p; are the discrete values for p), which is both difficult and costly to calculate.
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CHAPTER 6
( Conclusion and outlook

In this thesis we have studied the chiral transition in QCD at high temperatures, resulting in a
quark-gluon plasma, or high quark densities, resulting in quark matter. We used the linear sigma
model with quarks to model QCD at low energies where the quarks are confined to hadrons. First
we applied the mean-field approximation to one-loop, which neglects all quantum and thermal
fluctuations of the mesons. We saw that even with this simple approximation, many of the critical
phenomena in QCD were found. In the chiral limit we found a first-order phase transition for
all values of T and p, while at the physical point the melting of the condensate is a crossover
transition for low quark chemical potentials, which turns into a first-order transition as we increase
. Similar behaviour was found when we extended the two-flavour LSMq to include the strange
quark. We saw that the addition of the strange quark had little effect on the phase diagram, only
pushing the transitions to slightly higher temperatures and the critical endpoint to higher chemical
potentials. The effect of the strange quark became more prominent for higher sigma masses, but
even at my, = 800 MeV the phase diagram was only pushed up ~ 3 MeV, its shape unchanged.

In [Chapter 4] we replaced the perturbative method used in the previous chapter with a renormal-
isation group method, and the mean-field approximation with the nonperturbative local potential
approximation. With this we were able to include the thermal and quantum fluctuations that
were missing from the first approach. We saw that with the mesonic contribution, the transition
was pushed up to higher temperatures at zero quark chemical potential, while the transition curve
dropped much faster as we increased p. This was to be expected as the mesonic contribution,
which is dominant in the region of high u and low T, weakens the symmetry breaking, driving the
condensate towards zero. Finally we tried to calculate the thermodynamic quantities associated
with the thermodynamic potential to see how these compared to that of a free gas of quarks and
gluons. We saw that the choice we had made for A was too small to find the proper behaviour at
high temperatures.

18 Outlook

Reading one notices that there is still much left to do. The numerical work was more
demanding than anticipated, and therefore a great amount of time was spent simply obtaining
correct renormalised potentials which were needed for all subsequent calculations. First the high
chemical potential region of the phase diagram at the physical point, displayed in needs
to be calculated again at higher precision. In this region the fit proposed in is not very
good, and a better fitting function must be found.
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As we were unable to determine the high temperature behaviour of the LSMq due to our choice
of A being too small. We should therefore calculate the thermodynamic quantities again at a
higher renormalisation scale. Of particular interest is the quark number susceptibilities defined in
IEq. (4.36)] as these have, to the authors knowledge, not yet been calculated using the nonper-
turbative approximation presented in this work. It would be interesting to see how these results
would compare to other approximations such as the mean-field approximation and hard thermal
loop perturbation theory, see e.g. the work of Andersen et al. for a Ny = 3 study [65]. The results
should also be compared with recent lattice results, e.g. Ref. [66] for Ny = 2 and Refs. [67, 68] for
Ny=2+1

It should be noted that the computation time needed to calculate the renormalised potential at
higher renormalisation time does not follow a simple scaling relation. The reason is that we need
to take the integral over ¢t = log(k/A) to lower values than -6 to reach the same value in &, but this
also needs to be done with smaller stepsizes.

18.1 Polyakov loop

In this work we have identified chiral symmetry restoration with deconfinement by the argument
that when the chiral condensate has melted, the quarks no longer favour bound states, such as
the mesons. While this is more of a suggestive argument than anything else, lattice calculations
have found the chiral- and deconfinement transitions to take place at the same (pseudo)critical
temperature [69]. The deconfinement transition actually has a different order parameter associated
with it, found by Polyakov [70], which is

[

L(x) = NitrPexp [z /05 dr Ay(x, 7')], (6.1)

where P is the path-ordering operator and the trace is taken over the indices of the resulting
matrix (remember that Ay = A{T" is the QCD gauge-field, which is a three-by-three matrix in the
fundamental representation). The object L(x) is commonly referred to as the Polyakov loop. The
deconfinement transition can therefore be analysed by including the effect the gluons have on the
system. Without any further approximations this would only yield the QCD Lagrangian, which
is what the low energy models are trying to avoid. We therefore only couple the quarks of the
LSMq to a constant background Ag, meaning that we use space-time independent gauge-fields A°.
We see from that the coupling between the gluonic background field and the quarks are
like that of an imaginary chemical potential. The fact that we can include the background field as
an imaginary chemical potential was shown by Fukushima in Ref. [71]. This model is named the
Polyakov extended quark-meson model (PQM), and using the local potential approximation the RG
equation for the potential is readily calculated, see e.g. Ref. [58]:

NyN k*
32

Uy = OUip — {1 — N0, T, ) — N(&ﬁ,T’M)} (6.2)

Wq

where O,Uyp is the bosonic contribution given in [Eq. (4.17), £ = (L) and ¢* = (L) are the space-
averaged Polyakov loops and the functions N and N are given by

1 4+ 20*eBwa—1) 4 pe2B(wq—p)

NEET 1) = 3038 30 eBen—) 1 e3P’

(6.3)
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and N(u) = N(—p). One can verify that they reduce to the fermion distribution functions for
£ =/¢* =0. One also has to add an effective gluon potential to the final thermodynamic potential,
but it is customary to assume that this is independent of the renormalisation parameter k:

Q — Qg + UL, ). (6.4)

We have replaced the Polyakov loop with its expectation values, which can be found by the equations:

o0
57 =0 (6.5)
)
o =0 (6.6)

In addition to having an effect on the chiral transition, the PQM model can be used to identify the
deconfinement transition, which happens at the point where the Polyakov loop vanishes.

18.2 Three-flavour LSMq model with FRG methods

Working on this thesis, a fair amount of work has been spent trying to find and solve an RG equation
for the three-flavour LSMq, which we solved using the mean-field approximation in [Sec. 11] When
we solved the two-flavour LSMq using the RG equation, we wanted the potential Uy to retain its
O(4) symmetry throughout renormalisation, and we therefore introduced the variable p = 0% + 72
to make sure of this. With the three-flavour model, we want the meson potential to retain its
U(3) x U(3) symmetry, for which two variables must be chosen (just as we had two condensates
when we solved it with the mean-field approximation). Two such variables can be

p=tr [¢T¢]’ (6.7)
T= %tr[(QSTQS)Q] - %PQ, (6.8)

where the meson matrix ¢ was defined in Finding RG equations for the meson potential is
just as straight forward as it was for the two-flavour model, but a problem arises when one tries to
solve them numerically. The two variables that were introduced to preserve the symmetry of U are
not independent, and therefore if we choose a value for one of them we restrict the value the other
can take. Not only does this make finite differencing schemes problematic, it also means that we
have multiple expressions for o¢(p, 7) and og(p, 7) resulting in Egs. and . Unfortunately,
due to time restrictions, less time than one would deem sufficient was spent trying to solve this
problem, and a second attempt at solving it is definitely a viable continuation of the work presented
in this thesis.

Finally, in when using the linear-sigma model, we neglected the contribution to the
thermodynamic potential from the fermion vacuum energy. It could be very interesting to study
how this addition would impact the phase diagram as it has not yet, to the best of the author’s
knowledge, been studied in the case of three-quark LSM.
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APPENDIX A
( Definitions and algebras

1 Field theory representation

I have used the standard representation of both quantum mechanics and quantum field theory. This
representation is described below:

1.1 Quantum mechanics

Let |0) describe the ground state of our system and let ¢; and p; be the coordinate- and momen-
tum operators. The index ¢ runs over all spatial coordinates. Eigenstates of these operators are
perpendicular and follow these rules:

Gilg;) = 6iqilgy) (A1)
Pilpj) = 0ijpilpj) (A.2)
The commutation relations between the operators are

4] = 0 (A.3)
[pipi] = 0 (A4)
[Gi, ;] = 0y (A.5)

The normalisation of the eigenstates are chosen so that
(alp) = e™P (A.6)

1.2 Field theory

In field theory let [©2) be the vacuum state, and let ¢(z) be the field-operator, and #(x) its canonical
momentum operator. Similarly to quantum mechanics, the eigenstates and operators are defined to
follow

o(z) |¢) = o(z) |9) (A7) [6(z), d(y)] =0, (A.10)
(@) |m) = m(z) ), (A8) [6(z), d(y)] =0, (A.11)

(glm) = exp{i / d’e W(x)qﬁ(ﬂf)}, (A.9) [6(2), 7(y)] = 6%z — ). (A.12)
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2 SU(3) algebra

Using a linear representation of SU(3), every member u € SU(3) can be written in exponential
form using the generators T%:

Dp(u) = euTh. (A.13)

The algebra of SU(3) is also contained within the generators, and can be expressed through the
structure constants f”k: '

(T4 75) = if9°T, (A1)
The structure constants are independent on the representation R, and are completely antisymmetric
(f4 k= _fitk — _fiki — _f kji). Therefore, only a few structure constants are needed, from which
the rest is easily calculated. For SU(3) these are given as:

f123 _ 17 f147 f246 f257 f345 f516 f637 %7 f258 — f678 — \ég <A15)

The representation in which tr[T}TI@] = %6” are called the fundamental representation. A common
choice is T} = %)\Z, where A\’ are the Gell-Mann matrices depicted in [Tab. A.1

0 0 —i 1 0
A= 0 XN=1|i 0 0 NM=]l0 -1 0
0 0 0
00 1 —i 00 0
M= MX=1o0 M=10 0
0 i 01 0
00 0 X 10
N=1o0 0 NM=—101
' V3
0 i 0 00 -2

Table A.1: Gell-Mann matrices
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APPENDIX B
( Useful mathematical formulas and derivations

3 Gaussian integrals

The standard one dimensional Gaussian integral is often needed calculating quantities in QFT and
TFT, with and without a linear term, it is

Gi(a,0) = /da:e_‘"”2 =/t (B.1)

&‘

—0o0

a?
o0 2
Gilat) = [ ameecteie :\feia. (B.2)
oo a

The n-dimensional Gaussian integrals are also needed and is gives as

Go(Aii,0) = d"z; —zi Aija; - T B.3
( 70 ) / Ti€ " det(Aij) ( )

Aij, b d"x; e TiAuTi b — T abiAG B4
Gn(Aij, b)) = / ;e det(AZ-j)e 3 (B.4)

4 Grassmann algebra

Fermions, being particles following the Fermi-Dirac distribution, need to be described by fields
with somewhat different algebraic properties from normal variables. The proper algebra is called
Grassmann algebra, and it has said properties. The defining property of these numbers is that they
are anti-commuting similar to the fermions themselves. Let 1 and 6 be two Grassmann variables,
then they should follow this set of rules

nf = —0n, (B.5)
0> =0, (B.6)
(nf)" =0"n". (B.7)

The second property is used to argue that any function of a Grassmann variable can be expanded
to a linear function in that variable. The argument being that all other terms in the Taylor series
is zero. The normalisation of integrals over Grassmann variables is a little ambiguous, but the
following definition is widely used,

/ d0 (A + B6) = B, (B.8)

/da/dnne = 1. (B.9)
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Figure B.1: Contours circling the residues of g(pp).

Also here, a version of the Gaussian integrals are frequently encountered, therefore the one-dimensional
and n-dimensional results are given

/ dg*dge " =p (B.10)

<Hd9;dei> e Y Bii% = det(B) (B.11)

5 Matsubara sums

Throughout the thesis, the Matsubara sums appear multiple times, and we will therefore introduce
the contour trick for both bosons and fermions to evaluate them. The Matsubara sums are sums

on the form
> wy, = 2T for bosons,
> Flwn), { (B.12)

Tl wp = (2n 4+ 1)7T  for fermions.

The contour trick is names so because it involves rewriting the sum as a contour integral over the
variable py = iwy,

S 1l = i) = 5= 4§ dpo Fon)alro) (B.13)

n=—oo

g(po) is some function with poles along the imaginary axis for values py = iw,, and is normalised so
we regain the left hand side. C is a contour circling all these poles, example shown in Fig. [B]
A convenient choice for g(po) is

o(po) = {%ﬁcoth(;,@po), for bosons, (B.14)

%Btanh (%5100) , for fermions,

which will be used here.
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LPO

Figure B.2: The new contour circling f(pg)’s residues.

The next step is to locate the poles of f(pg), and if these are not on the imaginary axis, we add
two new paths to the integral, and close it outside, picking up the poles of f(pg) instead. The new
contour is shown in the Fig. [B:2] One should check that the contribution from the semicircles in
fact vanishes as its radius goes to infinity. For the example below this is easy.

The sum below is one of the most frequently encountered, therefore we will quickly calculate it,

o0

1

n=—oo

This is rewritten using the contour trick to

T dpo 1 1
== PO seoth(1ap). B.1
omi fo A —pp 2P (25’)0) (B.16)

The function f(pg) has simple poles at pg = £A, which are picked out by the new contour of Fig.
B:2] Using the residue theorem, this can be calculated to be

F = ico‘ch(%BA) = i [1 + 2nB(A)} (B.17)

Where ng(A) = (e’ — 1)~ is the standard Bose-Einstein distribution. The fermionic counterpart

uses tanh instead of coth and is just as easily evaluated

F = gtanh(368) = 21— 2np(a)], (B.18)

and this time np(A) = (e%* +1)7! is the Fermi-Dirac distribution. We will also encounter the sum
in [Eq. (B.15)| with a chemical potential included for fermions, meaning

> 1
F=T B.1
:Zoo o TR T AT (B.19)

n
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where we have chosen to call the Fourier components v, instead of w, to emphasise the use of
fermions. In this case we can redefine py and g(pg) to

po = i(vn +ip), g(po) = stanh(5(po + 1)B), (B.20)

in which case we can use the same contour as in the previous calculations. This results in

F = [sanh (52 — 1)8) + tanh (52 + )5) |,

= i[l _nF(Avu) _nF(Avu)}’ (B.21)

where np(A, p) = (e(A=H8 1)71 is the fermion distribution function and nz(A, u) = np(A, —p)
is the anti fermion distribution function.

6 Fermion partition function

Similar to the calculation done in[Seq. 2.2 we will here derive the partition function for two massless
fermionic fields coupled to one scalar meson field and three pseudo-scalar mesons fields, chemical
potential included. The result will be used in when we find the chiral phase transition
in a mean-field approximation. The (TFT) Lagrangian (Lg) is given by

L=9[00; —i7-V+g(o+iy°7 &) — py°], (B.22)

and its resulting partition function is
= /Dz/ﬂ)zp exp{ — /05 dT/x@b('yoé)T 7V 4 g(o+ i 7 — ,wyo)zp}. (B.23)
Again we Fourier transform the fields 1 and 1
v = S DT i) (B.21)
W= D) (8.25)

the normalisation 1/ V'V chosen so the Fourier components are dimensionless numbers. Inserting
this into and calculating the space-time integral, we are left with

Z= / (H dwn,pdlﬁn,p> eXp{ = B> hnp(iv’wn +7-p+glo+iy77) - u70)¢n7p}. (B.26)
n,p n,p

Using the Gaussian Grassmann integral given in [Eq. (B.11)| we get

Z:det[ﬁ(i'yo(wn—l—i,u)+’7-p+ga+igfy5f-7?)}. (B.27)
We can take the logarithm of both sides to find Helmholtz’ free energy, and use the trace-log identity
F= —TZ tr log [ﬁ(i*yo(wn +ip) + 7 p 4 go +igy° T 7?)} . (B.28)

n7p
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The trace is over both Dirac and flavour indices. It can be evaluated by first expanding the logarithm
around go and utilising that all the v matrices are traceless. This results in

F=-2TN; Y log [52((wn +ip)? +p2 + g% (0 + fr?))} , (B.29)
n,p
which can be rewritten to
F =-TNy Zlog [BQ(UJZ + (w+ ,u)Q)] + log [BQ(UJ% + (w— ,u)Q)], (B.30)
n,p

where w? = p? + m? and m? = ¢%(0? + 7). The Matsubara sums of the logarithms can each be
evaluated in a similar way to how we did it for bosons, by rewriting the logarithms as integrals, and
using the contour tick introduced in the previous section. Rewriting the logarithms

) o ) Bw+m)? g2
log [B (OJn + (OJ + ,u) ):| = /1 W + Constant, (B31)
and using the result from |[Eq. (B.18)]
> b 1 [1-2np(a/B)] (B.32)
— fPwi +a?  2a ’
we end up with an integral on the form
BlwEp) 92
/ da [1 - 1] = B(w % ) + 2log[1 + e P@EM] 4 constant. (B.33)
1 &

Throwing away all constant terms, we finally get an expression for Helmholtz’ free energy of a free
gas of fermions,

_ _dp_ ~(wtu)B —(w-p)B
F= 2NfV/(27T)3{w—|—Tlog[l—l—e }+Tlog[1+e ] . (B.34)

The first term in the integral is identified as the vacuum energy, and is commonly discarded.
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APPENDIX C
( Additional Results

In this appendix additional results which were not included in the main chapters are presented and
discussed.

7 Mean-field meson masses

The meson masses in the LSMq model is defined as the curvature of thermodynamic potential at
the minimum

0%Q
2
my = —=| - (C.1)
9¢? $o0
In the case of multiple fields ¢;, a mass matrix M can be constructed
0’9
My =——7| , C.2
J 3@3(/5] 4o ( )

whose eigenvalues define the meson masses.

7.1 Two-flavour LSMq

In the two-flavour mean-field approximation, the mass matrix M is diagonal, and the sigma and
pion masses are simply given as

m2 =m? + 3\o? + 67;(]22 Ooo pigp{]j(nq +ng) + (90)? (mq + myg) }, (C.3)
m2 =m?+ No?+ 67Tg22 b pzﬂ (ng + ng) (C.4)

where we have defined
mg =20 _ 1 ! ma(T, 1) = my (T, —4). (C5)

T 0w 2T1 + cosh[(w — p)/T]’

These equations has to be evaluated at the minimum, given by the solution of [Egs. (3.10,3.11)]
In the pion and sigma masses has been plotted at zero chemical potential for increasing
temperature. It shows the position of the critical temperature (1), and beyond this point the sigma
and pion masses converge to the same curve. This mass degeneration is effectively a restoration of
chiral symmetry as their mass can only be equal if the condensates are equal as well.

83



800

700

600

500

400

m [MeV]

300

200

100

0 50 100 150 200 250
T [MeV]

Figure C.1: Two-flavour meson masses at zero quark chemical potential, we have chosen m, = 450 MeV
in vacuum.

7.2 Three-flavour LSMq

The procedure for calculating the meson masses in the tree flavour model is in principle the same
as in the two-flavour model, but as the mass matrix M is not diagonal, it is slightly more difficult.
Fortunately, it is block diagonal with only two 2 x 2 matrices mixing the mesons. One corresponding
to the mixing of the o and the f3(1370) particles, and the other to the mixing of the n and 7’
particles. One should also note that when evaluating the quark contribution, the quark basis must
be re diagonalised for every mass calculation. Analytic expressions for the double derivatives of the
potentials, as well as a more detailed approach to the mass calculations can be found in Ref. [45].

The resulting meson masses has been plotted in [Figs. C.2 and C.3] We see that the meson pairs
plotted in both degenerate at T' ~ T, just like we saw in while the masses in
degenerates a bit slower (even though a clear change is seen at T.). The fp mass is the
slowest to align with the other masses, happening in line with the phase transition for the strange
condensate rather than that of the u-d condensate. The inflection point of the strange condensate,
as shown in is therefore also added, and it is interesting to see that this pseudocritical
temperature coincides with the intersection between the fy mass and the other three meson masses.
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Figure C.2: Masses for the ag, ', 0 and 7 mesons at zero quark chemical potential.
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Figure C.3: Masses for the fy, x, 7 and K particles at zero quark chemical potential.
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APPENDIX D
Computer code

The full code used to solve the RG equations will not be given as that would probably take more
than a hundred pages. Instead the code used to calculate the right hand side of the RG equation
will be given as that should be sufficient to reproduce the results using the algorithms described in
It can also be easily modified, and then solved using e.g. the ODE solvers in numerical
libraries such as GSL.

In the following code Matrix containers have been used to save intermediate values of U as they
are renormalised. The data was ordered such that y[0][i] denotes the real part of U at p = p;, and
y[11[i] are the imaginary part. It is assumed that external parameters has been passed in a different
manner, therefore the temperature (temp), chemical potential (mu), yukawa coupling constant (gf)
and the p interval (drno) are all assumed to be set by other means.

void rightHandSide (const Matrix &y, Matrix &dy, double t){

//Constant factors

const double pi = 4.xatan(1.);
1./(12.%pi*pi);
-2./( pi*pi);

const double bosonPref

const double fermionPref

//Temporary containers
double sigmaContrib[2], pionContrib[2];
double fermionContrib;

double ni1[2], z[2];
double nF;
double reEn, imEn, reSqEn, imSqEn;

//Naming convention: S -> sigma

//P -> pion, SP -> sigma previous

//PP -> pion previous
double reSqS, imSqS, reSqSP, imSqSP;
double reSqP, imSqP, reSqPP, imSqPP;

//Calculate the derivative and double derivative of y with finite
//difference schemes, results saved in pre-declared Matrix
//variables dU and ddU. dRho is the spacing in rho-space
derivatives (y,dU,ddU, dRho);

int n = y.sizeY(); //Returns the number of discrete rhos

for(int i=0; i<n; i++){
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double rho = i*dRho;

//Contribution from the sigma mesons
reEn = exp(2*t) + dU[0]J[i] + 2*rho*ddU[0][i];
imEn = dU[1]1[i] + 2%rho*ddU[1]1[il;

compelxSqrt (reEn,imEn,reSqS, imSqS) ;

if ((i !'= 0) and (fabs(reSqSP) >= fabs(imSqSP))){
//Function dsign takes in a double and returns its sign
int pSig = dsign(reSqP);
reSqS *= pSig;
imSqS *= pSig;
Yelse if (i!=0){
int sigIm = dsign(imSqS);
int pSig = dsign(imSqSP);
reSqS *= pSig*siglm;
im8qS *= pSig*siglm;

reSqSP = reSqS; imSqSP = imSqS;

r = 1./(reSqS*reSqS + imSqS*imSqS);
if (temp > 0.){
z[0] = reSqS/(temp);
z[1] = imSqS/(temp);
n1[0] = -sinh(z[0])/(cos(z[1]) - cosh(z[0]));
ni[1] sin(z[1]1)/(cos(z[1]1) - cosh(z[0]));
Yelsed{
ni[0] = 1.;
n1[1] = 0.;

}

sigmaContrib [0]
sigmaContrib [1]

r*( reSqgS*n1[0] + imSqS*ni1[1]);
r*(-imSqS*n1 [0] + reSqS*ni[1]);

//Contribution from the pion mesons
reEn = exp(2%t) + dU[0][i];
imEn = dU[1] [n];

cmplxSqrt (reEn,imEn,reSqP,imSqP);

if((i '= 0) and (fabs(reSqPP) >= fabs(imSqPP))){
int pSign = dsign(reSqPP);
reSqP *= pSign;
imSqP *= pSign;
Yelse if (i!=0){
int sigIm = dsign(imSqP);
int pSign = dsign(imSqPP);
reSqP *= pSign*siglm;
imSqP *= pSign*siglm;

reSqPP = reSqP; imSqPP = imSqP;

r = 1./(reSqP*reSqP + imSqP*imSqP);
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if (temp > 0.){
z[0] = reSqP/(temp);
z[1] = imSqP/(temp);
n1[0] = -sinh(z[0])/(cos(z[1]) - cosh(z[0]));

ni[1] = sin(z[1])/(cos(z[1]) - cosh(z[0]));
Yelseq
n1[0] = 1.;

ni[1] = 0.;
}

pionContrib [0] r*( reSqP*n1[0] + imSqP*ni[1]);
pionContrib[1] = r*(-imSqP*n1[0] + reSqP*ni[1]);

//Contribution from the fermions
r = sqrt(exp(2*t) + 2xgfxgf*rho);

if (temp > 0.){

nF = 0.5*%(tanh( (r-mu) / (2*xtemp))+tanh( (r+mu) / (2*xtemp)));
Yelsed{

nF = 1 - (double)(mu > r);
}

fermionContrib = nF/r;
dy [0][i] = exp(5*t)*(bosonPref*(sigmaContrib [0] + 3*pionContrib[0]) + «

— fermionPref*fermionContrib) ;
dy [1][i] = exp(b*t)*(bosonPref*(sigmaContrib [1] + 3*pionContrib[1]));
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