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Introduction

Modern physics is formulated in a language that intensively employs the concept of
symmetry in order to understand the fundamental phenomena encountered in na-
ture. The notion of symmetry however soon becomes rather subtle. Often enough it
is found to be realised in the ordinary sense — as an invariance of observables against a
specified set of operations in real space. But in a further sense, symmetries may also
be realised in the more abstract space of those quantities by which we aim to describe
reality. In the second category fall situations in which even at the cost of redundancy,
additional symmetries are created in order to obtain suitable mathematical descrip-
tions. Complementary to what might be the intuiton, either approach proves not only
successful in situations where the concerned symmetry is present, but rather becomes
particularly valuable in its absence. The viewpoint suggested by the mathematical
framework is that symmetries are never truly absent but under certain circumstances
might merely be hidden. In fact, many of the most interesting phenomena in physics
are observed on systems in such a state of hidden symmetry. Not the least, Grand
Unified Theories understand three of the four fundamental interactions experienced
in today’s world as the remnants of what used to be unified in an early and more
symmetric stage in the evolution of the universe. But the applicability of symme-
try considerations is not constrained to the high energy scales. Only one prominent
example being superconduction, a majority of the forms in which condensed matter
appears can be understood in a similar way.

Whenever symmetry is being lost, this will be accompanied by the emergence of
order and as such will become noticeable in the macroscopic appearance of a sys-
tem. Transitions between states with different degrees of order are known as phase
transitions and the standard framework in which to think of them is known by the
name of spontaneous symmetry breaking. The thermodynamics of phase transitions
are well understood and yield remarkable predictions, known as scaling and univer-
sality. In essence, these refer to the phenomenon that at their transitions, otherwise
considerably different systems exhibit identical behaviour with respect to the relevant
quantities and that the laws that describe this maintain their form at all different
scales. Refined field-theoretic calculations could later made use of renormalisation
group techniques to provide quantitative improvements to these scaling laws, while
preserving their form. It were also renormalisation group ideas that finally led to an
understanding of universality in terms of fixed points in the space of theories that is
approached near phase transitions.

In contrast to the success in developing a consistent picture of equilibrium phase
transitions, their non-equilibrium dynamics provide major obstacles to any attempt of
a theoretical description. Apart from the limited validity of the thermodynamic limit,



the most important property of observable systems distinguishing them from idealised
ones is that any process will be happening in a finite amount of time and it is this lack
of adiabaticity which becomes crucial in the study of phase transitions. As will be
illustrated in the course of this work, the formation of topological defects follows as an
inevitable consequence of this and in fact all predictive power is largely constrained
to a sensible description of these ’shards of broken symmetry’ [I]. The investigation
of their distribution spans a whole field of contemporary research, which has gained
particular momentum by the ideas originating from Kibble and Zurek. While it is
primarily not obvious if and why the thermodynamic results should be maintainable
in non-equilibrium situation where phase transitions can be induced by strong exter-
nal influences, the Kibble-Zurek mechanism provides an approximation scheme that
succeeds to considerable extent in this respect. Its major achievement is to translate
the equilibrium scaling laws into more general statements about the distribution of
defects that has to be expected after a phase transition. Relying mainly on causality,
the arguments invoked in this approach are of general applicability. While Kibble
originally applied them in the context of predicting the formation of cosmic strings
in the early universe, their recognition in condensed matter scenarios originates to
Zurek, and since then there has been active collaboration between cosmologists and
condensed matter physicists, hoping that each side could learn from the other. How-
ever, especially the tempting prospect of being able to draw conclusions about the
structure of the universe from performing experiments in the laboratory has proven
problematic. Reflected in the differences in structure towards the relativistic theories
used in the cosmological setting, the inhomogeneities present in condensed matter put
bounds on the presence of scaling in systems that are brought out of equilibrium.

The intention of this dissertation is to provide a broad, although therefore rather
basic overview over the subject. A strong focus has been placed upon an extensive
introduction to the elementary aspects of the underlying theory. In addition and
exemplified by three of the experimental realisations currently enjoying the strongest
interest, it is shown explicitly how their dynamics in the vicinity of a phase transition
reflect the breaking of a symmetry and, supported by a numerical analysis, in how
far the predictions of the Kibble-Zurek mechanism need to be extended.

Chapter [1] begins with a minimal review of the necessary concepts from thermo-
dynamics and introduces the general notion of phase transitions in order to develop
a further understanding based on the classic example of the ferromagnetic transition.
The conceptual details of spontaneous symmetry breaking are elucidated and from
the Landau approach to mean field theory, universality is motivated as a classification
by critical exponents before a deeper explanation is given in terms of renormalisation.
Chapter [2 shows which effects arise in non-equilibrium situations and how this gives
rise to the production of topological defects. The Kibble-Zurek mechanism is pre-
sented as well as possible modifications to it in an elementary case. In chapter [3] all
ideas are collected and found to be applicable to the three different realisations given
in the title. Finally, the numerical simulations of defect formation in these systems
are presented and evaluated in comparison to the predictions of Kibble and Zurek as
well as more recent investigations. A summary concludes the work.



1. Theoretical Framework

Phase transitions are ubiquitous in nature. The fact that they can be observed in
such a variety of different systems makes it difficult to describe the underlying physics
in a general language without losing track of important details. Moreover, some
mathematical subtleties will turn out to lie at the heart of critical behaviour. Hence
it will be useful to always bear in mind a particular setting to refer to and for which
the general ideas presented in the following can be made precise. This way, in turn,
the general aspects to phase transitions will become much easier to appreciate. As
the paradigmatic example for this cause the famous Ising model is chosen, which
initially formed an attempt to explain ferromagnetism in the 1920s, but due to its
phenomenological power today finds applications even in social network theory.

1.1 Basic Principles and Phenomenology

1.1.1 Thermodynamic basics

Statistical mechanics is the attempt to describe systems with a large number of de-
grees of freedom. In thermal equilibrium, this becomes a tractable task for which a
systematic theoretical framework is available. A short account will be given here of
those tools which will be most relevant for the present work. The main parts of the
discussion, including notation, rely on [2].

Consider a physical system, represented in some abstract sample region 2 for
which a Hamiltonian Hg can be defined. Further, assume that this region has a
boundary 02, and it is possible to define its volume V() and surface area S(Q2) =
V(092). In the simplest case, @ might be an ordinary cube with side length L. But
even for more complicated geometries it is useful to think about the extent of a system
approximately as

V(Q) o L?
S(Q) oc L7, (1.1)

where d is the spatial dimensionality. A very basic question concerns the physical
nature of the boundary. In principle, one could allow fluxes through 02 and in
fact this is what has implicitly been assumed in introducing a Hamiltonian and thus
allowing for different energy levels in the system. If we excluded energy exchange
with the surroundings, i.e. if we were examining a perfectly isolated system, we could
simply replace Hq by a definite energy E. On the other hand, we do not wish to
be concerned about an exchange of particles through 02, as would be necessary for
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membrane-like surfaces. The resulting picture is the one referred to as canonical
ensemble. The Hamiltonian can be written in terms of the coupling constants {K,,}
and combinations of the N () dynamical degrees of freedom {©,,} as

1
Ho=—-=Y K,0,, (1.2)
6 n
where, introducing Boltzmann’s constant kg, /8 = kpT defines a basic thermal

energy scale which is determined by the temperature T'. The temperature is itself
part of the set {K,} that also contains other external parameters such as present
fields.

The central object that can be computed from this stage is the partition function

Z{K,}] = Tre PHa (1.3)

Taking the trace here means summing over all configurations of the system,

Tr=> Y .Y, (1.4)

©1 O2  Opn

each one weighted by the Boltzmann factor e #He evaluated at the respective values
of the external parameters. The meaning of this factor is that in thermal equilibrium
the probability of measuring the system to be in a state of energy F is

p(E) = : (1.5)

A good derivation of this result can be found in [3].

The significance of the partition function is that all thermodynamic properties of
Q are encoded in it. Or to be precise, they are the derivatives of the free energy with
respect to the coupling constants, where the free energy is defined as

1
Fol{K,}] = —BlogZQ. (1.6)
There is also a second, equivalent expression for the free energy that relies on a

definition of entropy. The relation between the two forms is quickly revealed:
First consider the average internal energy

0
U:=> EpE,)= —%logZ (1.7)
as well as the generalised forces
oF,
1.8
K’n|r 8Kn 5 ( )
with averages
10logZ
fin = p(Er)hny = 30K, (1.9)



We can then write

dlog ﬁlogZdﬂ ZﬁlogZdK"

= -Udg +5Zmn dK,

—d(BU) + BdU + B ki dK,, . (1.10)

The second law of thermodynamics reads

AU =TdS =Y kndK, (1.11)

with the entropy defined as
S =kplogw (1.12)

where w denotes the number of microstates compatible with a certain macroscopic

state of 2. Combining eqn. and - ) to

U
S = dS = = +kplogZ, (1.13)
T=0 T

we can conclude that
Fo=U-TS (1.14)

is the free energy from above in eqn. (1.6)), but as a function of the entropy S. The
integration constant in eq. (1.13)) has been omitted as it can be determined to be zero
from looking at the limit limp_ . S.

Finally, we have to invoke the thermodynamic limit, which is usually defined as
the limiting procedure

N(2) - 00 and V() — o0
N(©)
s.t. ——=% = const. 1.15
V() ( )
and without which phase transitions have no formally precise meaning, as will become
clear later. In this limit the free energy also becomes infinite — it is extensive. Two
better, that is, intensive quantities to work with in the thermodynamic limit are the
associated bulk and surface densities

e Pl
V(Q)—oo V(Q)
g FallEa) - V@) -,

S(@) oo V(Q)
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Figure 1.1: Schematic form of a typical temperature-pressure phase
diagram. A continuous phase transition happens only at the critical
point C.

For systems defined on a lattice the quantity that corresponds to f; and which we
will use extensively is the free energy per degree of freedom

Fo[{Kn}]
= —_ 1.17
N I (+) (1.17)
It is important to note however that there are cases in which the thermodynamic limit
does not exist. One example for which f;, diverges in the limit is a uniform cloud of
equally charged particles [2].

1.1.2 Classification of phase transitions

The fact that the same matter can develop very different macroscopic appearance
depending on the external circumstances and the observation of transitions between
the different states calls for a systematic classification. A pictorial way to capture this
type of phenomena is given by phase diagrams like in fig.[[.1.2] where the parameter
space is partitioned into regions of equal phase, seperated from each other by phase
boundaries.

Mathematically, phase boundaries are identified as sets of points in parameter
space where certain thermodynamic functions become singular. This is only possible
in the thermodynamic limit since for finite systems the partition function must al-
ways be the sum of analytic functions and thus can never exhibit singularities. An
infinite number of terms however can produce discontinuities or infinities at certain
parameter values. Because usually observed systems have a large number of degrees
of freedom (~ 1023) sharp phase transitions will never appear in any experiment but
instead the phase boundaries are observed to be smeared out.

When Ehrenfest developed the original classification scheme, he distinguished be-
tween phase transitions of first and second order. While in the former case the first
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derivative of the thermodynamic potential with respect to the relevant parameter ex-
hibits a discontinuity at the critical point, in the latter case it is the second. In the
modern approach phase transitions are characterised by whether or not latent heat is
developed. The advantage of this criterion is that it is accessible to experiment. At
the same time, it generalises Ehrenfest’s scheme, which is why it is usually preferred
today. Transitions which are accompanied by latent heat are referred to as discon-
tinuous, and would have been identified as of first order by Ehrenfest. One familiar
example of a discontinuous phase transition is the boiling of water. The change of
phase from liquid to vapour does not happen instantaneously but gradually through-
out the system and in order to maintain the process thermal energy has to supplied by
the environment. Phase transitions that occur without latent heat are called continu-
ous, and fall into the second order category. These processes are usually realised only
in distinct regions of parameter space, labelled as critical points (or surfaces). The
non-analytic behaviour of systems undergoing continuous phase transitions displays
an extraordinary richness and is summarised under the name of critical phenomena.
Instances of these provide the foundation of this work.

From comparison in terminology between the two classification schemes, it is evi-
dent that from the modern point of view only the first derivative of the thermodynamic
potential plays a distinct role. Although rare, discontinuities in higher than second
derivatives are not excluded and all fall into the same class of continuous phase tran-
sitions.

In order to quantify the meaning of a phase, it is appropriate to define an ob-
servable that takes on distinct values in the different phases and thus makes them
distinguishable. Such a quantity is called an order parameter and its choice is not
necessarily unique. The common definition is, that it only needs to be zero in one
phase and non-zero but finite in the other. However, there are deviations from this
rule, as will be seen in sec.[I.1.3|for the zero-temperature transition in the Ising model.
The term ’order parameter’ itself originates from the fact that, as will be seen, phase
transitions can be understood as the breakdown of some degree of order in a system.
Nevertheless, order parameters can also be defined more abstractly, independent of
this meaning.

So far, the discussion was concerned with classical phase transitions, which are
driven by thermal fluctuations. At low temperatures however, quantum fluctuations
become relevant, spanning a whole new field of analysis. In fact, at T'= 0 it is possi-
ble to define quantum phases and again there exist transitions between these, with a
separate range of effects. However, this will not be treated.

1.1.3 Ising model

All materials react on an externally applied magnetic field H by exhibiting a mag-
netisation M, resulting in a magnetostatic force. For pure diamagnets this force is
repulsive and often negligible, while for paramagnets it becomes attractive but, with
some exceptions, also stays small so that in both cases and for large temperature
ranges the magnetisation can be seen as a linear response to the magnetic field as
long as this does not exceed a certain critical strength. In contrast, when cooled down
below a material-specific temperature, ferromagnets are capable of exhibiting a large
magnetisation even without an externally applied magnetic field. It was this phe-

11



— >
— — —

Figure 1.2: A representative 3 x 3 block of a two-dimensional Ising
lattice in some random configuration at a single instant in time. Only
nearest neighbours interact in the Ising model, here represented by
bigger arrows.

nomenon that Lenz and Ising aimed to understand when they established the Ising
model during the years from 1920 to 1925. With the Stern-Gerlach experiment per-
formed in 1922, a rigorous theory of spin was only at its start. But already had it been
understood that there exists a two-valued internal degree of freedom attributable to
atoms with unpaired electrons, giving rise to microscopic magnetic dipoles. The Ising
model formalises this observation by considering N () interacting spins on a lattice
of which we label the vertices by an index i. To each lattice site a variable is assigned
that has only two possible values

Si=+1  Vi=1..N(Q), (1.18)

corresponding to the spin being either up or down. The crucial simplification is
to restrict the interaction between spins only to nearest neighbours. Even bearing
in mind the rapid, inversely cubic radial fall-off in magnitude of the magnetic dipole
interaction, this assumption seems like an oversimplification at first sight but will turn
out to yield major insights already. Is is the power of the Ising model that it replaces
the complicated quantum mechanical interaction between the lattice constituents by
an almost trivial-seeming term while retaining a great amount of predictive strength.
This is in fact a first example of a more general phenomenon which will be adressed
later in this work. This section will be restricted to the discussion of a lattice with
hypercubic structure, the lattice spacing being denoted as a. As for now, we can
leave the spatial dimension d unspecified. The Ising Hamiltonian in its simplest form
assumes a uniform magnetic field and equal coupling between all pairs of neighbouring
spins — denoted by ij — and can be written as

N(Q)
Ho=-HY» S;—JY SS;. (1.19)
i=1 5

This is readily justified phenomenologically: Pointing in the direction of the magnetic
field and aligning with the nearest neighbours is energetically favourable for each
single spin (assuming J > 0). The ground state will thus be

S; = Vi (J>0). (1.20)

+1 for H >0
-1 for H<O
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We will now see that this is the first instance of a phase transition we encounter. The
corresponding order parameter is the magnetisation

Mg = N(lmZS (1.21)

which is nothing but the normalised first derivative of the free energy (1.14]) with
respect to the external field H,
1 0Fq af

Mg = — =

ORI (1.22)

for free energy density f. At T = 0, the value of Mg changes from +1 for H > 0
towards —1 for H < 0, so it has indeed the correct bahaviour for an order parameter
as introduced in sec.[I.1.2] For H = 0 however, the two states of all spins up and all
spins down are energetically degenerate and we cannot make a statement about the
expected value of Mq. In fact, which value Mg assumes will depend on nothing but
the initial conditions on the system. We will return to this point later, when discussing
spontaneous symmetry breaking. For now, let us relax the condition of zero temper-
ature to make the discussion more generally applicable. For non-zero temperature
T > 0, each of the N(Q) spin degrees of freedom carries kinetic energy, approaching
kpT/2 for increasing T as stated by the equipartition theorem. Correspondingly, a
finite entropy is emerging and the spin system will tend to minimise the free energy
instead of only the internal energy. As shown in section the free energy density
f is derived from the partition function, which for the Ising model takes the form

Zo= Y e PHelsih) (1.23)
{Sq‘,::tl}

Here we have partly abandoned notational rigour and only made explicit the de-
pendence of the Hamiltonian on the configuration of spins. One important
symmetry of the Ising model can be identified at this point. Regarding eqn. ,
one realises that because Zg is evaluating a configuration-dependent function and
sums over all possible configurations every term has a partner term corresponding to
the same configuration but with all spins flipped. Thus the whole sum is invariant
against a simultaneous change of sign in all spin variables S;

ZQ : Sz — —Si Vi (1.24)

where the associated symmetry group has been recognised as the smallest discrete
group, that is Zs. The Hamiltonian transforms under its action as

Ho(H,J,{S:Y) — Ho(H,J,{-5;})
= Ho(—H,J,{S:}). (1.25)

It follows that the free energy density is even in the magnetic field H:

We could also try and reverse only single spins instead of all spins at once. An
operation of this kind still leaves the value of Zg unaltered but clearly changes Hg,
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the energy of a configuration. That is why we refer to the Zo symmetry of the Ising
model as being global (or rigid) as opposed to local. It can also be understood as a
time reversal symmetry when the spin is being associated with the direction of the
magnetic moment arising from an electronic current at atomic level.

Let us now ask for the physical relevance of this global Z5 in the Ising model. The
central question is in how far this symmetry property will become visible not only in
the equations that describe the system, but also in its actually realised states.

When discussing the form of the Hamiltonian a partial answer to this was
already found. The ground state at T = 0 was seen to be a configuration of all
parallel spins — a state clearly not symmetric under the Zs action above. For high
temperatures on the other hand, thermal fluctuations become dominant and at H = 0
the states can be regarded as Zso-symmetric as long as we average over short time (or
length) scales with the magnetisation being zero. The exact argument is slightly more
subtle and will be presented in detail later. But accepting this, then it has to be ex-
pected that, when lowering the temperature, from some distinct temperature on it
will become favourable again for the system to regain some of the long range order
exhibted in its ground state. This is indeed what happens and the mathematical
picture that captures this symmetry breaking process for a general setting is being
elucidated in sec.[I.1.4] For now, the aim is to explore in some more detail the Ising
model as a representative system.

We start with one single spatial dimension, d = 1, and ask how thermal fluctua-
tions in general influence the ground state at H = 0. To answer this, we first examine
one of the two T' = 0 ground states, say the one with all IV spins up:

S TTTTTTTT -

The free energy of this state is simply
Fny=—-NJ. (1.27)

If thermal energies are high enough to flip a finite fraction of spins, a positive contri-
bution to the entropy is to be expected. It is worth noting that for this to be true
in the thermodynamic limit, an infinite number of reversals would be needed. It is
thus much more convenient to speak about regions of spins with the same orientiation
rather than about that of each spin separately. Regions of uniform microscopic con-
figuration like this are generally referred to as domains. What marks the transtion
between two domains is called a domain wall, or defect. In the groundstate from
above there is only one single domain. Adding one domain or, equivalently, inserting
one defect, the microscopic state looks like

e TP e Ll e LUl (1.28)

or like its mirror image. The change of orientation from one to the other side of the
domain wall has cost an energy of AE = +2J, no matter where in the chain the
defect sits. For perdiodic boundary conditions, the entropy of the state is thus

SN = kB IOgN, (129)

whereas in the case of open ends, Sy = kplog(N — 2), which for large N does not
make a considerable difference. Assuming the periodic case, the difference in free
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energy to the ground state becomes

which is negative for all temperatures T > 2J/kglog N. But from AFy < 0 we
conclude that all the states with one defect are now thermodynamically preferred by
the system. In fact, in the limit N — oo, defect creation becomes preferrable for any
temperature, AFy — —oo V T > 0. By repeatedly applying the above argument
to the domains, it becomes obvious that for T' > 0 the configuration of lowest free
energy will have no domains left:

W TLTLTLT (1.31)

While for T' = 0 the magnetisation was either +1 or —1, now it is strictly zero.
This also means that the phase transtion occuring when H changes sign vanishes for
non-zero temperatures. This is because the long range order encoded in the nearest-
neighbour spin interaction is unstable against even the smallest thermal fluctuations.
There are simply no more two different possible phases existent at H = 0.

The result, that the Ising model in d = 1 lacks a finite temperature phase transi-
tions, explicitly relies on the nature of the assumed interaction in the model. However,
there is a generalisation to this. Promoting the interaction strength J to a function
of the distance r between lattice sites, J — J(r) , it was established [4] that in fact
there do exist phase transitions for sufficiently long-ranged interaction. Assuming the
form

J(r) ria (1.32)
this is precisely the case for 1 < a < 2, while for o > 2 the interaction qualifies as
being short-ranged.

Increasing the number of space dimensions d, the number of nearest neighbours
for each lattice site will increase. Consequently, not only for the Ising model but quite
generically, the effect of internal interactions on the free energy will rise compared to
the remaining, externally caused energetic contributions. This means that long range
order is more likely to be seen in higher values of d. If a model does not exhibit a
T # 0 phase transition in some low space dimension, it might still do so in higher
dimensions. If this is the case, a lower critical dimension d. can be identified, which
marks the maximal space-dimensionality at which the interactions are just not strong
enough to give rise to long-range order. For the Ising model, d. = 1. This means
that mathematically, the model exhibits a transitions for any d = d. + € with € > 0
as can be shown by a more rigorous analysis. We shall subsequently only give the
phenomenological reasoning for the next integer dimension.

In two space dimensions, the energy difference between a state with all spins
pointing in the same direction and one exhibiting a domain wall along 7 lattice sites
will be of the order

AE ~ 2J. (1.33)

The entropy of the state with one domain now becomes more difficult to calculate
than in d = 1. As a first approximation however, we can make the analogy to a
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Figure 1.3: Spontaneous magnetisation My = +limy_,g+ 0f/0H as
a function of temperature. That fact that it is continuous indicates
that the ferromagnetic phase transition is of second order.

random walk. If the co-ordination number of our lattice is z, i.e. each lattice site has
z nearest neighbours, then there will be roughly (z — 1)™ possible shapes the domain
wall can take, because it cannot intersect itself in the state of only one domain. This
guess will be an overestimate, because we have neglected the existence of boundaries.
The corresponding entropy is

AS ~ kpnlog(z — 1) (1.34)
and so the change in free energy will be
AF ~a(2J — kpTlog(z —1)). (1.35)

As before, we require 7 to be a non-zero fraction of NV so that 7 — oo in the thermo-
dynamic limit. Then we can identify a critical temperature at which AF' changes sign
and thus distinguishes between AF — 400 and AF — —oo in the thermodynamic
limit. This critical temperature is

2J

Ty~ ————. 1.
k‘B log(z - 1) ( 36)

It is not surprising that T, depends on the shape of the lattice. Denser lattices (higher
z) are less susceptible to long range order. However, unlike the space dimensionality
d, it only affects when the transition occurs, and not if it occurs.

As in the case of d = 1 the argument above can be extended to states with more
than one domain wall and so we conclude that T, separates two phases. For higher
temperatures T > T, the system becomes unstable against thermal fluctuations, do-
mains vanish, and the magnetisation will be strictly zero. For lower temperatures
T < T, long-range order is protected against thermal effects and the magnetisation
will be finite, either positive or negative. It will continue to increase with decreasing
temperature until it reaches its maximum absolute value |M| =1 at T = 0. The
exact behaviour can be calculated and is shown in fig.[T.1.3]

The arguments presented in this chapter are not only applicable to a Z, symmetric
system like the Ising model. Similar reasoning stays valid also in systems invariant
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under any discrete symmetry group. The fact that these properties were derived from
a Zo symmetric system but are extendable to situations exhibiting other symmetries
supports the approach of F. Baroni, who promotes this observation to the conjecture
that actually all of what is necessary to understand phase transitions might be seen
from Zs symmetric models [5].

Up to now we have only given semi-phenomenological arguments. To complete
the discussion, the actual formal solution to the d = 1 Ising model will be presented,
most importantly because it employs the transfer matrix technique, which is of wide
applicability in statistical physics. The difficult two-dimensional case was solved ex-
actly by Onsager [6] whereas no analytical solution is known for higher dimensions.

Writing out the d = 1 partition function by using the Hamiltonian
gives, when simplifying notation to N = N(2) and assuming periodic boundary con-
ditions Sy41 = S for convenience,

Zo= ), H eXp{BBH(Sj +Sj1) + J5j5j+1” (1.37)

The surprising observation is that this can be written as a trace, and a reader familiar
with quantum mechanics and the density matrix formulation will notice the close
formal analogy. Defining the 2 x 2 transfer matriz T to have components

1
Ts,s; = eXp{ﬁ[QH (Sj+Sj41) + JSJSJ+1} } , (1.38)
implies its matrix form to be
oB(H+T) o—BJ
= ( e BJ eB(H+J)> (1.39)
and the partition function becomes

Zg =T (TV). (1.40)

The trace operation is invariant against a change of basis, and so we diagonalise into
the eigenbasis of T" to realise that

Zo =Y + 2V (1.41)

with eigenvalues

Ay = T;T + \/(T;T)z —detT

= ¢?cosh BH + \/e?8/sinh? BH + =257 (1.42)

The free energy density then becomes
f=—kpTIn(\Y +2Y). (1.43)

Note that in the thermodynamic limit the contribution from the smaller eigenvalue \_
becomes neglible and Z_) — )\f so that the system’s behaviour remains completely
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determined by the largest eigenvalue of the transfer matrix. Having obtained an
analytic expression for the partition function, we could simply invoke the canonical
derivative formulas to calculate the magnetisation or any other observable. In this
case however, it is easier to further employ the transfer matrix method.

Still maintaining periodic boundary conditions, we conclude for the magnetisation,

Mg = (Sj)
1
= 79 Z T5152 -~-TSj713ijTSij+1 "'TSN51
{Si=%1}
Tr (T ZTN—j Tr zTN
= ( NU ~ ) _ 150 N) ’ o
Ay HAZ AV 4 AN

where the third Pauli matrix o, was introduced. T is real and symmetric, so that
there exist an orthogonal transformation matrix R (R' = R™!) that diagonalises 7T
Using the second Pauli matrix o, we parametrise the rotation as R(6) = exp(ifo,)
by an angle € that can be read off from eqn. to obey

o—287
tan2 = | ————5——
e2fJsinh® H

= e 2 sinh ' pH . (1.45)
Hence,
¢ A 0
T — R(0) TR (0) = 0 )= A (1.46)

The implicit use of this in eqn. (1.44)) led to the simple form of Z. Now however,
introducing R(6) explicitly was necessary as we are left with

_ Tr(o[RYO)AR®O)N)  Tr(o.RH0) AVR(0))
B AV AN B MY AN

_ Tr(R(0)o.R'(0)TN)

B AV AN '

(1.47)

We compute

R(0)o.R'(0) = exp(ifo, )0, exp(—ifo,)
[ cos sind 1 0 cosf —sinf
" \—sinf@ cosf)\0 —1) \sinf cos6

cos20 —sin26
- ( sin20 — cos 20) (1.48)

to find the result for the magnetisation:

)\N_ N
t = cos26 (1.49)

Mo = 2= 7=
ST NN
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Again, the contribution of A_ vanishes in the thermodynamic limit, where Mg —
cos 20. Note also that Mg does not depend on j, as it should be.

A measure for spin fluctuations is given by the connected two-point correlation
function

Gij = (SiSj) — (Si)(S))
= (5:S;) — M3 (1.50)

Periodic boundary conditions encode translational invariance via the trace, and so
correlations can only depend on the difference i — j. We calculate:

(SiSiyj) = (5155 +1)
= %Tr(oszazTN_j) = %Tr [R(a)ath(a)AiR(a)ath(9)AN—J}

B 1 Tr[ ( )\i cos20 —X sin 29> ( )\ffj cos20  —A""7sin 29) ]

AN =Y —)\j+ sin20 —X\ cos20 —/\f_j sin20 —AY"7 cos 20
“ [cos? 20 (\Y + AY) +sin?20 (A} N + Aff*j/\i)] : (1.51)
Here,
A J
(SiSi+j) — cos®20 + ()\4__> sin? 26 for N — (1.52)
and we conclude for correlations in the thermodynamic limit:
A il
Gij = sin® 29(—) (1.53)
At

When multiplying |i — j| by the lattice constant a, we can also see this as a function
of distance r to find that correlations decay exponentially,

G(r) ~e /s, (1.54)
on a characteristic length scale
E=(InAy/A )7 . (1.55)

This result is central as it extends to many other systems, as we will see. It might
still happen that further, smaller length scales appear, but with increasing system
size they will all be determined by the few highest eigenvalues of the tranfer matrix.
In natural units, £ has dimensions of a mass, which is why 1/£ = m is sometimes
referred to as the mass gap in a theory.

Summarising, in this section it has been shown that, while for d = 1 the Ising model
exhibts only a zero temperature phase transition, for d = 2 and zero external field it
additionally accomodates for one at a critical temperature T, which depends on the
interaction strength J and the lattice co-ordination number z. In the thermodynamic
limit, the order parameter Mg changes continuously from zero to non-zero value at 7.
However, the sign of Mg in the ordered phase inherently supersedes our observation.
A situation like this is known as spontaneous symmetry breaking and will be the topic
of the following section.
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1.1.4 Spontaneous symmetry breaking

F(H)A

N finite

. 4

Increasing N

Y

Figure 1.4: Free energy density (top) and magnetisation (bottom) as
functions of the external magnetic field. The spontaneous magneti-
sation is temperature dependent as depicted in fig.[1.1.3]

Describing physical systems in terms of the symmetries they exhibit often leads to
a great simplification in their theoretical description and at the same time provides a
way to capture their characteristical behaviour. Often however, the symmetries are
only approximately present in reality. In that case, one can still hope that a model
incorporating the exact symmetry preserves a great part of predictional capacity. Go-
ing further, it could be that the states in which one observes the system do not even
approximately reflect any symmetry. Even in that case, the conjecture could be that
there are states, unobserved because at too high energies, that are invariant under
certain symmetry transformations. This scenario is what the idea of spontaneous
symmetry breaking puts into a general framework.

The first distinction one has to make is between discrete and continuous symme-
tries, which then each can be realised either globally or locally. The discrete case
extends the discussion of the preceding section and is relevant in particular to con-
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densed matter physics. The continuous case is very rich in theoretical consequences of
general applicability. If locally present, it has direct effects on the particle spectrum
of a theory. We begin with the first example, focussing again on the representative
case of the Ising model from above.

Regarding the free energy density f as a function of the external field H only,
the global Zs symmetry we found in meant that f(H) = f(—H). From
eqns. and it can further be concluded that f(H) has to be concave,
that is f(aHy + BHz) > of(Hy) 4+ Bf(Hs) (c.f[1.1.4). Particular interest lies on
its analytical properties, especially at the origin. From the stated two properties it
follows that

of

a—H§0forH20. (1.56)
Now, if f were differentiable then we could write
. Of af . Of
lim —— = = = lim —— 1.
o 8H‘H_—s OH | ;g =20 OH H=+¢ 157

and because of eqn. ([1.56)) one would be lead to find that the magnetisation is always
zero in zero external field:

_of
- 0H |4,
But this cannot be true in general as we just showed in section that in d > 1

there must exist a temperature T, below which M # 0. The conclusion is that f is
not differentiable, its first derivative exhibits a discontinuity at H = 0.

M (0) =0 if fecC? (1.58)

The Zo symmetry must be broken by the transition at H = 0 because otherwise
we would see no magnetisation. As there is no other than the technical argument
above, this breaking of symmetry is said to happen spontaneously. What is more, the
sign of the magnetisation below T, is infinitely sensitive to the environment, making
the outcome effectively unpredictable. This further justifies the terminology. The
phenomenon of spontaneous symmetry breaking is clearly to be distinguished from
the process of explicitly breaking a symmetry by tuning coupling constants, which in
the case of the Ising model would simply mean changing from H = 0 to H # 0 for
any ' > T..

The general situation arising from the spontaneous breaking of a global, continuous
symmetry was analysed first by Goldstone. His ideas will be presented here for the
simplest case, a system invariant under the action of the one-parameter unitary group
U(1), which will be of direct relevance later in this work.

Let the Lagrangian density for a classical, complex scalar ¥ be
LT, T*) =9"0*0, ¥ — U (V") (1.59)

where p runs over time and space indices, p = 0,...,3, and Einstein convention is
assumed — as it is subsequently. The potential is assumed to be of the form

U(U*0) = —m2U* ¥ + %(\If*\p)z : (1.60)
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Figure 1.5: A typical potential giving rise to spontaneous symmetry
breaking. It is sometimes referred to as 'mexican hat’ or "wine bottle’
potential and has the standard form V(¢1, o) = —al¢|? + bl¢|* for
a,b > 0 and a two-component variable ¢ = (¢1, ¢2) which often is a
complex scalar field.

and hence only depends on the modulus of the field. Relativistic notation is ap-
plied here, although the following arguments do not rely on Lorentz invariance. L is
symmetric under a global change of phase by a constant 6
U — We'd?
\IJ* . \I/*efige
= L(U, V") — L(We'? Wre™90) = L(T, T¥) (1.61)
where g is some coupling constant. The Hamiltonian density is

H = 0"U*0, ¥ — ' T ;¥ + U(T* ). (1.62)

In the non-relativistic setting, instead of H we would need to consider a thermo-
dynamic potential at this point. This does however not alter the structure of the
following argument so that for simplicity we may stick to only regarding the Hamilto-
nian. For systems exhibiting a continuous symmetry, Noether’s theorem states that
as long as the equations of motion hold,

or  oc
Oy v
o oc

0, =0, (1.63)

8(9,0*) oU*

then for each independent symmetry transformation, that is, for every generator of
the symmetry group, there exists a conserved current,

o, =0. (1.64)

One then identifies the respective charge ) carried by each J™ as
Q= /d3x J° (1.65)
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and, in the case of a Lie group symmetry, recognises them to be in turn the respective
generator. In the U(1) example defined in eqn. (|1.61)) the single Noether current is

JH = — <\If*8"\1! - \If@”\I/*) , (1.66)

carrying charge @ = 1.
For m? > 0, the lowest energy states of the Hamiltonian (1.62]) are infinitely
degenerate and lie on the ring of potential minima in field space with radius

pPo =V U

- 1.67
U=min \/X ( )
The situation is similar to the Zs case, only that the range of values the field can
equivalently assume for the ground state is no longer twofold or even finite but has
become on its own a smooth subspace My of the whole space of field configurations
M. Especially in particle physics, My is often referred to as the vacuum manifold,
while in general the groundstates are not necessarily empty space. Here, Mg is a
circle of py = const. and can be parametrised by the phase angle:

My = {p € M‘(\II*\I')|,, = po, arg(¥) € [0,27‘()} (1.68)

Again, arbitrarily small, quantum or thermal fluctuation will inevitably make the
system pick one point on the ring. Once it has chosen some ground state (pg, 6p), the
U(1) symmetry is lost. Although the current is still conserved, its charge Q
does no longer generate the symmetry but transports the field an infinitesimal amount
00 along the circle:

Q: (po, 6o) — (po, bo + 86). (1.69)

The masses M;; in the theory are obtained from the second derivatives of the potential
at the ground state,

0*U
= (1.70)
94:9q; (po, 00)
where the identification ¢; := |¥| and ¢o := 6 has been made. The crucial observation

now is that Mss = 0. This means that a massless mode has entered the system, or,
non-relativistically speaking, a mode excitable without having to overcome an energy
gap. Massless modes arising from spontaneous symmetry breaking are called Gold-
stone modes. It is to be emphasised that spontaneous symmetry breaking only occurs
due to the negative mass term in the potential. For a potential with all positive co-
efficients the global minimum lies at ¥ = ¥U* = 0, which then is a stable point with
all masses positive because it is invariant under the U(1) action.

Goldstone’s Theorem is the generalisation to the situation of a theory globally
invariant under any continuous group G that is spontaneously broken to some sub-
group H C G leaving only the ground states invariant. Then the vacuum manifold
M can be written as the coset

Mo=G/H . (1.71)
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In the simple case above we had G = U(1) and H being the trivial group, so that
the manifold of degenerate ground states became a circle: Mg = U(1) ~ SO(2). The
essence of Goldstone’s theorem is that a massless mode will appear for each generator
t; of G that fails to leave the ground state invariant, meaning

D )ik Vilpert, #0 (1.72)

k

in some representation W, of G. Hence, the predicted number of massless particles
equals dimMy = dimG — dimH. In case a symmetry was only approximately present
initially, then the particles will be light at least. However, the theorem does not state
a one-to-one correspondence between these so-called broken generators and massless
(or light) particles but leaves open the possibility of accidentally vanishing zero modes
of the mass matrix. In momentum space, the Goldstone modes — which are in fact
bosonic — correspond to long wavelength excitations. As such, they are directly asso-
ciated with the emergence of long-range interaction as observed in the Ising model in
the preceding section. This potentially raises worries about finiteness in the infrared
region of the energy spectrum and thus usually makes a theory subject to renormal-
isation, as will be seen later. Note lastly that we have left open the possibility of G
describing not only internal but also Galilean or Lorentz symmetry. This is in fact
the case for any crystal, in which case the lattice oscillations, described in terms of
phonons, take the role of the Goldstone modes.

Finally, the case of a broken local, or gauge, symmetry has to be considered. The
principle work on this has been done in the late 60s and early 70s by Kibble and
others, eventually leading to the prediction of the Higgs boson. The central idea will
be illustrated here again in terms of a simple abelian U(1) model from above. But
now, the symmetry transformations admit a space-dependent parameter § — 6(x):

U —s el

T — Pre V() (1.73)

The type of Lagrangian density incorporating this symmetry relies on the introduction
of a gauge field A, transforming as

Ay — Ay + 0,9 (1.74)
and has the shape
Lioe = D'V*D,V — U(¥*¥) (1.75)
with covariant derivatives

D,V = (8, —ig A,)
D, V" = (8, +ig A,) V" . (1.76)

We have omitted the gauge field’s self-interaction

Lom = i(a“A” — 0V A*)(0,AL — 0,A,) (1.77)
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because it does not affect the discussion. L, is invariant against gauge transforma-
tions and could simply be added to L, for completeness. So far there is no
mass term for the gauge field, but the symmetry breaking has not yet been consid-
ered. The potential U(P*W¥) is the same as in the preceding case and so we know
already that the states of minimum energy will lie on a circle with non-zero radius in
field space and that the system will pick one of them as the ground state. As before,
we change coordinates from (¥, U*) to (p,0) = (vVU*¥, arg¥) and choose to call the
randomly chosen ground state to be lying at (po,6p). Taking 6y = 0 without loss of
generality and re-parametrising as

U(x) = (po + p(x))e /e (1.78)
we can write when close to (pg, 6p):
U(z) = (po + pla) +i6(x)) + O(p*, 6%, pb) (1.79)

The global U(1) symmetry had been broken at this point, with §(z) corresponding to
the massless Goldstone mode. But now there remains a freedom to transform locally
with d(x) = —6/pp and thus gauge the Goldstone away at every point in spacetime:

U(w) — V() = e~ 0/"W(z) = po + pla) + O(p?) (1.80)
However simultaneously the gauge field and with it the covariant derivative becomes
1
A, — A;L =A, - %GMG
D, — D), =8, —igAl, (1.81)
so that the Lagrangian at the chosen point on Mg changes to

Lioel(po.0) = [D™(po + p)]*[D}(po + p)] = U((po + p(x))?)
= [D"p]*[D,,p] + g A™ A}, po(po + 2p) — U (p®)
—2m?ppo + A(3p2p3 + 2p°po) + const. . (1.82)

Strikingly, A,, has acquired a mass of V'2gpo, while the Goldstone mode has disap-
peared completely, by virtue of a transverse polarisation of the gauge field. This is
what is commonly referred to as the Higgs mechanism. This particular example is the
theoretical basis for superconduction, where at the phase transition the electromag-
netic field acquires its mass from merging with the phonons to form new quasi-particles
— the Cooper pairs. The generalisation to the non-Abelian case lies at the heart of
the Standard Model where G = SU(3) x SU(2) x U(1) and, in the evolution of the
universe, this product group is being broken in a sequence of phase transitions that
leave the photon as the only exact vacuum Goldstone field known today.

1.2 Criticality

1.2.1 Mean fields and Landau theory

Phase transitions are the result of complex interactions between a large number of
particles. It is an overwhelming and often impossible mathematical task to capture
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the complete microscopic dynamics. Instead, one focusses on the description in terms
of a suitable order parameter. Landau was the first to promote the idea that there
might be a fairly general framework appropriate for a description like this and incor-
porated the ideas of mean-field theory to develop such a scheme for the description of
critical phenomena. One can of course not expect that as such it will be correct for
all values of parameters. In fact, its validity is severely constrained to the vicinity of
second order phase transitions, that is to small values of T'— T.. An overview over
Landau’s approach will be given in the following.

First we realise that, if there exists a description suitable for a range of different
systems, then this will need to be in terms of a field which varies on scales that are in-
different to the microscopic details. Thus we anticipate that a continuum description
will be possible i.e. that the partition function can be converted to a functional inte-
gral over appropriately weighted field configurations. For now, we can leave open how
this field will relate to a possible order parameter belonging to a specific transition.
But what Landau demanded is that the field shall exhibit the same symmetries as
the underlying system. For the Ising model this would mean invariance of the action
against Z, transformations and in fact we could introduce Landau’s ideas simply by
looking at a field ®(r) with an action S[—®] = S[®]. However, it is not much more
difficult to consider ® to be complex and additionally demanding U(1) invariance
S[®*] = S[®]. This has the virtue of directly connecting to our example of spon-
taneous symmetry breaking and will also provide insights into the Ginzburg-Landau
theory of superconductivity, one of the major applications of the principles of Landau
theory. The generalisation to other symmetries and more component fields is possible.

We start off by writing the partition function of a general system in equilibrium
as

Z = / DE*(r)Dd(r)e 5% (1.83)

with the action being of the simplest possible form incorporating the wanted symme-
tries:

el =5 [ atr| o [9RmP - plo() + 5le()! (1.8

The integration measure on the field space in eqn. ((1.83)) is only defined up to constant
factors, which will cancel in any calculation of observables. Therefore it is enough to
define it by the following short-hand notation:

d N,
/D(D(r) m/Hth IT a*®(ri, i) (1.85)
a=1 ta=1

a0

with space divided into a hyper-cubic grid consisting of N, — oo sites in the a-th
dimension, labelled by {r;,. ;,}, and with infinitesimal distances between them being
in the a-th dimension

(da"); = lim [Pimtetiois ~Tooneial gy (1.86)

N,—o00 N(l

The theory like this can be viewed as the time independent version of the standard
path integral formulation of scalar field theory, with the time coordinate taken to be
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imaginary. Bearing this in mind, we could just as well have called S the free energy
of the system. The integral Z will pick up the most contributions from points where
S is minimised. Hence a first step is to look at the theory for such configurations ®g
of the field that satisfy

08

21— 1.
55 0 (1.87)

This defines the saddle-point approximation. A phase transition induced by sponta-
neously broken symmetry is incorporated by assuming p to be a tuning parameter
behaving as

o~ *(Tch)#’O((T*Tc)z)' (188)

Just as described in sec.[1.1.4] for T > T, p is negative and eqn. yields ®g = 0
while for T < T, p is positive and &y = 0 becomes a local maximum and S is
minimised by all field configurations satisfying |®¢|?> = p/\. The minimum value of
the action is proportional to § and, because it is constant in space, to the volume V
of the system:

2
S[|Pol] = % = fﬂv% (1.89)

We have seen in the Ising model how the magnetic field couples linearly to the internal
variables. In Landau theory the linear coupling of an external parameter is realised
by the introduction of a source field j(r) that modifies the action to

S[®] — S[®; 4] +/ddr [@(r)j(r) +ec. c.] (1.90)

where the complex conjugate ®*(r);j*(r) is needed to preserve U(1) symmetry in the
action. Much like a one-dimensional Gaussian distribution is characterised by its
variance, a central quantitiy to describe fluctuations in ® is the susceptibility

A1) : = <(<I>(r) - <<1>(r)>)* (cp(r’) - <<I>(r/)>)>
= <<I)*(r)<I)(r')> — <<I>*(r)><<I>(r’)>
= (&*(r)@(r))) - [(@(r))|” (1.91)

where again, the expectaion value is calculated analogously to the discrete discription,
as the average over all configurations,

1 .
()= E/D@*(r)D(I)(r) e Sl (1.92)
It can equally well be understood as the linear response to the external field as it is

obtained via the derivative of Z with respect to the source:

2InZ

x(r,r') = 5055 i (1.93)
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In field theory, this would be referred to as as the connected two-point correlation
function G(r). In the common case, where systems are translationally invariant, one
can anticipate that the susceptibility is only a function of the difference between
coordinates, x(r,r’) — x(r —r’). Deriving an analytic expression for it is non-trivial
in general. For weak coupling however (A < 1), and small fluctuations around ®q, S
becomes approximately quadratic in @, so that the integral can be easily performed
and we obtain an expression for the susceptibility around the saddle point. To this
end, we first bring the free partition function

Zo[®; j] = / Dd* (r)DP(r) e 0[] (1.94)
to Gaussian form:
Softs ] = [ @ [5( 590 0TBE) - 0" (WD) + D(x)sr) + ()57 1)
_ /ddr [~ () (ﬁA 1) @)+ D)) + (1) ()] (1.95)

assuming ® to fall off at spatial infinity at least as fast as 1/|r|. Further, denoting
Fourier transforms with a hat, we can write

- [ o (= ) (230 + ‘7@22‘“_’/5)* (609 J,fk)_/f)

2m

_%vkﬁqu L96)

(1.97)

will have no effect on Z; and so it follows that

Zo[®; j] = exp [;/ (;ljr/)fd j*%kij(k)} y
adk ( 2

x/Dé*(k)Dé(k)exp{ﬁ/(%)d A )é*(—k)é(k)} (1.98)

2m
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where the last term of eqn. was pulled of the integral as it only depends on the
source fields and D®*(k), DP(k) can be defined analogously to their counterparts in
coordinate space in eqn. and . The remaining functional integral does not
depend on the sources and factorises into one-dimensional Gaussian integrals which
can be solved ([ dze™® = /7). But only the first term is of interest to see how the
field reacts on the sourcing fields. So we write

In Zo[®; j] = %/ (gjrl)cd j’*(k;k)j(k) + coust. . (1.99)

2m

After returning to coordinate space this means
1
In Zy[®; j] = 3 /ddrddr’j*(r)x()(r —1')j(r) + const. (1.100)

where we have introduced
dek eik~(r7r')
Xo(r —1') = / —_— (1.101)
(2m)e 2 —p

as the mean-field susceptibility, valid for small fluctuations around the ground state,
in the non-broken phase of a non-interacting system. Defining the correlation length

h

= 1.102
€= g (1.102)
we find the more comprehensive form
2m F(r/¢)
XO(I‘) = W 'rd_2 (1103)

where F' is a dimensionless function only of distance, varying on the scale given by &:

ddk‘ ez‘kx
_ .d—2

From the last two equations we already see that correlations become isotropic near
T.. Within the range of our approximation, we set |u| ~ (T'—T.) and realise that the
scale & on which the susceptibility changes is divergent as

E~ T T . (1.105)
Correspondingly, the Fourier transform of £, itself becomes singular at k = 0:
Xo(k =0) = (Blu)~ ~ (T - To)~" (1.106)

We conclude that, without assuming much about the microscopic details of the system,
we have discovered that the critical point gives rise to long range order. This was
a central observation from our detailed discussion of the Ising model. If one is not
willing to take this as a mere coincidence, then one is lead to the assumption of
universality.
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1.2.2 Critical exponents & Universality

It was an extraordinary experimental observation that widely different physical sys-
tems can show very similar behaviour in the vicinity of a phase transition, at their
respective critical temperatures T,. The conjecture that there might exist an under-
lying mechanism for this arose under the name of universality. To make this notion
quantitatively meaningful one introduces critical exponents, which characterise the
behaviour of macroscopic quantities near the transition. Two of them have just been
calculated already in Landau theory, where the divergence of the correlation length
and mean-field susceptibility were revealed. In general, v is the exponent associated
with the divergence of the correlation length with respect to the reduced temperature
9= (T —1T.)/T. as it passes from positive to negative values through zero:

£oc 97 (1.107)

It is not immediately obvious why & should be symmetric at the critical point and
for some models additional exponents for ¥ < 0 are defined. But often there is
experimental evidence enough to assume symmetry. While we found v = 1 for Landau
theory, the correlation function near the critical point was derived to xo(r) = G(r) ~
F(r/€)/r%2. Any departure from this form by a general, possibly time-dependent
correlation function G(r,t) is characterised in terms of the anomalous dimension n:
via

_ Fe(r/E))

G(r,t) = d2in (1.108)
where one allows a possible discontinuity at 7. to distinguish between F and F_.
Equations like (1.107)) and (1.108)) are called scaling laws because they preserve their
form at all different scales. Equivalently speaking, under a change of scale in the
argument, the functional relationship stays the same up to a factor.

Scaling laws also apply to other quantities like the susceptibility of a system, or
its specific heat. Accordingly, many further critical exponents are defined. But all
these relations follow from the assumption that the free energy density itself obeys a
scaling law near the critical point:

FT H) = |9V @ (H/|t]*"). (1.109)

This is of course a severe restriction, which is why criticality only appears in distinct
regions of phase diagrams. For example, in magnetic systems the behaviour of the
magnetisation m (for generality here assumed either to be defined per d.o.f. or volume)
can then be written as

(9f 1-u oy
~ 57 e = (=09) = @ _(0) (1.110)

for ¥ < 0 and m = 0 for ¥ > 0, which defines a further exponent

g=l-v (1.111)

w

We see from here that critical exponents are not all independent from each other and
it becomes a matter of convenience which to use as the basic ones. It is possible to
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derive more relations than eqn. between the different exponents so that there
remain only three independent critical exponents. Under a further assumption known
as hyperscaling (c.f. table this reduces to only two. For instance, we could take
them to be v and n and deduce all the others from these. The crucial point is that
the values of critical exponents come in sets, each holding for a variety of different
systems. The small number of different sets is referred to as universality classes and
one of them is represented by the Ising model. In fact there are other universal quan-
tities besides the critical exponents, as for instance the amplitude ratios between the
observables’ value on both sides of the transition, as they appear in the repsective
scaling laws. Systems in the same universality class exhibit the same macroscopic
behaviour at their transitions. Only very basic properties like the dimensionality of
a model and its symmetry can affect to which class it belongs. Apart from the Ising
universality class, two important other classes are represented by the XY and the
Heisenberg model, which can be understood as extensions of the Ising model. While
in the XY model, the spins are allowed to point in any direction in the plane instead
of only up or down, the Heisenberg model comes closest to reality by allowing the spin
directions vary continuously in three space dimensions. A table of critical exponents,
their meaning as well as their experimentally obtained values is given in table

Let us go back a step and reconsider what it actually means for a system to obey
a series of scaling laws. The property of these laws to preserve their form at all
scales implies that the systems they describe must appear to an observer identical
irrespective of where on the scale he looks. Most of the scaling laws in the description
of critical phenomena are formulated with respect to the dimensionless parameter
¥ = (T —1T.)/T.. This reflects the fact that the temperature itself comes with a natu-
ral scale associated with it in this context — the critical temperature 7,.. We have seen
the second characteristic quantity to be the correlation length €. This characteristic
distance also directly scales with ¥ and so we could reformulate every scaling law
in terms of it without doing any harm other than possibly rendering some of them
dimensionful. A change in the argument by a constant factor can then be understood
as the observer zooming into the system by the same amount. If the scaling laws
hold true, then he will see exactly the same picture. The system is self-similar. This
means, in conclusion, that £(T") cannot possibly be the only relevant length scale in
the system. If at some initial scaling level, say, the major fluctuations in the order
parameter are perceived to happen on distances of the order of &y, and, looking at
smaller scales, the same picture appears, then the most prominent fluctuations at the
new stage must happen at smaller distances of the order of £ < &;. This of course
means nothing else but that £’ was present from the beginning. Hence we realise that
systems obeying scaling laws in the vicinity of their respective critical point are af-
fected by processes happening at many different scales and the important observables
obtain contributions from the dynamics on all them. This is not at all a trivial physi-
cal insight and lies on the origin of a very general theoretical framework of addressing
problems in physics. The necessary set of diverse tools are summarised under the
name of renormalisation and need a separate discussion. In fact, renormalisation will
provide an answer to the question of how universality arises. One of the very first,
and at the same time, most convincing pieces of experimental evidence for universal-
ity is shown in fig.[[.2.2] This already displayed an obvious discrepancy between the
values calculated by formerly known approximation schemes such as the mean-field
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Figure 1.6: On the liquid-gas coexistence curve the mean-field theory predicts that,
when rescaled with respect to their values at the critical point, the temperature should
depend quadratically on the density. In contrast, the data displayed here suggests
a cubic dependence, which is what renormalisation group calculations predict. By
measuring this extremely similar behaviour of the different liquids near their critical
point, Guggenheim provided overwhelming evidence for the existence of universality
classes. (Reprinted with permission from [g].)

approach. Although inspired by the astonishing success of phenomenological theories
like Landau’s, renormalisation facilitates calculations which are able to predict, with
high precision, values for critical exponents that agree with experiment.

1.2.3 Renormalisation group approach

One possible approach to the study of renormalisation is to ask how a generic theory
changes when its smallest length scale increases. At first sight, this question might
seem rather academic and of little practical use. But already within the limited ac-
count given here it will become clear how such a coarse-graining procedure leads to a
better understanding of universality. A more detailed discussion can be found in [2]
or [7].

Developed by Kadanoff in 1966 [9] for the two-dimensional Ising model, the block-
spin method was one of the early approaches to the topic and it serves well in illus-
trating the basic ideas of renormalisation. The first step is to appreciate once again
the situation at temperatures T" near T.: The distance £(7T) at which the spins corre-
late grows rapidly towards the critical point. This also means that, given the lattice
spacing a, it should not be unreasonable to assume that there always is some integer
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¢ such that all spins separated by less than fa can be approximated to be acting as a
single unit. The condition would only be that

a<dlo<{(T). (1.112)

Then we can average over the obtained blocks I to obtain new spin variables S; that
assume the same values S; = +1 as the original ones. But of course, instead of
N, one is now left with N/¢? block spins. One also must not forget to rescale all
lengths that are measured in the lattice spacing. In particular, the correlation length
of the block spins will have decreased like £(T) — &'(T) = £(T)/¢ and so the newly
obtained system will be further apart from criticality. One step of blocking is depicted
in fig.[I.2:3] Intuitively, we expect a single coarse-graining step of this kind not to
affect the singular behaviour at the critical point because we know that that is due to
the long-range interactions at scales of (7). What in this case we take as a further
assumption, but in a more general picture appears as an approximation that can be
systematically improved, is that the original Hamiltonian may change under
the described spin-blocking only in its coefficients, i.e.

HEHl(Hth) —>H4(HZ,J4), (1.113)

but it will maintain its functional form. Inevitable for such a behaviour of the Hamil-
tonian under a change of fundamental scale will always be some rescaling prescription.
This is why the prescription for transformations of this kind is usually referred to as
a renormalisation scheme.

To make the notation more general, we write the set of coupling constants as K.
A general finite coarse-graining transformation on a system can then be expressed as

K' = R/K], (1.114)

where the transformation R, can and will often be non-linear. However, one requires
that a change of scale by ¢ = ¢¢ should be equivalent to two successive changes by /¢
and /,

K" = R;[K'] = R;- R/[K] (1.115)
and thus
R;K] = R;-RyK]. (1.116)

This last property explains the term remormalisation group, although strictly the
transformations Ry only form a semi-group as an inverse can in general not be defined.
An important property of renormalisation group transformations is that they admit
fized points K* for which

K* = R/K"]. (1.117)
For these particular values of the coupling constants the correlation length must obey
€[K"] = €[K") /2. (1.118)

This can only possibly be true either for {[K*] = 0 or {[K*] = co. Fixed points with
vanishing correlation length are called trivial and an obvious example is given by
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K = 0. The major insight however is that those fixed point with diverging correlation
length each correspond to a critical point in some phase transition. Therefore they
are called critical fized points. In fact, it is straightforward to see that all points [K,]
for which limy_, . RYY [K.] = [K*] must already have exhibited an infinite correlation
length, {[K.] = co. The set of all these point is called the basin of attraction of the
critical fixed point K* and its existence is responsible for universality. Although for
discrete models like the Ising model it does not seem beneficial, it is a generalisation to
allow ¢ to vary continuously. An infinitesimal renormalisation group transformation
is obtained from eqn. by setting £ — (14 ¢€) with € < 1. Labelling K, = R/ K;
one can define

dK; Ko — Ky

— =1 1.11
ar ~ o el (1.119)
to find that the flow equation becomes
dK,
= B[K,] (1.120)
dr
where 7 := In/ and the transformation B has been defined by
OR(110K
B[K, := ORaoKd| (1.121)
Oe o
Fixed points satisfy
B[K*] =0. (1.122)

Because eqn. is first order in 7, for given B, any initial point determines
the trajectory completely and in particular its endpoint at 7 — co. The basin of
attraction of a critical fixed point can thus be understood as a critical manifold.
Systems exhibiting critical behaviour correspond to points near but not on a critical
manifold. Following the renormalisation group flow, their correlation length decreases
and eventually one will be able to perform ordinary perturbation theory. Due to the
one-to-one correspondence between final and initial points of any trajectory not lying
on the critical manifold, one can then map the obtained results to the system one
started with. This, in short, is the virtue of the renormalisation group.

Finally, let us see how in principle the local flow behaviour ultimately gives rise
to scaling at the critical fixed points and how this connects to universality. Consider
K to be in the neighbourhood of the critical fixed point K*, separated only by 6K,
and another point K’ = K* + 6K’ generated via RG transformation R. Then we can
expand

K* + 6K’ = RIK] = R[K* + 6K]
_ Rk + ok - 2BK] + O(K?) (1.123)
8K K=K*

and hence, using VR[K] = OR[K]/IK|x_x to denote the vector gradient in coupling
constant space, we have

K' = VRK"] - K. (1.124)
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Note that in the earlier notations, B[K]| = (%—I;( ~VR1+€[I~{])|K:K. For simplicity,
we assume VR(K™) to be symmetric and having eigenvalues f3, corresponding to
eigenvectors ey,

VR[en] = fBnen, (1.125)

and rewrite 6K and 6K’ in terms of this basis:

0K = hpey,

0K = "he, (1.126)

Here, the coefficients h,, and h/, correspond to the scaling fields, or variables, from the
earlier phenomenological discussion of scaling. And indeed we can see this by noting

from eqn. that

bl = Bnhn (1.127)
and rewriting this as

h. = borhy, (1.128)

with §,, = In 8,/ Inb. In those directions n in which |h,| increases under RG transfor-
mations near the critical fixed point, that is for §, > 0, h,, is called a relevant variable.
If on the other hand d,, < 0, then n labels a direction in which |h,| decreases. In that
case h, is called an irrelevant variable and it will eventually tend to zero. Marginal
variables correspond to d,, = 0 and lead to logarithmic corrections to scaling. The
number of irrelevant variables is equal to the dimension of the critical manifold, while
the number of relevant variables is called its codimension. It equals the number of pa-
rameters that have to be tuned in order for the system to undergo a phase transition.
The central point is that each §,, that corresponds to a relevant variable determines
one critical exponent and because under RG group transformations all points on the
critical surface merge to the same fixed point, the critical exponents will be the same
for all of them. Each universality class is thus associated with one critical manifold.

Although one could in principle allow for further external fields, the Ising model
as we introduced it had coupling constants that were functions of 7" and H. both
of them had to be tuned to induce a continuous phase transition. Hence the critical
manifold was zero-dimensional — a point in the phase diagram.

The discussion in this section focussed on the real space renormalisation group to
provide an illustrative and immediate access to the main ideas. Equivalently and in
the same spirit, one defines a realisation in momentum space. Coarse-graining there
corresponds to integrating out those degrees of freedom with the highest momenta
and the renormalisation group flow is being generated by continuously lowering the
corresponding cutoff. While the basic ideas are the same, this approach enables the
development of direct, perturbative calculation schemes for the partition function,
that are of general applicability.
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Figure 1.7: The block-spin method is a simple example for a renormalisation group
operation. It means coarse-graining the 2d-Ising lattice by a factor of 2, shown here
for a representative 9 x 9-block. First, the magnetisation is averaged over 3 x 3 blocks
of spins to obtain a new lattice with twice the original lattice constant. Afterwards
one needs to 'zoom out’ by a factor of 2 to make the coarse grained lattice appear as
the original one.
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2. Non-equilibrium: Defect
formation

2.1 Fluctuation-Dissipation-Theorem

In this section a first attempt is made to study in greater detail the general effect of
fluctuations around the equilibrium of a classical field. By constraining ourselves to
small deviations, we will see that the relaxation behaviour to first order is independent
of whether the fluctuations are spontaneous or if they are caused by external forces.
The equations we obtain will be central to our aim of obtaining a time-dependent
Landau theory that will provide a suitable first handle to compare our results from
equilibrium to the critical behaviour of realistic systems. The general ideas contained
in the subsequent passages are developed in orientation along [I0], with the phase
space formulation of statistical mechanics employed there being translated into field
theoretic language here in order to match our way of introducing Landau theory.

We start by investigating the notion of a dynamical susceptibility for a real scalar
field @, for which we write the partition function as

Zy = /che—ﬁﬂo[‘l’] (2.1)

with a generic Hamitonian given by Hy. The expectation value of the field in equi-
librium is

@60 = [ D@ poft] 0(x) (22)
with the equilibrium probability distribution being
o e~ BHo[®]
= —— 2.
pl) = (23)

Fluctuations around this value can be introduced via perturbations to the Hamiltonian
so that

Hy — H=Hy+ H (2.4)

where the simplest form for H' we can assume is

H = —/ddx J(x)®(x), (2.5)
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the source term from the Landau discussion. In this context, J(x) can be seen as
an external force, or on a more technical level, a generalised Lagrange multiplier.
In contrast to averages (...)o computed in equilbrium as represented by eqn. 7
expectation values under the perturbed Hamiltonian will be denoted as

:/D@...p[cb] (2.6)
with probability density
o~ BH[2]
o] = 2.7
o) = —, (27)

where Z is the partition function from eqn. (2.2) with Hy being replaced by H. Asking
how small changes in J shift the field expectation value we calculate

(x') +0(J?))
)

) 5 [DPO(x)e BHo (14 8 [d2’ J(x')®(x) +
+0(?))

)
~0J(y)  [DOeBHo(1+4 3 [dda J(x')P(x!

5 Zo(®(x)), + ZoB(®( fddx'J(x’)@(x)> +0(J2)
6:](}’) Zo+ZQﬂ<fdd /J / >0+
5 /
~0J(y) [@( /ddw T >0

x)>0 / dta’ J(x) B x')> +o()
(9, - <q><x>>0<<1><y>>0+ou>}

[(@(x

(@60 = (@(x))o) (2(y) ~ (@(y))0) ) +O())

(6®(x)0®(y)), + O(J)

(2(x)2(y)) +O(J) (2.8)

1 |
D e @

C

where we have given a name to fluctuations around the equilibrium, §®(x) := ®(x) —
(®(x))o, and now recognise the (equilibrium connected) two-point correlation func-
tion, or susceptibility G(x,y) = x(x,y) = <<I>(x)<I>(y)>c that we already encountered
in equations ([1.91)) — (1.93). Taking the limit J — 0 in eqn. , we can then
expand (®(x)) in the following way up to linear order in J:

@) = (@0 + [ a1 7P|+ o

— (@ o+6/ddyJ.V) 5(x)50(y)), + O(J2)
— (@(x))o — HBEH'), + O(J) (2.9)

From here the conclusion is, that in a linear approximation for the perturbations, they
in turn only linearly affect the shift of averages away from the equilibrium values. This
is an example for the behaviour of system being captured within a linear response
theory.
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Now, we go on and wish to explore the relaxation properties of the system once
the perturbations have vanished. This means that now we have to consider an ex-
plicit time dependence in the field, ®(x) — ®(x, ). For simplicity, the perturbations
are assumed to be turned off instantaneously at the time ¢ = 0. That is, the new
perturbative part of the Hamiltonian will be

H, t<0

. 2.10
0, t>0 ( )

H'(t) = HO(-t) = {
As before, we will restrict the discussion to small perturbations, so that we can rely
on a linear approximation. Then, for ¢ < 0 the field expectation value reduces to its
time-independent form which we already calculated in eqn. (2.9). For positive times

however, ®(x,t) obeys Liouvillian time evolution determined by the unperturbed
Hamiltonian H(t > 0) = Hy:

0P

_— t =

8t (X7 )
where the field-theoretical Poisson bracket is

0Hy dHo 0Hy
{®(x,t), Ho} = 3B (x, 1) -V SV (x, 1) +at58t¢’(x,t)

{®(x,1), Hy}, t>0 (2.11)

(2.12)

Given a Hamiltonian Hy, the field configuration at ¢ = 0, denoted as ®;, will com-
pletely determine its configuration at a time t. So we can label the solutions to

eqn. by ®; and write
t
O(x,t; ®7) = Pr(x) +/ dt' {®(x,t"), Ho } (2.13)
0

We then obtain (®(x,t)) by averaging, with the probability density p[®;] at t=0,
over all initial field configurations ®; which have been evolved in time according to

eqn. :
(®(x,1)) = / Db, p[®7)D(x, t; Tr) (2.14)

From eqn. (2.9)) it follows that the difference to the equilibrium value at ¢ = 0 (or any
other ¢ < 0) has an expectation value of

(00 (x,1)) = (D(x,1)) — (2(x))o

—ﬁ/ddyJ B(x, 1)®(y, 0) Cfﬂ/ddyJ ¥)(60(x, )55 (y, 0))o
(2.15)

Note that ®(x,0) = ®(x) so that at ¢ = 0 we recover eqn. (2.9) exactly. Here one
identifies the relazation (or Kubo) function C(x,y,t) to be

C(x,y,t) = (B(x,1)2(y,0))c = (6D (x,1)0%(y, 0))o (2.16)

which is the analogue of G(x,y) but now measures not the correlation of fluctuations
around equilibrium in space but in time. Eventually the system is expected to reach
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equilibrium, so C(x,y,t — o0) = 0, and again we expect not to lose anything by
anticipating C(x,y, t,t') =C(x —y, t —t).

The meaning of eqn. is that the relaxation of a slightly perturbed system
back towards equilibrium is in turn determined only by equilibrium fluctuations. In-
terestingly, it does not matter whether the perturbation is spontaneously produced
or the result of external forces.

In order to measure fluctuations both in space and in time, the dynamical sus-
ceptibility x(x,y, t,t') is defined from the most general ansatz for a linear response

to an external perturbation, which is now allowed to have explicit time dependence
(J(x) = J(x,1)):

(5 (x, 1)) = / dly [ At (%, t,)J(y.t')
= /ddy /_O<> dt’ x(x,y, t,t')J(y,t') (2.17)

We have chosen here to write x(x,y, t,t') = x(x,y, t,t')O(t — t') in order to un-
derstand causality as contained in the susceptibility and not making it explicit in
the equations. For the non-dynamical susceptibility we found that in translationally
invariant systems it is only dependent on the difference of coordinates. We further as-
sume energy conservation, i.e. that translational invariance extends to the time coor-
dinate, and hence we can write x(x,y, t,t') = x(x—y, t—t'). For J(x,t) = J(x)O(—t)
as discussed above we can write

0
(6®(x,t)) = /ddy J(y, t)/_ dt' x(x—y, t =t
= /ddy J(y) /too drx(x—y, 7) (2.18)

Taking the time derivative
d
5P (x,1)) d%y J(y)x(x — d%y J(y
3 92(x, / yJy)x(x-y, t)=p / y )5

and comparing to the definition of the Kubo function in eqns. (2.15)) and (2.16]), the
conclusion is that the dynamical susceptibility is just proportional to the time deriva-
tive of the Kubo function

X(X =Y ) *ﬁ@( ) (X Y, ) (220)

Having established this result, we are not far from understanding how the relaxation
process for equilibrium fluctuations can be understood in dissipative terms. The way
leading there employs the analyticity properties of x(x,y, t,t').

In order to simplify the subsequent purely mathematical discussion, we make a
physical assumption. This is that the equilibrium fluctuations we wish to describe
are uncorrelated in space, so that we can write

X(Xv Y, t, tl) = 6d(x - Y)X(t) (221)

and thus limit the following discussion to a single point xg, denoting ®(xg,t) = ¢(t)
and J(xg,t) = j(¢), but also C(x—y, t —t') — C(t) by the same argument as for the

C(x,y,t) (2.19)
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susceptibility, leading to a specialisation of eqn. (2.20]) by our Gaussian approximation
to

X(#) = —B0()C (). (2.22)

This assumption means treating the fluctuations as a Gaussian field in space. How-
ever of course, although so in surprisingly many situations, it is not always justified
and more generally we should expect the susceptibility to be distributed in a more
complicated way than as given in eqn. . But we leave these cases aside for
the immediate purposes. The first thing we remember about x(t) is that it satisfies
causality, x (¢ < 0) = 0. This makes it possible to define its Laplace transform

x(z) = /000 dt x(t)e s (2.23)

which, as a function of the complex argument z € C is analytic in the positive half
complex plane, as the integral only converges for Res > 0 (assuming x(¢) does not
grow exponentially). However, it will turn out to be more useful to work with a
slightly modified Laplace transform, which corresponds to a rotation of eqn. in
the complex plane. We define

X(z):/O dt x(t)e®! (2.24)

which is now analytic in the upper half complex plane, i.e. for Imz > 0. From

eqn. (2.22)) it follows that

2) = /oodtC‘(t)eiZt 5 / it / & e

dw wC(w
= 2.2
ﬁ/ 2 z+w ’ (2.25)

where C(t) has been expressed by its Fourier transform C(w). This relation can be
seen as a dispersion relation for the susceptibility. We can regard x(z) as the analytic
continuation of the Fourier transform y(w) to the upper half complex plane and write

lim x(w +i€) = x(w). (2.26)

e—0t

Using this in eqn. (2.25)) gives
+oo d /
= lim g / W (w)

e—0+ 2w + w’ + i€
T dw'  W'O(W) im

where PV denotes the Cauchy principle value of the integral, which is a real number.
We also know that C(t) is an even and real function so that its Fourier transform
C(w) must be real. This lets us conclude that

Imx(w) = fg wC(w). (2.28)

43



With C(w) being the Fourier transform of (¢(t)¢(0))o, the right hand side of this
result is clearly a measure for the equilibrium fluctuations. The imaginary part of the
susceptibility can be shown generally to be responsible for dissipation in a system. A
rigorous discussion of this can be found in [I0]. For our purposes, it will be enough to
give only an intuitive understanding of this fact by the following elementary argument.

Consider an external force of the simple form j(t) = j, cos(wt) and write the
susceptibility x(¢) = Rex(t)+iImx(¢) = x1(¢) +i x2(t). We know that x1 (w) must be
even. Due to eqn. however, x2(w) will be odd. Further, the Fourier transformed
external force will be j(w') = 7 f,[d(w + W) + §(w — w')]. Bringing all this together,
we then have according to eqn. :

dw’ .7

Go(0) = [ at x(e - #)5(¢) = [ G xlwiw)e"
= %fm (X(*w)efm + X(w)e““t) =f, (Xl(w) coswt — xa(w) sinwt)
— (@) +xa(@)lw™a,) () (2.29)

Hence we see for this example that that part of the response being out of phase with
the driving force, and thus corresponding to dissipative contributions proportional to
0t7, is governed by Im x(w). With this argument in mind, we can now really appreciate
the content of eqn. , which is the classical version of the fluctuation-dissipation
theorem. We derived it in the approximation that the fluctuations in the field are
uncorrelated in space but in fact it can be generalised by modifying the ansatz from
eqn. (2.21). The statement that stays unaltered is that, for small perturbations around
the equilibrium, the fluctuations in the field are the immediate cause for dissipative
effects. As one would expect, this relationship is amplified for higher temperautures
B~1. Also, the relation is weighted by frequency, which means that correlations at
higher frequencies give rise to more losses than those at low frequencies.

2.2 Homotopy classes

In the preceding section it has been seen how causality limits the time it takes a
system to react on an external source of excitation, but in the same way also the
time it needs to relax back to equilbrium. Hence the conclusion must be that if a
critical point is passed too quickly, then it is possible for sufficiently distinct regions to
remain causally unrelated for an amount of time that has been long enough for them
to choose their respective groundstates independently, giving rise to the formation of
domain structures. Before the next section will provide a more detailed reasoning for
this in terms of the Kibble-Zurek mechanism, it will now be shown how the different
possible domain structures are categorised purely by their topological conditions.

When discussing the spontaneous breaking of a continuous symmetry group G to
some subgroup H, we identified the degenerate set of broken vacuum states as the
coset Mo = G/H and named it the vacuum manifold. In 1995, Kléman could show
[I1] that the conditions on the existence and shape of toplogical defects all follow
from the structure of My and in particular from its homotopy classes.

Consider first the simple case of Mg being a disc with a hole cut out of it. Starting
from any point ¢y € My, there will be different kinds of closed loops, some going
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around the hole and some not. If we identify those loops with each other that can be
deformed into another in a continuous way, i.e. without crossing the hole and thus
leaving My, then there will be a clear classification of loops by the number of times
they wrap around the hole. This number is called the winding number. Loops that
can be deformed into each other in the allowed way are called homotopic and together
form a homotopy class. Note that this classification does not depend on the point ¢q
we chose as the starting and ending point of the loops. A further observation is that
the different homotopy classes as a whole own a group structure. This can be seen
in our simple example by taking the group product to be the composition of loops.
Then, every loop will have an inverse which corresponds to the same loop but with
opposite orientation (i.e. reversely parametrised), while the identity is given by the
homotopy class corresponding to zero winding number, i.e. containing those loops
that do not go around the hole. If the classes comprise closed loops, the arising group
is denoted by w1 (M) and called the fundamental group. From our characterisation
by the winding number we note that if Mg has the form of a disc with a whole cut
out, then m (M) = Z.

The notion of homotopy can be generalised from closed loops to other and higher
dimensional closed surfaces which then give other homotopy groups. The mean-
ing of a homotopy class simply generalises: For a closed n-dimensional hypersurface
(") containing ¢g, the corresponding homotopy class will comprise all other closed
n-dimensional hypersurfaces ¥’ that also contain ¢g and can continuously be de-
formed into $(").

One example is the second homotopy group ma(Mp). Its elements are the homo-
topy classes of maps from the two-sphere S? into M. mo(M,) consists of classes of
maps from the S° to M. As S° only includes two points (it is the boundary of a
line segment), mo(My) effectively counts the number of disconnected pieces in M.

It belongs to the immediate conclusions of these observations that domain walls
can only exist when the vacuum manifold is disconnected, i.e. mo(Mj) is not the
trivial group. If My is not simply connected, which means there are non-shrinkable
loops as described above and so w1 (M) is not trivial, then strings can form. Further,
monopoles can exist if mo(My) is non-trivial.

For our example of a broken U(1) symmetry, the stability group was trivial and
so we found Mgy = U(1). The circle U(1) =~ SO(2) is connected but not simply con-
nected and so we expect strings to appear from such a transition. As we will observe
later, they become manifest in a continuously varying phase along the circle in space.

From the analysis of homotopy groups follow further major insight to all of which
we may only refer here. Much of them rely on the simplification that the vacuum
manifold can be written as a coset. In particular, stability of the various topological
structures is addressed but also the means by which composite defects can emerge
from sequences of phase transitions.

2.3 The Kibble-Zurek mechanism

Zurek and Kibble (Z&K) were the first to develop a possible scenario of how contin-
uous phase transitions might be realised in systems that cannot be approximated by
the standard framework of equilibrium statistical mechanics, which could be the early
universe or condensed matter systems. For the original work, see [12], [13], [14]. The
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Figure 2.1: While the adiabatic correlation length &,4 diverges at
the critical point, causality prevents the true correlation length to
do so. Assuming it grows as fast as possible, its shape will be given
by £ in relativistic scenarios, or £’ if the causal speed is smaller than
the speed of light.

basic argument begins with realising that in real systems the correlation length & will
stay finite, deviating from the equilibrium value in the critical region. The predic-
tion of a diverging correlation length like in eqn. relied on adiabaticity. But
in reality, the temperature cannot change infinitely slowly. Moreover, the speed at
which correlations propagate in a system must be bound by the relevant finite causal
speed in the respective medium, which could be the speed of light or sound. Thus in
essence, it is causality that puts the major bounds on the validity of an equilibrium
description of phase transitions. In conclusion, there must be a maximum correla-
tion length £. This has fundamental consequences for the realisation of symmetry
breaking in the order parameter. If different regions in a system cannot communicate
changes in the order parameter fast enough to keep up with the speed at which the
external conditions change, then it becomes inevitable that spatial domains form, of
which each will minimise the energy, but will correspond to a different point on the
vacuum manifold My and hence show a different value of the order parameter. While
the type of defects that can form is completely defined topologically, their spatial
distribution is random and can even be subject to further evolution governed by new
dynamics appearing after the transition. The prediction of their density however can
be attempted and a first handle is provided by the approach of Z&K. The prediction
of defect densities is of great interest in the cosmological setting, where the hope is
to gain a better understanding for the role of strings in the early universe. Due to
the fact that the qualitative description is identical, there exist the great hope that
experiments with condensed matter systems might yield insights into the era of the
universe where the known forces were unified.

Imagining the change in temperature of a system given by a function 7'(¢) in time
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with T(0) = T¢, we can write

€= &a(T(H)) (2.30)

with &4 being the equilibrium correlation length with predicted pole at 7' = T,. The
question then becomes what the time f is, or equivalently, when the real dynamics
diverge from the equilibrium ones. First it is assumed that T changes at a charac-
teristic scale 74, which is called the quenchtime, and can be defined to be the rate of
change in temperature at the critical point:

-1 T dT

T, =

—T.— 2.31
q “dt (3)

T=T,

A linear quench would mean Ti;, (t) = Tc(1 — t/74) but other quench forms are con-
ceivable and their relevance has to be discussed. An upper bound on ¢ is given by
the time - > f at which the growth of the equilibrium correlation length exceeds the
relevant causal speed ¢ in the system

d€eq
dt

=c. (2.32)

t=t~

t~ actually becomes a good estimate for # in the early universe but in condensed matter
systems the dynamics of the order parameter significantly refine the constraints merely
inferred from causality. One therefore refers to the relaxation time 7 of the system
as a second time scale, for which the equilibrium value is known to obey a similar
diverging power law as the correlation length:
70

ch(t) = 79(1/_)”2

(2.33)

The reduced temperature is her for convenience taken to be ¥(t) = |T'(t) — T.|/Te,
and 7q is the relaxation time far from the critical point. The true value 7 stays finite
but will still grow faster than 9. Z&K suggest to approximate ¢ as the time when
the relaxation length first grows above the time left to reach the critical point. This
instant is referred to as the freeze-out time. At {, it is still reasonable to approximate
T ™ Teq and so we can set

S O N (2.34)

o(e)r= (/1)

At the same time, the definition of the quenchtime can be exploited,

. 9
do/dt|,_;’ (2.35)
so that an estimate for the dependence of ¢ on the quenchtime is possible as
e~ (TquZV)H'% . (2.36)

We assumed 9() ~ —#/r, and by combining this with eqn. (2.36)), the correlation
length at ¢ will be

§(T(1) = 50(2’)) o (2.37)
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with & = €eq(t < ). Both & and 7 are parameters specific to a particular system
and are often only determined by experiment. For short enough quenchtimes, the time
spent in the vicinity of 7, is small enough to assume &(T(f)) = &(T(—t%)), which is
known as the impulse approrimation. In this case, the domains will be essentially set
immediately after passing through the critical point and their typical seperation can be
well approximated by the correlation length &(f) at freeze-out. This is especially true
when temperatures are small enough to prevent thermal fluctuations from changing
the order parameter value for whole domains. If this is not the case, then a second
length scale must be introduced, which will modify the result in eqn. and is
defined by the correlation length at the time when temperatures have fallen far enough
to meet the above condition (c. f. [I3]). Our concern however is the condensed matter
side where we can rely on eqn. @ . In a d-dimensional system with characteristic
linear length L, the Z&K prediction for the behaviour of the final defect density
resulting from a quench is then given by

Ll .
np x m o T, (2.38)

v
1+42zv°

where we have renamed o :=

2.4 Departure from scaling

While the Kibble-Zurek picture tries in some extent to convey the scaling behaviour
from equilbrium transitions to the non-equilbrium situation, in the following will be
shown that this cannot be true for all circumstances. Oriented along [I5], the analysis
is conducted for the case of a generic real scalar field theory in 14+1 dimensions and
applies directly to the Zs breaking case. Nevertheless, similar considerations are found
to be applicable to the U(1) case [16], and are expected to also be important for the
Z breaking in Josephson Junctions.

In order to estimate the final defect density it is sufficient to start the observations
in the broken phase, so that the field ¢(x,t) faces a potential

2 A
V(g) = —%¢>2 + Z¢4 (2.39)

with positive p. At any time ¢ in the evolution, ¢(x,t) corresponds to a certain
configuration ®(z) in space for which the equilibrium values lie at the two minima
of V. Because none of them is preferred, at late times ®(x) will exhibit a domain
structure in which a transition between one potential minimum to the other must
be accompanied by crossing ® = 0. This type of domain wall is called a kink when
®'(z) > 0 at the transition and an antikink when ®'(x) < 0. There are therefore
two different relevant quantities: The total number of kinks plus antikinks and the
topological number of kinks minus antikinks. Enumerating the zeroes of ® at a given
time by x = x1, 9, ... the corresponding densities are, respectively,

plr) = Z 6(z — ;) (2.40)
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and

p(x) = Z 0:0(x — x;) (2.41)

with ¢; = sign(®’(z;)). In terms of ®, these translate into

ple) = 8[@(x)] |2/()| (2.42)
and

ple) = [0 ()9 (z). (2.43)

To each configuration ®(x) at a time ¢, we can ascribe a probability p;[®] that it
will correspond to the true realisation of ¢(z,t). The ensemble average (O[®]); of a
quantity at ¢t then means weighting by these probabilities. If the broken symmetry is
exact, kinks and antikinks are expected to appear with equal probabilities so that

(pla))e = 0. (2.44)

Their total number however will be non-zero and obey

n(t) = (p(z))s
_ / D p, [ 85[0 (2)] @ ()] > 0. (2.45)

How the zeroes of the field distribute is best described by the correlation function for
the topological density

Cla; t) = (p(x)p(0))s
Dd

pi[®] §[@ ()] 5[®(0)] B (x) D' (0). (2.46)

Note that defining a corresponding quantity for p(x) will not be as useful because it
does not capture the fact that a kink can only be followed by an antikink and vice
versa. In this sense, p(x) must be considered the more natural quantity. We evaluate

C(z; t) by taking from eqns. (2.40) and (2.41)) that

p(x)p(y) = p(x)d(x —y) + Y _ 0io;6(x — 2:)5(y — i) (2.47)
i#j

and defining

Clrx—y;t):= <ZJin5(=T — )0y — y1)>t (2.48)
i#]

so that it follows:

C(z; t) = a(t)d(z) + C(z;t) . (2.49)



The condition that the integral of C(x;t) over the whole space must give zero can be
thought of as charge conservation:

+o00
/ dz C(z;t) =0 (2.50)

This constraint simply reflects the circumstance that kinks and antikinks appear with
equal probability. Using it on eqn. (2.49) implies

+oo
/ da C(z; t) = —a(t), (2.51)

— 00

which settles formally what could have been inferred already from eqns. and
(2.49)): The density correlation function C (z; t) splits into a strictly positive diagonal
and a non-diagonal part that is largely negative.

On some finite interval € [0, L] we find the topological charge

L
ng = / dz p(z), (2.52)
0
which, in the case of a broken Zs-symmetry can only assume three values, namely
ng € {—1,0,1}. By virtue of equs. (2.49) and m, its variance becomes
(Ainp)? = (n2)e — (nr)i = (ni)

/dx/ dy (p Y))e
+/0 do:/o dyClz — y; t)
——/;:de /OLdyC(x—y; t), (2.53)

which due to vanishing average, is equal to the probability of the topological charge
being either +1 or —1, or equivalently the probability that there is an odd number of
zeroes in the interval [0, L]. As C(z; t) = C(—=x; t), we can rewrite eqn. (2.53) as

L 0 o) L
(Amy)? = —/ dy/ deC(y — x; t) —/ dx/ dy C(x —y; t)
0 —o0 L 0
L 0 o'} 0
—/ dy/ dz C(y — x; t)—!—/ dx/ dyC(z —y; t), (2.54)
0 —0o0 0 —L

where in the second term both integration variables have been shifted by —L. Thus,
the variance (Ayn;)? changes with L as follows:

A )Z—d[—/Ld Ol t) + nt} (2.55)
517 tnr =1 _Lx T const. .

with those terms suppressed as const. that are independent of L. Taking one further
derivative results in a relation between correlations in the defect density and the
variance of the topological charge:

d2

S (Aim)? = —20(L; 1) (2.56)
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Two extreme cases can be distinguished. For perfect correlation, the zeroes are located
equidistantly with some seperation £(¢). Then C(z;t) is a sum of delta functions with
alternating sign while (A;nz)? has saw-tooth shape. However, more interesting for the
purposes of this work is the opposite limit of independent zeroes, Poisson-distributed
with a mean distance of £(¢). In this case we expect that on average L/(£(t)/2) zeroes
will be found in the interval [0, L] so that

(Anp)? = (n2); = e 2L/EM /o (2.57)
and from eqn. ((2.56) it follows
C(L; t) = —e 2L/E0 Je()2 (2.58)

For large intervals L >> £(t), this tends to zero so that we can estimate (A;ng)? =
(n2); = O(L/€), i.e. alinear dependence of the expected squared number of defects on
the interval length. This results should also be valid for periodic boundary conditions
as their effect will vanish in the limit of large L. On the other hand, if the interval
we are interested in is as short as L << &, then we can expand C(L;t) in powers of
L/¢ and find (n%); ~ O(L?/£?). However, in the case of small L, periodic boundary
conditions must be expected to make this last estimate invalid.
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3. Representatives: Zo, Z and
U(1)

3.1 Emergence of criticality

3.1.1 Ion chains

One important test field for the study of non-linear dynamics in many models of statis-
tical physics is provided by systems of equally charged ions that are spatially confined
in Pauli or Penning traps [17] which, depending on their various architectures, gen-
erate suitable electromagnetic fields that can be described as effective potentials in
which the ions distribute. Laser cooling is employed to extract kinetic energy from the
ions and thus regulate the temperature of the system. While at high temperatures the
ions are found to be in an unordered configuration, at sufficiently low temperatures
they form Wigner-like crystals of which the shape is determined by the Coulomb in-
teraction between the ions [I8]. Importantly, during the last two decades it has been
recognised that in response to a variation of the trapping potential, the trapped ion
chains exhibit structural changes that can be described as non-equilibrium continuous
phase transitions [19] and as such are subject to a comparison against the predictions
of the Kibble-Zurek picture. In the following, only one-dimensional systems of this
kind will be reviewed, for which crystalisation means that the ions settle in equidistant
positions on a line, each of them well-described as being in some low-energy, only-
vibrational state. Both linear and circular chain configurations are studied. While
the critical behaviour is expected to be identical, each of them introduces distinct
experimental challenges and in particular the actual realisation of the transition is
different.

The study of linear chains is usually constrained to a relatively small number of
ions, N being of the order of 10. This is due to density gradients that inevitably
develop towards the centre of the chain where the axial trapping potential is lowest.
Inhomogenieties like this gain importance with increasing chain length and quickly
make the crystal model invalid. Usually, like recently done in [20], the structural
transition is then induced by willingly increasing the axial while keeping constant
the transverse confinement. At a critical point, the so augmented Coulomb repulsion
between the ions leads to a break up of the linear to what is usually called a zig-zag
structure — a configuration in which initially neighbouring ions oppose each other.

More suitable to study the behaviour of larger number of ions are circular chains
that are preparable in multipole traps (e.g. [21], [22]) or storage rings (e.g. [23], [24]),
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which constrain the trapping potential to the plane perpendicular to the axis and
hence are capable of creating homogeneous chains much closer to the thermodynamic
limit and admit the study of periodic boundary conditions. Circular chains assume
a zig-zag structure when the transverse trapping potential is lowered below a critical
value.

For both the linear and the circular chains the global form of the zig-zag configu-
ration after the phase transition is determined by the shape of the transverse trapping
potential.

If the transverse potential is strongly anisotropic, i.e. the confinement in one of
the transverse directions can be neglected against the other, then the zig-zag structure
is in fact a plane bordered by two chains which have emerged form the initial one,
each cousisting of ~ N/2 ions separated by ~ 2a if the initial lattice constant was a.
Defects are identified at lattice sites where this planar zig-zag order is broken.

If the transverse potential is rotationally symmetric around the chain axis, then
the local zig-zag structure globally has to be seen not as a plane but as a double helix
that will have inherited a number of twists from the transition. These are captured
in a winding number that can be taken as a measure for the defect density.

While the case of an anisotropic transverse trapping potential can be viewed as
an instance of spontaneous Zy symmetry breaking, in the axisymmetric situation a
U(1) symmetry is being broken. These are precisely the two generic situations that
we have encountered earlier when presenting the Ising model and Landau theory. In
the rest of this section we will see how the description for a typical realisation of an
ion chain [25] continues this correspondence by deriving for this representative system
the equations that govern the dynamics of the order parameter for phase transitions
in this universality class.

The typical potential U for a chain oriented along the z-axis and consisting of N
ions, with mass m, charge ¢ and coordinates r; = {z;,y;,2;} can be written most
generally as

m & 11 q>
U=— w2x? + wy? 4+ w22? — = —— 3.1
2;(z1+ yy1+ zl)+ 4W€02i;1|ri—rj|’ ( )

when applying Gaussian cgs-units. While the second term accounts Coulomb poten-
tial of the configuration, the first term represents the common approximation that
the trapping potential be harmonic in all of the three directions. For the purpose of
the following analysis we will focus on circular chains and set w, = 0. Also we will
ignore the case of a weakly anisotropic transverse potential. The axisymmetric case

is obtained by specifying only one transverse frequency w := 4/ wg + w? so that we
have

m 1 & q>
U=— 2R+ 22+ = —_— 3.2
Ql;w (yz+zz)+2i;1‘ri_rj| (3.2)

From there we will finally be able to obtain the limit of strongly anisotropic trapping
by setting either of the transverse direction y;, z; to zero. Solving for the ground state
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configuration {r;} by setting

oUu
— _. Vi 3.3
Or; Ti=ri ! (3:3)
one finds [20] a critical frequency
7¢(3
we = 7C2( ) wo , (3.4)

where ¢ denotes the Riemann zeta function and wg = 4/¢?/ma? is a characteristic
frequency. While for w > w. the potential is minimised only by y; = z; = 0 Vi, when
w < w, the ground state configuration has zig-zag shape. Note that it should be
anticipated that condition eqn. will not completely determine {F;} but instead
give rise to a free parameter corresponding to a massless Goldstone mode. Because
it is a real system (c.f. M in ﬁg., instabilities in the ion chain grow already at
values of w; slightly above w,, also all others observable consequences of the precise
mathematical description of phase transition in the thermodynamic limit will never be
exactly present. But once having accepted the hypothesis that this structural change
in the ion chains corresponds to a continuous, symmetry breaking phase transition one
can at this point adopt a phenomenological point of view and apply Landau’s effective
continuum description to this one-dimensional problem as long as the corresponding
order parameter, which we will in this context call A(z), varies on scales much larger
than the lattice spacing a. This condition is indeed satisfied when A(zx) is taken to
describe the position of the ion chain measured from the z-axis, i.e. A(x) =y +1iz.
This is a valid choice of order parameter when the initial stable chain is taken to lie at
x = 0, so that then the expectation value for A(x) will change from zero to non-zero
value during the transition. In the Zs breaking case of strongly anistoropic transverse
confinement A reduces to be real-valued, while for rotational symmetry it has to be
complex in order to capture the U(1) breaking. Then, the angle 6(x) := arg A(z) gives
the angular position of the chain at x. The precise analysis of this exact situation has
been done already when introducing Landau theory.

A correct Lagrangian L(A, A*) should be reconcilable with the expected dynamics
resulting from eqn. . Either by making a phenomenological ansatz for the energy
of a particular configuration or simply by writing down the most general form for the
Lagrangian of a complex scalar field and afterwards adjusting the parameters, one
finds in the vicinity of the critical point [26]:

L(A, A*) = /dzL‘(A(:c,t),A*(x,t))
- % /dx [ 19, A2 — k2|9, A2 — 8 A2 — g|A|4 } (3.5)

with the first term being kinetic and all others corresponding to the (negative) po-
tential, and where the (x,t) dependece has been suppressed. The equation of motion

for A is
oL oL
0= 4 ~ by a“a(a,A*)

p=t,r

- % [ — (6A+ g|APPA) — (0,A — hQagA)] , (3.6)
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where § = w? — w? plays a role equivalent to that of the chemical potential in the

discussion of Landau theory and h, g are some realisation-specific constants of which
the precise value is not central to the following discussion. Eqn. extremises
the action S = [dtL, and thus so far we only describe an equilibrium situation.
However, we know that fluctuations will be present and that they may have multiple
causes. Internal sources can be of quantum or thermal nature. And among the many
possible external influences that arise in an experiment will certainly at least be small
variations in the trapping potential. With the justification that the fluctuations will be
attributable to a variety of effects, one customarily makes the Gaussian approximation
that was presented in sec. And thus without making explicit reference to the
details, one takes into account the Fluctuation-Dissipation theorem by adding two
further terms to eqn. — one that acts as a stochastic force term e(x,t) and at
the same time another one which implements dissipation of some intensity 7 into the
system. According to eqn. , at a temperature T, in the Gaussian approximation
their relation is given by

(e(x, t)e(@' 1)), = 2nkpT 6(x — x")o(t — 1) (3.7)
where

(e(x,t)), =0 (3.8)

and the averages are taken in equilibrium, analogously to eqn. (2.3)). Including fluc-
tuations in A in this way, eqn. (3.6) becomes

0F — W20 + 1Dy + gl A(w, )2 +6() | Al t) = e(a,), (3.9)

where ¢ has been been made time-dependent to refer to a process in which a phase
transition is imposed externally by tuning the trapping potential. An equation of
this type is known in the literature as a Langevin equation. In strongly dissipative
situations (large n) the relaxation of the systems happens on a time scale much larger
than the scale at which fluctuations take place. In that case the second time derivative
can effectively be neglected and one obtains instead a first order differential equation
in time. Given an inital configuration, differential equations like ([3.9) are usually
considered impossible to solve analytically. An attempt to extract at least some
information in terms of the critical exponents is given by the Kibble-Zurek approach.
The numerical investigation in the last section of this work will address how far this
is possible.

3.1.2 Superconductors

A microscopic explanation of superconductivity has been provided by Bardeen, Cooper
and Schrieffer in 1957 [27]. Their fundamental insight was that in a solid below a crit-
ical temperature T, valence electrons with opposite momenta can form boundstates
via interaction with the lattice phonons to give rise to bosonic quasiparticles. These
Cooper pairs have twice the elementary charge and can condense in a single state.
Ginzburg and Landau had been unaware of the underlying microscopic dynamics
when, years before, they had already realised that near the critical point, the essential
behaviour of superconductors can also be understood in terms of a single macroscopic
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wavefuntion due to similar ideas as presented in sec.[I.2.1] but additionally respecting
the dynamics of the electromagnetic gauge field. Gorkov then showed in 1959 that
the Ginzburg-Landau theory is not merely phenomenological but can be derived in a
limiting procedure from the microscopically underlying BCS theory of superconduc-
tion. It is this what justifies a description of the superconducting phase transition in
terms of the Ginzburg-Landau theory and in fact, the macroscopic wavefunction has
the role of the corresponding order parameter. Its form is

U(r,t) = /n(r, t)el®) (3.10)

where the squared modulus equals the Cooper pair density n(r,t), i.e. the fraction
of electrons that has condensed into the Cooper pair state. When a superconductor
cools down across its critical temperature, this number rises from 0 to 1. For type-II
superconductors, the transition is continuous and it is induced by the spontaneous
U(1) gauge symmetry breaking by which the vector potential loses its local U(1)
invariance. Once phrased like this, the Meifiner effect, which is the expulsion of mag-
netic flux from the interior of a superconductor, does not appear as a phenomenon
separated from the one of vanishing electric resistance. Together they are merely the
two sides of the same coin signifying the breakdown of electromagnetism’s local U(1)
invariance. Each phase ¢(r,t) in corresponds to one choice of gauge.

In superconducting rings, an additional global U(1) symmetry arises due to the
requirement of a single-valued order parameter which, when being spontaneously bro-
ken, can give rise to flux trapping during non-equilibrium transitions. Hence, annular
configurations of superconductors provide a further test-field for the predictions of
Z&K in the laboratory. For thin rings, the order parameter can be viewed to ef-
fectively vary in only one dimension, where magnetic fields become non-dynamical.
Then, under idealised experimental conditions, not only the same critical behaviour
has to be expected from annular superconductors as for ion chains trapped in an
isotropic transverse potential as described above. But in fact, these two experimental
situations will be captured to a good approximation by the same theory — ¥ will take

the same role as A in eqn. (3.9):
[af — h20% 4 0, + gn(a,t) + 5(t)] U(z,t) = ez, 1) . (3.11)

It is a remarkable fact that at the same time, there exist situations in which ¥ is
sufficiently understood by ordinary quantum mechanics. A prominent example is
given by Josephson Junctions.

3.1.3 Josephson Junctions

When two superconductors are linked by a small region of vanishing superconductiv-
ity, there might still be a supercurrent observable between them. If this is the case,
then the configuration is called a Josephson (Tunnel) Junction, due to Josephson who
first described the responsible mechanism in 1962. The connecting barrier can be un-
derstood as a weak link and might be an insulator, a regular conductor or a purely
geometrical obstruction. Irrespective of the realisation, very similar equations hold.
It will become clear that the Josephson effect is a macroscopic quantum phenomenon
and Josephson Junctions can have considerable spatial extent, at the micrometer
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scale. It might thus not surprise that their common description borrows the notion of
the macroscopic order parameter (3.10). But here, ¥(r,¢) can be treated as an ordi-
nary quantum mechanical wavefunction of a single particle obeying the Schrodinger
equation

ov

ihs - (r,1) = HU(r, 1) (3.12)

in the presence of an electromagnetic field, with the Hamiltonian
H = (—ihV + eA)?/2m — e®, (3.13)

m and e being electron mass and charge. A and ® are vector and scalar potential,
transforming together with ¥ as

U — PeX
1

A — A+ -Vyx
e

o o LI (3.14)

Independent of the gauge remains the current density j that flows in the supercon-
ductor and which is given by

i t) = % (thb(r, t) — 26A(r,t)) (3.15)

where e and m are electron charge and mass and A(r,t) is the gauge field. This form
can be derived from the Lagrangian formulation of field theory or, even simpler, by
considering the continuity equation

on
3 — 1
V-j+ : 0 (3 6)

together with the Schrodinger equation.

We shall not overuse this quantum mechanical viewpoint because the focus of this
work lies on classical effects in phase transitions. Nevertheless, it provides immediate
access to an understanding of Josephson Junctions.

In order to investigate the Josephson effect, we consider two superconductors,
with wavefunctions ¥; = \/ﬁeﬂ)1 and Uy = \/TTQGd)Q, separated by a distance d. As
d decreases and reaches the nm-scale, the flow of ordinary electronic current will be
observed. But if the separation decreases even further (d < 3nm [28]) then ¥; and
W, have an overlap and a flow of supercurrent, i.e. of Cooper pairs can be registered.
Feynman’s approach to a quantitative description [29] assumes a linear coupling be-
tween the two Schrodinger equations and, after simple algebraic manipulation and
treating real and imaginary parts separately, arrives at the Josephson equations:

J = Jjosin(y) (3.17)
de B
L 2/ (3.18)
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The first relation states how the current density j = |j| across the junction depends
on the gauge independent phase difference

2¢ [?
g0:¢2—¢1—€/1 dr - A. (3.19)

It is also known as the DC Josephson equation, as opposed to the second, AC Joseph-
son equation which relates the rate of change in ¢ to the voltage V applied to the
junction. The characteristic quantity jgo is proportional to the coupling strength
K between the superconductors and the Cooper pair density in the vicinity of the
Josephson junction ng:

It has to be stressed that the Josephson equations only capture the effects caused
by Cooper pair tunneling through the junction. Geometrical effects as well as the
contributionj coming from single electron flow need to be considered separately. An
expression for the full current

J=j+j (3.21)

is derived in [30] where in conclusion the expression for the overall current density J
across the junction takes the form

1 1
J = Jy si —_—
osine (Ro(V) TR

cos @)V : (3.22)

The first term originates from the tunnelling of Cooper pairs, whereas the second
and third terms take into account classical and quantum contributions respectively,
Ry (V) and Ry (V) being voltage dependent parameters specific to geometry and ma-
terial. The aim now is to find out about the full dynamics of ¢ throughout the barrier.
The presentation below is largely oriented along [28].

We first consider a typical geometry, as depicted in fig. ??. The two superconductors
lie in the (z,y) plane. The insulator between them is taken to be of rectangular ge-
ometry with side lengths (L, Ly, L,) in the three spatial dimensions. Furthermore,
now we allow for an external magnetic field H 1z to be applied in the junction plane,
which will decay exponentially from the surface towards the bulk of the superconduc-
tors, on a length scale given by the London penetration depth Ar;, i = 1,2. This
is also where the supercurrents sit. We then define the distance characterising the
thickness of the Josephson Junction to be d = L, + A\; + A2. Taking an appropriate
contour for the integration of (see fig. ?7) and assuming L, /\; < 1 the gradient
of the phase difference becomes (in Gaussian cgs-units)

The junction is a non-superconducting area, where we can invoke Maxwell’s equations.
Ampere's law reads

. 0D
H=j+— 24
V x j+ 5 (3.24)
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Figure 3.1: Schematic view on a Josephson Junction and the inte-
gration path to derive H- dependence of ¢.

where in a preliminary approximation the low frequency limit %—]t) ~ 0 will be suf-
ficient. Further assuming Ohm’s law with isotropic electrical resistance R in the
junction region, i.e. E = Rj, it follows that

E=RVxH. (3.25)

Taking the divergence on both sides, we realise that V - E = 0 in the junction, as
it should be because (V -V x ...) = 0. But we can use this tautology by specifying
H = (H,,H,,0) as proposed above and thus extracting

oF, 0’°H, 0°H,
= — — 2
0z R < 0z0x 020y ) (3.26)
or, after integration,
_ Ult,z,y) 0H, 0OH,
Be= -5 +R< i (3.27)

with a z-independent function U. Now the crudity of the low frequency limit becomes
obvious — neither V' nor H are in principle constrained in their time behaviour. At
best, H might be arranged for to vary slowly in time under experimental conditions.
Treating any results from here on with precaution, we insert the last equation back

into (3.24]) to obtain

O\ (02H, OH,\ e oV
Ja = <1 * 6R8t> (826w B 8z8y> L. ot (3:28)

which has to be equated to (3.22)). Recalling (3.23)) and defining
1

A= 3.29

J \/26dj0 ( )
L,

cs =1\l <; (3.30)



this leads to
o[ o2 0? 1  cospl| O 1 02 1
1+eR—||l==+ == — | = d— — === | = —si . (3.31
([ e 6t} [8952 * 8y2} {RO TR } o &2 a#)‘” N, Sne - (331
The Josephson coherence length A\; and the Swihart velocity cg together yield a
characteristic time scale at which the dynamics happen. This plasma frequency is

)
Q=1 (3.32)

Rescaling time and space with respect to 2 and A, and introducing the three dimen-
sionless parameters

L,

a="2 (3.33)
€w
B = eRQ (3.34)
Ry
== 3.35
= (3.35)
we finally arrive at
Op + BAY — a(l + kcosp)p =singp, (3.36)
where ¢ = 9¢/ar and
82
O=——+A 3.37
e (3.57)
0? 0?
A= & :
TR (3.38)

Our result is the Perturbed Sine-Gordon Equation (PSGE) and it approximises the
dynamics of the electron plasma in the junction in terms of the gauge invariant phase
difference between the order parameters of the two adjacent superconductors, in the
presence of an external magnetic field and with the given geometry. It incorporates a
Z-symmetry, which is seen from the fact that it is invariant under a constant shift of
¢ by any multiple of 27. Without dissipation, the PSGE reduces to the Sine-Gordon
equation

Oy = singp (3.39)

which differs from the Klein-Gordon-equation (KGE) for a relativistic real scalar
field, Op = 0, only in the additonal sine-term, thus giving reason to the similarity
yet difference in name. It has to be stressed that the SGE is still a Lorentz invariant
equation, the speed of light in vacuum only replaced by the Swihart velocity cg.
But of course, the PSGE involves a dissipative term, which had to be expected as
soon as we included usual electrical conductance. In fact, by only thinking about a
Josephson junction, we made the premise of broken superconductivity. Least easily
understood remains the mixed derivative term ~ A¢p, which further adds to the
complexity of the dynamics of . Some first insights are obtained by considering the
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limiting cases.
The static solution ¢g of the PSGE is easily seen to obey

Apo = singpy , (3.40)

which for small phase differences ¢ < 1 and after restoring units has exponentials as
the fundamental solution,

+(zty) —(z%y)
po(z,y) oce Y2 e VP (3.41)

with four coefficients determined via by the derivatives of H at the boundary
of the junction.

A second case is immediately accessible. This is for small junctions, i.e. L; < Ay,
 may be approximated by a constant in space which oscillates in time, as realised
after restoring units, with a frequency w;

2o
W"‘WJSHIQD:O. (342)
For small amplitudes as considered above already, a harmonic oscillator is recovered,
with solutions of the form (3.41)) but with imaginary exponents.

The system of immediate interest to us is a long and narrow Josephson Junction,
which can effectively be treated as one- dimensional in space. As already seen in the
case of ionic crystals, one accomodates for fluctuations in ¢ by adding a random force
term e(x,t) to the equations of motion, which is supposed to approximately obey
equns. and . Furthermore, one usually neglects those terms in the PSGE
that contain either mixed derivatives or are of quadratic order in ¢, as these are
expected to only contribute negligeable contributions to the dynamics in the vicinity
of the critical point. This means effectively setting & = k = 0. As a result of these
additional considerations, the dynamics of the Josephson phase in a realistic system
are expected to be sufficiently described by

(02 = 07 — ndu)p(,t) — jo(t) sinp(z,t) = e(z, 1), (3.43)

where the critical current jo(¢) through the junction appears explicitly again.

3.2 Simulations

3.2.1 Preliminaries

Accompanying the experimental observations of defect formation, many numerical
simulations have been performed in the field. Most of them could confirm the scal-
ing exponents predicted by Z&K for large parts of the parameter space. However,
apart from numerical anomalies which are usually attributed to finite-size effects,
substantial deviations from scaling were observed that are assumed to extend Z&K
qualitatively, supported by analytical approximations. Specifically for the three sys-
tems mentioned in the preceding chapter, Z&K suggests that the (inverse) correlation
length — and thus the number of defects — should scale with the quenchtime via an
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exponent 0 = 1/4 (c.f. eqn. ) But in a number of publications a doubling of the
exponent was proposed for large quenchtimes 7, > 19. For such slow transitions, the
number of defects becomes small and so we can alternative think about a putative
doubling occurring for low defects densities, that is (n?) < 1.

While for the Zs-type ionic crystals we derived the general behaviour in sec.|2.4]
and found (n?) = exp(—2L/¢), for narrow (i.e. approximately 1d) superconducting
rings there also exists a proposition for the case of strong damping [16], and from the
previous sections we assume this to be maintainable for U(1)-type ionic crystals. Dif-
ferent from the Z, case above, we now have a continuous symmetry that is broken and
instead of counting kinks, n now acts as a winding number as introduced in sec.|2.2
In contrast to the (anti-)kink density, the winding number density n(x) varies contin-
uously, as it simply corresponds to the phase gradient df/dz = n(x). Intuitively, if we
assume fluctuations in n(x) to be independent in space, we would replace the discrete
Poisson distribution from the Zs discussion by a Gaussian. And this is indeed what
is found in [16], giving (n(z)n(0)) ~ exp(—x?/2£?) and thus (n?) o exp(—[r4/70]%).
In case of L > &, this leads to an estimate of (n?) ~ O(L/£) — just as in the case
of Zs. For L <« &, the Jacobi Theta function has been used to render the Gaussian
form periodic in L [31]. This yields an approximation of (n?) o exp(—4n?[¢/L)?),
i.e. an exponential damping in the quenchtime instead of a scaling with the doubled
exponent at large quenchtimes. But of course, the exponential form is not unlikely to
be mistaken for doubling between two separated regimes.

For Joesphson junctions, the question how the defect density behaves for large
T4 is being complicated by an uncertainty about the temperature dependence of the
critical current. In numerical simulations, linear dependence has shown o = 1/4 while
a quadratic dependence gave o = 1/2 [32]. The relation between temperature and
critical current is sensitive towards fabrication techniques and thus prevents a unique
interpretation of experimental data so far.

Starting on this basis, the subsequently presented simulations were hoped to sup-
port these approximations and especially explore further the region of large 7,. In
addition, when simulating Z-symmetry breaking in Josephson Junctions an attempt
was made to gain some insights that have so far not been found in the literature.

3.2.2 Numerical approach

There are two types of differential equations that need to be considered. In the U(1)
case it is the Ginzburg-Landau (GL) type (= (3.11))), which reduces to the
correct equation for the Zs breaking by considering a real instead of a complex field.
The appropriate equation to simulate the Z breaking in long Josephson Junctions has
been introduced as eqn. and will be referred to as the JJ-type. All equations
are evolved in time by using a modified leapfrog algorithm with a discretisation of
Az = 0.2 and At = 0.05, and so far only on rings of length L = 32, where — as
in the following — dimensionless units are used. Exploring the effect of non-periodic
boundary conditions and other lattice spacings and domain lengths is subject to future
work.

In the GL-type cases, the temperature was maintained constant at 7" = 0.01 while
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the phase transition was implemented by a linear quench of the form

—t for t<
sty = 4 T =Ta (3.44)
-1 for t>7,
and the evolution was performed from ¢t = —27, until the stationary state in which

the defects were frozen out, which was the case at times ¢t ~ a7, where a ~ 1..10
decreases with 7,. The initial configuration of the fields is given by the unbroken
equilibrium value, which is zero.

The evolution of the JJ-type equation is of slightly different nature. Here, the
transition is implemented as a change in temperature in order to accommodate for
different dependencies of the critical current. Hence, in [32] an exponential quench
is suggested. However, as long as dT'/dt|;=9 = 1/7, this is assumed to not alter
significantly the expected number of defects [31]. Thus for our purposes it seemed
preferable to implement a linear quench in 7' with the same form as eqn. in
order to arrange for better comparability of the results. The time interval of evolution
was specified in the same way as described for the GL-cases. But now we are not
evolving the order parameter but its phase. This must be assumed as being randomly
distributed at the initial point in time, uniformly across the ring. That means however
that we are not able to reflect true Z-symmetry on the computer but rather need
to constrain the initial phase to be distributed in a finite interval. It might then
be interesting to explore in how far this explicit symmetry breaking in the initial
configuration affects numerical results. It should be noted that once confined to a
finite interval I, the phase will not leave I at any point during the transition and
so different shapes of defects will form. In [32], scaling in accordance with the Z&K
has been observed with good precision for small quenchtimes already when confining
the initial phase to the interval [0,27). The question of doubling however could not
be answered completely. For the present simulations, a much weaker constraint was
applied by assuming ¢ to be initially distributed across 100 intervals of 2.

At the end of each evolution, the number defects n and its square could be read-
off from the the final configuration. To obtain the ensemble average, this procedure
had to be followed repeatedly. It was found that even in order to obtain acceptable
qualitative results, the average had to be taken over N =~ 1500 realisations. This
meant a major practical hurdle. The available computing time was not enough to
gather the desired amount results.

3.2.3 Results

The dependence of the final total density of kinks and antikinks is shown in fig.[3.2.3|for
a statistical average over 2000 realisations. In the doubly logarithmic plot, the straight
line for small quenchtimes confirms the prediction from Z&K. At large quenchtimes
however, this gives way to a non-linear fall-off that corresponds to more than doubling
in the slope. The linear appearance at large 7, in the corresponding semi-logarithmic
plot suggest exponential form. This would mean that exponential damping at small
defect densities occurs not only in small superconducting rings but also in circular
ion chains for which the transverse trapping potential is highly anisotropic.

While the result for Zs should be expected to have considerable significance,
the simulations of U(1) and Z breaking could so far only be performed with av-
erages over 100 realisations each. Nevertheless, a tendency should be possible to
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extract. Fig.[3.2.3| shows plots of the average square number of defects (n?) versus
the quenchtime 7,. Large statistical variations are clearly visible at fast quenches
already. At large quenchtimes however, the formation of defects becomes so unlikely
that an average over only 100 realisations becomes completely unreliable, rather pro-
viding a lower bound. This is particularly true for the continuous U(1) case. And
indeed, the small-7, behaviour for U(1) suggests o = 0.5, in contradiction to the K&Z
prediction. This aside, non-linear fall-off at small densities is indicated. The latter
seems also present in the Z case. There, at small quenchtimes (n?) appears to scale
with 7, via an exponent different from 0.25 or 0.5. A linear fit over all points with
74 < 103 gave 0 = 0.38 + 0.035 (with a 20 confidence interval). Bearing in mind the
low level of statistical significance, it is nevertheless tempting to interpret this as the
mean between the values previously found for Zs and U(1) and thus confirming the
intuitive picture of the discrete but finite group Z lying in between. A comparison to
[32], where o = 0.25 was found for the average number of defects (|n|), has so far not
been made possible. To do this, the additional feature would be needed to extract
the probability of finding only single kinks or antikinks. These numerical results are
unsatisfying and will have to be tested and extended in the future. Apart from the
need of accumulating more computing time, it will be necessary to implement the
possibility of statistical error analysis.

While the quantitative results need to be improved, the qualitative behaviour of
the system during the phase transitions could be observed without constraints, and
figs. [3:2.3] - [3:2:3] provide some insights. As the system approaches the transition,
fluctuations of the order parameter increase, giving rise to different choices between
the new degenerate vacua at different positions in space. In an intermediate regime,
fluctuation still allow to reverse some of these choices so that at the end only a small
number of defects will have formed. Assuming a randomly distributed phase initially,
the phase of the order parameter always condenses around the centre of its initial dis-
tribution. While the multiple kink-antikink structures that form while the Z-breaking
relax to simpler shapes until they freeze out, in the U(1) case no intermediate stages
have been observed in which the instantaneous winding number exceeded 1.
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Z2 breaking on periodic L=32
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Figure 3.2: Dependence of the expected number (|n|) and squared number (n?) of
(kinks+antikinks) on the quenchtime 7, for periodic boundary conditions. At small
quenchtimes (7, < 10?), the Z&K scaling prediction with o = 0.25 is observed. When
Tq gets larger, defect densities become smaller and the exponential damping in 7,
becomes perceivable. This can clearly be distinguished from a mere doubling in o
and is consistent with the linear appearance at large 7, in the semilogarithmic plot.



U(2) breaking on periodic L=32
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Figure 3.3: Average square number of defects (n?) versus quenchtime 7, for periodic
boundary conditions in the cases of strongly damped U(1)-breaking (top) and Z-
breaking (bottom) at low temperatures. The statistical average could only be taken
over 100 realisations.
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Summary & Outlook

This work explained the basic principles that are responsible for the existence of phase
transitions and the production of defects. In particular, we saw how the behaviour
of systems near a critical point can be understood in terms of a number of scale-
invariant laws and how this gives rise to a division of different kinds of systems into
only a few universal classes. The fundamental reason for this could be identified as
the divergence of correlations at the critical point and the idea of renormalisation
was introduced as a way to understand critical behaviour as a flow in the landscape
of theories. Importantly, we saw how the loss of symmetry in the realisations of a
system during a continuous phase transitions leads to the production of defects when
causality introduces bounds on the correlations within a system and we elucidated
how the shape of those defects coming from the breaking of a continuous symmetry
can completely be determined in topological terms. It has also been explained how
the Kibble-Zurek mechanism uses the scaling assumption from the equilibrium dy-
namics to estimate defect densities. Although the success of this approach has been
realised for many situations, we could see how finite-size effects in condensed matter
can lead to a departure form scaling. Specifically for low defect densities the proposal
of an exponential suppression of defect production with increasing quenchtime was
discussed and supported by numerical analysis.

Among all possible systems, three have been chosen to be discussed in more detail
and exemplify the preceding general concepts. Each of them represents one of the
smallest possible symmetry groups of its kind. Ionic crystals, depending on the exact
experimental realisation have been shown to be suitable for the study of spontaneous
breaking of either the finite symmetry group Zs or the continuous U(1). The latter
has also been seen realisable in annular superconductors. Spontaneous breaking of the
discrete but infinite symmetry group Z was found to happen in Josephson Junction
that are cooled down across the superconducting phase transition. While in the Zo
case the defects are primitive kinks, Z breaking causes the formation of defects that
can be characterised as compound kinks. U(1) breaking leads to flux trapping as it
is predicted by its topological classification.

Due to limited computed time available, the numerical work is far from complete
and significant quantitative results could not be established. It is intended to sup-
port the few performed simulations by further runs which explore the behaviour at
different domain lengths, other quench forms and other values of damping. It would
also be necessary to see the results for non-periodic boundary conditions. Also, an
account an account of other observables like the probabilities to find a certain number
of defects would be of virtue.

So far however, strong indication has been found for the expected scaling regime
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at small quenchtimes is present for all three symmetries. In particular, the Kibble-
Zurek prediction was found in the Z, case with statistical significance. For all three
symmetries, a non-linear fall-off at large quenchtimes is evident and could be at-
tributed to finite-size effects at low defect densities. For Z, this fall-off appeared to
have exponential form as it was proposed already for U(1).

72



Acknowledgements

Foremost, I would like to express my deep gratitude towards Ray Rivers, who intro-
duced me to a topic that left me with great fascination. Working on this dissertation
became a pleasure under his kind supervision.

I would also like to thank David Weir, without whom I would most likely have
missed the experience to peek into the interior of phase transitions.

Thanks also to all those who made this last year possible. And to those who made
it joyful.

73






Bibliography

1]

Wojciech H. Zurek. The shards of broken symmetry. Nature, 382:1175-1204, Jul
1996.

Nigel Goldenfeld. Lectures on phase transitions and the remormalization group.
Frontiers in Physics, 1992.

Fundamental of Statistical and Thermal Physics.

J. Frohlich and T. Spencer. The phase transition in the one-dimensional ising
model with 1/r2 interaction energy. Commun. Math. Phys., 84(87), 1982.

F. Baroni. The mechanism of phase transitions of infinite-range systems enlight-
ened by an elementary Z, symmetric classical spin model. (arXiv:1106.3870),
2013.

Crystal statistics. i. a two-dimensional model with an order-disorder transition.
Igor Herbut. A Modern Approach to Critical Phenomena. Cambridge UP, 2007.

E. A. Guggenheim. The principle of corresponding states. Journal of Chemical
Physics, 13:253, 1945.

Scaling laws for ising models near t..

Michel le Bellac, Fabrice Mortessagne, and G. George Batrouni. Equilibrium and
Non-Equilibrium Statistical Thermodynamics. Cambridge UP, 2004.

Maurice Kléman. The topological classification of defects. In Formation and
Interactions of Topological Defects, volume 349 of NATO ASI Series. Plenum
Press, 1995.

T.W.B. Kibble. Some implications of a cosmological phase transition. Physics
Reports, 67(1):183 — 199, 1980.

T. W. B. Kibble. Phase transitions in the early universe and defect formation.
In Formation and Interactions of Topological Defects, volume 349 of NATO ASI
Series. Plenum Press, 1995.

W. H. Zurek. Cosmological experiments in condensed matter systems. Physics
Reports, 276:177-221, 1996.

(0]



[15]

[16]

[17]
[18]

[19]

[20]

[21]

G. Karra and Ray J. Rivers. The densities, correlations and length distributions
of vortices produced at a gaussian quench. arXiv, (9603413v1), 2012.

David J. Weir and Ray J. Rivers. Fluxoid formation: size effects and non-
equilibrium universality. arXiv, 2011.

Ton Traps.

Daniel H. E. Dubin and T. M. O’Neil. Trapped nonneutral plasmas, liquids, and
crystals (the thermal equilibrium states). Rev. Mod. Phys., 71:87-172, Jan 1999.

J. P. Schiffer. Phase transitions in anisotropically confined ionic crystals. Phys.
Rev. Lett., 70:818-821, Feb 1993.

S. Ulm, J. Rofinagel, et al. Observation of kibble-zurek scaling law for defect
formation in ion crystals. Nature Communications, 4(2290), 2013.

C. Champenois, M. Marciante, J. Pedregosa-Gutierrez, M. Houssin, M. Knoop,
and M. Kajita. Ion ring in a linear multipole trap for optical frequency metrology.
Phys. Rev. A, 81:043410, Apr 2010.

K. Okada, K. Yasuda, et al. Crystallization of ca™ ions in a linear rf octupole
ion trap. Phys. Rev. A, 75:033409, Mar 2007.

G. Birkl, S. Kassner, et al. Multiple-shell structures of laser-cooled 24mg+ ions
in a quadrupole storage ring. Nature, 357:310-13, 1992.

T. Schatz, U. Schramm, and D. Habs. Multiple-shell structures of laser-cooled
24mg+ ions in a quadrupole storage ring. Nature, 412:717-20, 2001.

R. Nigmatullin, A. del Campo, G. De Chiara, G. Morigi, M.B. Plenio, and A. Ret-
zker. Formation of helical ion chains. arXiv, (1112.1305v1), 2011.

Shmuel Fishman, Gabriele De Chiara, Tommaso Calarco, and Givanna Morigi.
Structural phase transition in low-dimensional ion crystals. Physical Review B,
77(064111), 2008.

J. Bardeen, L. N. Cooper, and J. R. Schrieffer. Theory of superconductivity.
Phys. Rev., 108:1175-1204, Dec 1957.

Sergio Pagano. Nonlinear dynamics in long Josephson junctions. PhD thesis,
The Technical University of Denmark, 1987.

R. P. Feynman, R. B. Leighton, and M. Sands. The schréodinger equation in a
classical context: a seminar on superconductivity. In The Feynman Lectures on
Physics, volume 3, chapter 21. Addison-Wesley, 1965.

A. Barone and G. Paterno. Physics and Applications of the Josephson Effect.
John Wiley and Sons, 1982.

Ray J. Rivers. Personal communication.

Anna V. Gordeeva and Andrey L. Pankratov. Defect formation in long josephson
junctions. Phys. Rev. B, 81:212504, Jun 2010.

76



	Introduction
	Theoretical Framework
	Basic Principles and Phenomenology
	Thermodynamic basics
	Classification of phase transitions
	Ising model
	Spontaneous symmetry breaking

	Criticality
	Mean fields and Landau theory
	Critical exponents & Universality
	Renormalisation group approach


	Non-equilibrium: Defect formation
	Fluctuation-Dissipation-Theorem
	Homotopy classes
	The Kibble-Zurek mechanism
	Departure from scaling

	Representatives: Z2, Z and U(1)
	Emergence of criticality
	Ion chains
	Superconductors
	Josephson Junctions

	Simulations
	Preliminaries
	Numerical approach
	Results


	Summary & Outlook 
	Acknowledgements
	Bibliography

