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KINKS AND DOMAIN WALLS

An Introduction to Classical and Quantum Solitons

Kinks and domain walls are the simplest kind of solitons and hence they are in-
valuable for testing various ideas and for learning about non-perturbative aspects
of field theories. They are the subject of research in essentially every branch of
physics, ranging from condensed matter to cosmology.

This book is a pedagogical introduction to kinks and domain walls and their prin-
cipal classical and quantum properties. The book starts out by discussing classical
solitons, building up from examples in elementary systems to more complicated
settings. The quantum properties are introduced, together with discussion of the
very fundamental role that solitons may play in particle physics. The formation of
solitons in phase transitions, their dynamics, and their cosmological consequences
are further discussed. The book closes with an explicit description of a few labora-
tory systems containing solitons.

Kinks and Domain Walls includes several state-of-the-art results (some previ-
ously unpublished), providing a handy reference. Each chapter closes with a list of
open questions and research problems. This book will be of great interest to both
graduate students and academic researchers in theoretical physics, particle physics
and condensed matter physics.

TANMAY VACHASPATI s a professor in the Physics Department at Case Western
Reserve University. He was the Rosenbaum Fellow for the Topological Defects
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Preface

Solitons were first discovered by a Scottish engineer, J. Scott Russell, in 1834 while
riding his horse by a water channel when a boat suddenly stopped. A hump of water
rolled off the prow of the boat and moved rapidly down the channel for several miles,
preserving its shape and speed. The observation was surprising because the hump
did not rise and fall, or spread and die out, as ordinary water waves do.

In the 150 years or so since the discovery of Scott Russell, solitons have been
discovered in numerous systems besides hydrodynamics. Probably the most im-
portant application of these is in the context of optics where they can propagate
in optical fibers without distortion: they are being studied for high-data-rate (tera-
bits) communication. Particle physicists have realized that solitons may also exist
in their models of fundamental particles, and cosmologists have realized that such
humps of energy may be propagating in the far reaches of outer space. There is even
speculation that all the fundamental particles (electrons, quarks etc.) may be viewed
as solitons owing to their quantum properties, leading to a “dual” description of
fundamental matter.

In this book I describe the simplest kinds of solitons, called “kinks” in one
spatial dimension and “domain walls” in three dimensions. These are also humps
of energy as in Scott Russell’s solitons. However, they also have a topological
basis that is absent in hydrodynamical solitons. This leads to several differences
e.g. water solitons cannot stand still and have to propagate with a certain velocity,
while domain walls can propagate with any velocity. Another important point in this
regard is that strict solitons, such as those encountered in hydrodynamics, preserve
their identity after scattering. The kinks and domain walls discussed in this book
do not necessarily have this property, and can dissipate their energy on collision,
and even annihilate altogether.

Why focus on kinks and domain walls? Because they are known to exist in many
laboratory systems and may exist in other exotic settings such as the early uni-
verse. They provide a simple setting for discussing non-linear and non-perturbative

Xi



xii Preface

physics. They can give an insight into the dynamics of phase transitions. Lessons
learned from the study of kinks and domain walls may also be applied to other
more complicated topological defects. Domain walls are good pedagogy as one
can introduce novel field theoretic, cosmological, and quantum issues without ex-
traneous complexities that occur with their higher co-dimension defects (strings
and monopoles).

The chapters of this book can be approximately categorized under four different
headings. The first two chapters discuss solitons as classical solutions, the next
three describe their microscopic classical and quantum properties, followed by
another three chapters that discuss macroscopic properties and applications. The
very last chapter discusses two real-world systems with kinks and, very briefly,
Scott Russell’s soliton. The book should be accessible to a theoretically inclined
graduate student, and a large part of the book should also be accessible to an
advanced undergraduate. At the end of every chapter, I have listed a few “open
questions” to inspire the reader to take the subject further. Some of these questions
are intentionally open-ended so as to promote greater exploration. Needless to say,
there are no known answers to most of the open questions (that is why they are
“open”) and the solutions to some will be fit to print.

Every time I think about research in this area, I feel very fortunate for having
unwittingly chosen it, for my journey on the “soliton train” has weaved through
a vast landscape of physical phenomena, each with its own flavor, idiosyncrasies,
and wonder. I hope that this book, as it starts out in classical solitons, then moves
on to quantum effects, phase transitions, gravitation, and cosmology, and a bit of
condensed matter physics, has captured some of that wonder for the reader.

This is not the first book on solitons and hopefully not the last one either. In
this book I have presented a rather personal perspective of the subject, with some
effort to completeness but focusing on topics that have intrigued me. Throughout, I
have included some material that is not found in the published literature. Prominent
among these is Section 4.5, where it is shown that the leading quantum correction
to the kink mass is negative. The discussion of Section 6.5, with its emphasis on
a bifurcation of correlation scales, also expresses a new viewpoint. I had partic-
ular difficulty deciding whether to include or omit discussion of domain walls in
supersymmetric theories. On the one hand, many beautiful results can be derived
for supersymmetric domain walls. On the other, the high degree of symmetry is
certainly not realized (or is broken) in the real world. Also, non-supersymmetric
domain walls are less constrained by symmetries and hence have richer possibilities.
In the end, I decided not to include a discussion of supersymmetric walls, noting
the excellent review by David Tong (see below). Some other must-read references
are:
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. Rajaraman, R. (1982). Solitons and Instantons. Amsterdam: North-Holland.
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1
Classical kinks

Kink solutions are special cases of “non-dissipative” solutions, for which the energy
density at a given point does not vanish with time in the long time limit. On the
contrary, a dissipative solution is one whose energy density at any given location
tends to zero if we wait long enough [35],

lim,_, o, maxy{Too(t, x)} =0, dissipative solution (1.1)

where Tyo(t, x) is the time-time component of the energy-momentum tensor, or
the energy density, and is assumed to satisfy Tpo > 0. Dissipationless solutions are
special because they survive indefinitely in the system.

In this book we are interested in solutions that do not dissipate. In fact, for
the most part, the solutions we discuss are static, though in a few cases we also
discuss field configurations that dissipate. However, in these cases the dissipation
is very slow and hence it is possible to treat the dissipation as a small perturbation.
In addition to being dissipationless, kinks are also characterized by a topological
charge. Just like electric charge, topological charge is conserved and this leads to
important quantum properties.

In this chapter, we begin by studying kinks as classical solutions in certain field
theories, and devise methods to find such solutions. The simplest field theories that
have kink solutions are first described to gain intuition. These field theories are also
realized in laboratory systems as we discuss in Chapter 9. The simple examples
set the stage for the topological classification of kinks and similar objects in higher
dimensions (Section 1.10), and are valuable signposts in our discussion of the more
complicated systems of Chapter 2.



2 Classical kinks

@)

-n 0 +n ¢
Figure 1.1 Shape of the A¢* potential.

1.1 Z, kink

The prototypical kink is the so-called “Z, kink.” It is based on a field theory with
a single real scalar field, ¢, in 1 4 1 dimensions. The action is

1
5= f dx [Ewmz - V<¢>]
_ / dx [lw 6 — 2(g? - 2)2} (12)
= 5O 1 n .

where . = 0, 1, and A and n are parameters. The Lagrangian is invariant under the
transformation ¢ — —¢ and hence possesses a “reflectional” Z, symmetry. The
potential for ¢ (see Fig. 1.1) is
A m? A An?
V)= 2@ — 22 =_"T g2 bpt o M 13

@)= 3@ =0V = —=¢" + 76"+ (13)
where m? = An?. The potential has two minima: ¢ = =, that are related by the
reflectional symmetry. The “vacuum manifold,” labeled by the classical field con-
figurations with lowest energy, has two-fold degeneracy since V(¢) = V(—¢).

The equations of motion can be derived from the action

e — 3¢+ 1o —n)p =0 (1.4)

where 9, = 9/d¢ and similarly for d,. A solution is ¢(¢, x) = +n, and another
is ¢(t, x) = —n. These have vanishing energy density and are called the “trivial
vacua.” The action describing excitations (sometimes called “mesons”) about one
of the trivial vacua can be derived by setting, for example, ¢ = n + ¥, where i is
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the excitation field. Then
1 m? A A
S= | &x | 2@,¥)? — =Ly —[Zmyy’ - Syt 1.5
/ X 2( V) 5 14 me/f 41// (1.5)
where

my = ~2m (1.6)

is the mass of the meson.

Next consider the situation in which different parts of space are in different
vacua. Forexample, ¢ (¢, —00) = —nand ¢(t, +00) = +n. Inthis case, the function
¢(¢, x) hasto go from —1 to +n as x goes from —oo to 4+-00. By continuity of the field
there must be at least one point in space, xg, such that ¢(¢, xo) = 0. Since V(0) # 0,
there is potential energy in the vicinity of x, and the energy of this state is not
zero. The solution of the classical equation of motion that interpolates between the
different boundary conditions related by Z, transformations is called the ““Z, kink.”

We might wonder why the Z, kink cannot evolve into the trivial vacuum? For
this to happen, the boundary condition at, say, x = +o00 would have to change in a
continuous way from +1 to —n. However, a small deviation of the field at infinity
from one of the two vacua costs an infinite amount of potential energy. This is
because as ¢ is changed, the field in an infinite region of space lies at a non-zero
value of the potential (see Fig. 1.1). Hence, there is an infinite energy barrier to
changing the boundary condition.!

A way to characterize the Z; kink is to notice the presence of a conserved current

1
jht=—€"9,¢ 1.7)

2n
where i, v = 0, 1 and €’ is the antisymmetric symbol in two dimensions (¢°! =
1). By the antisymmetry of €/, it is clear that j* is conserved: 9, j* = 0. Hence

1
Q= /dXJ'O = ﬂkl)(x = $00) — ¢(x = —00)] (1.8)

is a conserved charge in the model. For the trivial vacua Q = 0, and for the kink con-
figuration described above Q = 1. So the kink configuration cannot relax into the
vacuum — it is in a sector that carries a different value of the conserved “topological
charge.”

To obtain the field configuration with boundary conditions ¢(£o0) = £n, we
solve the equations of motion in Eq. (1.4). We set time derivatives to vanish since

! In Chapter 2 we will come across an example where the vacuum manifold is a continuum and correspondingly
there is a continuum of boundary conditions that can be chosen as opposed to the discrete choice in the Z; case.
This will lead to some new considerations.
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we are looking for static solutions. Then, the kink solution is

d(x) =n tanh(@nx) (1.9)

In fact, one can Lorentz boost this solution to get

¢kt x) = ntanh(\/an) (1.10)

x — vt
V1 —?
(Recall that we are working in units in which the speed of light is unity i.e.c = 1.)

The solution in Eq. (1.10) represents a kink moving at velocity v.
Another class of solutions is obtained by translating the solution in Eq. (1.9)

ox(x;a) =n tanh(\/gn(x — a)) (1.12)

It is easily checked that translations do not change the energy of the kink. This is
often stated as saying that the kink has a zero energy fluctuation mode (or simply
a “zero mode”). To explain this statement, we need to consider small fluctuations
of the field about the kink solution, similar to Eq. (1.5). We now have

¢ = Px(x) + ¥ (7, x) (1.13)

where ¢y denotes the kink solution. The fluctuation field, i, obeys the linearized
equation

where

X

(1.11)

Oy — Y + 2036 — )Y =0 (L.14)
To find the fluctuation eigenmodes we set
Y= fx) (1.15)
where f(x) obeys
—03f +4(3¢¢ —n*) = 7 f (1.16)

We will discuss all the solutions to this equation in Chapter 4. Here we focus on the
translation mode. Since translations cost zero energy, there has to be an eigenmode
with w = 0. This can be obtained by directly solving Eq. (1.16) or by noting that
for small a, the solution in Eq. (1.12) can be Taylor expanded as

de

$x(x;a) = ¢r(x;a =0) +a—— (1.17)
dx |,_o
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Sk

Figure 1.2 The curve ranging from —1 to 41 as x goes from —oo to 400 shows
the Z, kink profile for A = 2 and n = 1. The energy density of the kink has also
been plotted on the same graph for convenience, and to show that all the energy is
localized in the narrow region where the field has a gradient.

Comparing Egs. (1.17) and (1.13), the zero mode solution is

| -
azo_n 2sech( 2nx (1.18)

Jo(x) = dx

The solution in Eq. (1.9) can be used to calculate the energy density of the kink
1 1

€ =504 + 500 + V(o)

=0+ V() + V(g

ant A
= %seeh4<\/;nx> (1.19)

where the second line is written to explicitly show that (3,¢)> = 2V (¢). The kink
profile and the energy density are shown in Fig. 1.2. The total energy is

22 m?
E:/dxé’:\TfmT (1.20)

As is apparent from the solution and also the energy density profile, the half-
width of the kink is,

21 2 2
w — 21_V2_ 2 (1.21)
A7 m Ny,
On the x > 0 side of the kink we have ¢ ~ +n while on the x < 0 side we have
¢ ~ —n. At the center of the kink, ¢ = 0, and hence the Z, symmetry is restored
in the core of the kink. Therefore the interior of the kink is a relic of the symmetric

phase of the system.
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1.2 Rescaling

It is convenient to rescale variables in the action in Eq. (1.2) as follows
o =1, Y = pxt (1.22)
Then the rescaled action is
S = n2/d2y B(a,@)z — %(cb2 — 1)2} (1.23)

where derivatives are now with respect to y*. The overall multiplicative factor, n?,
does not enter the classical equations of motion. Hence the classical A¢* action is
free of parameters.’

1.3 Derrick’s argument

In the context of rescaling, we now give Derrick’s result that there can be no static,
finite energy solutions in scalar field theories in more than one spatial dimension
[45]. Consider the general action in n spatial dimensions

S = /d"“x B D (3.0 — V(¢“)i| (1.24)

where the potential is assumed to satisfy V(¢*) > 0. The index on ¢ means that the
model can contain an arbitrary number of scalar fields. Let a purported static, finite
energy solution to the equations of motion be ¢ (x*) and consider the rescaled field
configuration

(") = Pl (ax™) (1.25)

where « > 0 is the rescaling parameter. Then the energy of the rescaled field con-
figuration is

E[®§] = /d”x B(Vq>g)2+ V(<I>3):| (1.26)

where the sum over a is implicit and V denotes the spatial gradient. Now define
y* = ax* and this gives

—n+2
E[@f] = / d'y [“ 5 (V850) e v(¢3<y>)} (127)

2 In quantum theory, however, the value of the action enters the path integral evaluation of the transition amplitudes
and this will depend on 2. So the properties of the quantized kink also depend on the value of n* (see Chapter 4).
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Since the kinetic terms are non-negative, we find that with n > 2 and « > 1 this
gives

E[®f] < E[¢§] (1.28)

and hence ¢ cannot be an extremum of the energy. Only if n = 1 can ¢ be a static,
finite energy solution.

Inmore than one spatial dimension, Derrick’s argument allows for static solutions
of infinite energy. The next section describes one such static solution in three spatial
dimensions.

1.4 Domain walls

When kink solutions are placed in more than one spatial dimension, they become
extended planar structures called “domain walls.” The field configuration for a Z,
domain wall in the yz-plane in three spatial dimensions is

o, x,y,2)=n tanh(@nx) (1.29)

The energy density of the wall is concentrated over all the yz-plane and is given
by Eq. (1.19). The new aspects of domain walls are that they can be curved and
deformations can propagate along them. These will be discussed in detail in Chap-
ter 7.

Another feature of the planar domain wall is that it is invariant under boosts in
the plane parallel to the wall. This is simply because the solution is independent of
t, y and z and any transformations of these coordinates do not affect the solution.

1.5 Bogomolnyi method for Z, kink

Rather than directly solve the equations of motion, as was done in Section 1.1, we
can also obtain the kink solution by the clever method discovered by Bogomolnyi
[20]. The method is to obtain a first-order differential equation by manipulating the
energy functional into a “whole square” form

1 2 1 2
5(0:9)" + 5(0:0)" + V(¢)

£= [
2 2
1 1
= /dx E(8t¢)2 + 5(3x¢ FV2V(9) )2 + \/2V(¢)ax¢i|

1 $(+00)

[ 1
_ / dr | L@07 + L(oup T V2V @) )2} + / d¢'\/2V ()
L ol

2 2 (—o0)
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Then, for fixed values of ¢ at +-00, the energy is minimized if

0,9 =0 (1.30)
and
0y F/2V(¢p) =0. (1.31)

Further, the minimum value of the energy is

$(+00)
Enin = :l:f do'\/2V(¢). (1.32)
$(—00)

The energy can only be minimized provided a solution to Eq. (1.31) exists with
the correct boundary conditions. This relates the choice of sign in Eq. (1.31) to
the boundary conditions and to the sign in Eq. (1.32). In our case, for the Z,
kink boundary conditions (¢(4+00) > ¢(—00)), we take the — sign in Eq. (1.31).
Inserting

A
VV(p) = \/;(172 - 6% (1.33)

in Eq. (1.31) we get the kink solution in Eq. (1.9).
The energy of the kink follows from Eq. (1.32)

24/2 22 m3
E= “—f\/w _2am (1.34)
3 3 X
where m = «/Xn is the mass scale in the model (see Eq. (1.3)).
1.6 Z, antikink
In an identical manner, we can construct antikink solutions that have Q = —1. The

boundary conditions necessary to get Q = —1 are ¢(d+00) = Fn (see Eq. (1.8)).
In the Bogomolnyi method, antikinks are obtained by taking the opposite choice of
signs to the ones in the previous section

1 1
E = fdx [5(3@)2 + 5(3x¢ +/2V(9) )2 - \/2V(¢)8x¢:| (1.35)

This leads to the antikink solution

d.=—n tanh(@nx) (1.36)
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1.7 Many kinks

The kink solution is well-localized and so it should be possible to write down field
configurations with many kinks. However, a peculiarity of the Z, kink system is
that a kink must necessarily be followed by an antikink since the asymptotic fields
are restricted to lie in the vacuum: ¢ = =%n. It is not possible to have neighboring
Z, kinks or a system with topological charge |Q| > 1.

There is a simple scheme, called the “product ansatz,” to write down approxi-
mate multi-kink field configurations, i.e. alternating kinks and antikinks. Suppose
we have kinks at locations x = k; and antikinks at x = /;, where i, j label the
various kinks and antikinks. The locations are assumed to be consistent with the
requirement that kinks and antikinks alternate: ...l; < k; < [;+1... Then an ap-
proximate field configuration that describes N kinks and N’ antikinks is given
by the product of the solutions for the individual objects with a normalization
factor

1 N N/
00 = [ [oxtx — k) [ J1—oex — 1] (137)
i=1 j

Jj=1

where ¢ is the kink solution. Note that |N — N’| < 1 since kinks and antikinks
must alternate.

The product ansatz is a good approximation as long as the kinks are separated
by distances that are much larger than their widths. In that case, in the vicinity of a
particular kink, say at x = k;, only the factor ¢(x — k;) is non-trivial. All the other
factors in Eq. (1.37) multiply together to give +1.

Another scheme to write down approximate multi-kink solutions is “additive”
[109]. If ¢; denotes the ith kink (or antikink) in a sequence of N kinks and antikinks,
we have

N
¢p(x) =Y ¢ £(Ny— 1)y, Ny=N (mod 2) (1.38)

i=1

where the sign is + if the leftmost object is a kink and — if it is an antikink.

Neither the product or the additive ansatz yields a multi-kink solution to the
equations of motion. Instead they give field configurations that resemble several
widely spaced kinks that have been patched together in a smooth way. If the multi-
kink configuration given by either of the ansitze is evolved using the equation of
motion, the kinks will start moving due to forces exerted by the other kinks. In the
next section we discuss the inter-kink forces.
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—-a—R -a+R

Figure 1.3 A widely separated kink-antikink.

1.8 Inter-kink force

Consider a kink at x = —a and an antikink at x = +a where the separation 2a is
much larger than the kink width (see Fig. 1.3). We would like to evaluate the force
on the kink owing to the antikink [109].

The energy-momentum tensor for the action Eq. (1.2) with a general potential

V(g)is
1
Tp_v = 8;L¢8v¢ - gp.v {E(aa‘p)z - V(¢)} (139)

where g,,, is the metric tensor that we take to be the flat metric, that is, g,, =
diag(1, —1). The force exerted on a kink is given by Newton’s second law, by
the rate of change of its momentum. The momentum of a kink can be found by
integrating the kink’s momentum density, 7% = —Ty;, in a large region around the
kink. If the kink is located at x = —a, let us choose to look at the momentum, P,
of the field in the region (—a — R, —a + R)

—a+R

P = —/ dx 0,¢0,¢ (1.40)
—a—R

After using the field equation of motion (for a general potential) and on performing

the integration, the force on the field in this region is

dP —a+R

F _—[_l(a P — L@ + V( >} (141
= = |30 - 5007 T ve)| A1)

To proceed further we need to know the field ¢ in the interval (—a — R, —a + R).
This may be obtained using the additive ansatz given in Eq. (1.38) which we take
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as an initial condition
¢t = 0,x) = ¢ (x) + Py (x) — Pi(o0) (1.42)
In addition, we assume that the kinks are initially at rest

do| =0 (1.43)
t=0

The expression for the force is further simplified by using the Bogomolnyi equation
(Eq. (1.31)) which is satisfied by both ¢ and ¢y

(0:9)* =2V (¢) (1.44)
This gives

—a+R

F= [—3x¢k3x¢3k + V(x + dx — ¢r(00)) — V(gn) — V((]Ek)] (1.45)

—a—R

The terms involving the potential can be expanded since the field is nearly in the
vacuum at x = —a £ R. Let us define

¢ = d(—a £ R), ¢ =d(—a£R)
AT = px(—a £ R) — ¢i(£00)
APE = di(—a £ R) — dr(—0) (1.46)

(Note that the argument in the very last term is —oo, independent of the signs in
the other terms. This is because both x = —a + R lie to the left of the antikink.)
Also define

m3, = V(¢ (00)) = V" ($i(c0)) (1.47)
Then the force is
F = =3¢ 0.8 — depy 0:h) + my (AT AGT — Ad Ady)  (1.48)
Let us illustrate this formula for the Z, kink, where

¢x(x) = ntanh(o (x + a))
¢ (x) = —ntanh(o (x — a)) (1.49)

with o = /A/2 n. Inserting these expressions in Eq. (1.48) and retaining only the
leading order behavior gives

4m?
_ Ve

F=— —myl (1.50)
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where [ = 2a is the kink separation. The force is attractive since it is acting on the
kink at x = —a and points toward the antikink at x = 4-a.

The result for the force could have been guessed from other considerations. The
kinks are interacting by the exchange of massive scalars of mass my,. As described
in many quantum field theory texts [119] the force mediated by scalar interactions
is the Yukawa force which goes like exp(—m /). The dimensionful prefactor of
the force can be deduced on dimensional grounds while the numerical coefficient
requires more detailed analysis.

1.9 Sine-Gordon kink

The sine-Gordon model is a scalar field theory in 1 + 1 space-time dimensions
given by the Lagrangian

1 , o
L =300.9)" - 5 (I —cos(B¢)) (151

The model is invariant under ¢ — ¢ + 27rn where n is any integer and thus pos-
sesses Z symmetry. The vacua are given by ¢ = 27n/f and are labeled by the
integer n.

As in the Z; case, the classical kink solutions can be found directly from the
second-order equations of motion or by using the Bogomolnyi method (see Sec-
tion 1.5). The kinks are solutions that interpolate between neighboring vacua. The
unit charge kink solution is

o = %tan_l (V") + p(—00) (1.52)

where the inverse tangent is taken to lie in the interval (—m /2, 4+ /2). The antikink
with ¢(—o0) = 27 /B and ¢(+4-00) = 0 is obtained from Eq. (1.52) by replacing x
by —x.

Py = %tam_1 (e™V*) + ¢(+00) (1.53)

The width of the kink follows directly from these solutions and is ~1//«.
The energy of the kink also follows from Bogomolnyi’s method (Eq. (1.32))

8Ja
o = 24
B

Defining my = /o —the mass of excitations of the true vacuum — and Vi = Jap
we get

(1.54)

my
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While the Z, and sine-Gordon kinks are similar as classical solutions, there
are some notable differences. For example, it is possible to have consecutive sine-
Gordon kinks whereas in the Z; case, kinks can only neighbor antikinks. In addition,
the sine-Gordon system allows non-dissipative classical bound states of kink and
antikink — the so-called “breather” solutions — while no such solutions are known
in the Z; case (though see Section 3.1). The sine-Gordon kink is also much more
amenable to a quantum analysis as we discuss in Chapter 4.

We can use the additive ansatz described in Section 1.7 to construct field configu-
rations for many kinks. Specializing to a kink-kink pair (¢(—oc) = 0 to ¢p(4+00) =
47 /B) and a kink-antikink pair (¢(—o00) = 0 and back to ¢(4-00) = 0), we have

Puc(t, x) = %[tanl (eVor =) 4 tan~! (eVoD)] (1.56)

Pt x) = %[tan_l (eV*9) + tan~! (e Vo1)] - %ﬂ (1.57)

with b > a.

The additive ansatz described above gives approximate solutions to the equations
of motion for widely separated kinks (b — a >> 1/,/a). A one-parameter family
of exact, non-dissipative, breather solutions composed of a kink and an antikink is
4 | |: n sin(wt) :|

Pof, x) = 7 tan” cosh(nwx)

B

where n = +/a — @w?/w and the tan~' function is taken to lie in the range
(—m/2, 4+m/2). The frequency of oscillation, w, is the parameter that labels the
different breathers of the one-parameter family.

To see the breather as a bound state of a kink and an antikink, note that
¢(t, £00) = 0. Also, if n> 1, then ¢(,0) ~ 27/ during the time when
n sin(wt) > 1. Hence the breather splits up into a kink and an antikink for part
of the oscillation period. For the remainder of the oscillation period, the kink and
an antikink overlap and a clear separation cannot be made.

The constant energy of the breather is evaluated by substituting the solution at
t = 0 (for convenience) in the sine-Gordon Hamiltonian with the result

16 8
Ep = FF —w? = 2Eq /1 - (1.59)
o

As expected, when w — 0, the breather energy is twice the kink energy.
As in Section 1.8 we can find the force on a kink owing to an antikink: from
Eq. (1.48) the leading order behavior of the force is

20m?
ﬁ2‘”e—mwl (1.60)

(1.58)

F =

where [ is the kink separation.
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1.10 Topology: 7

The kinks in the Z, and sine-Gordon models can be viewed as arising purely
for topological reasons, as we now explain. A very important advantage of the
topological viewpoint is that it is generalizable to a wide variety of models and
can be used to classify a large set of solutions. When applied to field theories in
higher spatial dimensions, topological considerations are convenient in order to
demonstrate the existence of solutions such as strings and monopoles.

Consider a field theory for a set of fields denoted by ® that is invariant under
transformations belonging to a group G. This means that the Hamiltonian of the
theory is invariant under G:

H[P] = H[P?] (1.61)

where g € G and ®¢ represents ® after it has been transformed by the action of
g. The group G is a symmetry of the system, if Eq. (1.61) holds for every g € G
and for every possible ®. Now, let the Hamiltonian be minimized when ® = ®,,.
Then, from Eq. (1.61), it is also minimized with ® = &3 for any g € G, and the
manifold of lowest energy states — “vacuum manifold” — is labeled by the set of
field configurations <I>g. However, there will exist a subgroup (sometimes trivial),
H of G, whose elements do not move ®:

ol = P, (1.62)

Hence, a group element gh € G acting on ®( has the same result as g acting on
@ (because & acts first and does not move ®(). So, while the configuration <I>(g)
has the same energy as ® for any g, not all the ®{s are distinct from each other.
The distinct ®fs are labeled by the set of elements {gh : h € H} = gH. The set
of elements {gH : g € G} are said to form a “coset space” and the set is denoted
by G/ H; each element of the space is a coset (more precisely a “left coset” since
g multiplies H from the left). Therefore the vacuum manifold is isomorphic to the
coset space G/ H.

We have so far connected the symmetries of the model to the vacuum manifold.
Now we discuss the tools for describing the topology of the vacuum manifold. This
will lead to a description of the topology of the vacuum manifold directly in terms
of the symmetries of the model.

The topology of a manifold, M, is classified by the homotopy groups, 7,,(M; xo),
n=0,1,2,...The idea is to consider maps from n-spheres to M, with the
image of an n-sphere in M containing one common base point, xq (see Fig. 1.4).
If two maps can be continuously deformed into each other, they are considered
to be topologically equivalent. In this way, the set of maps is divided into equiva-
lence classes of maps, where each equivalence class contains the set of maps that
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are continuously deformable into each other. The elements of 7,(M;x() are the
equivalence classes of maps from §” to M with fixed base point. It is also possible
to define (except for n = 0 as explained below) a suitable “product” of two maps:
essentially the product of maps f and g (denoted by g - f) and is defined to be
“f composed with g” or “ f followed by g.” Then it is easily verified that the prod-
uct is closed, associative, an identity map exists, and every map has an inverse. In
mathematical language, V f, g, h € G,

f-8€G

f-(g-h=(-8-h

Jdec Gsuchthat f-re=e- f=f
Jf'eGsuchthat f- f'=f"'. f=e¢ (1.63)

Thus all the group properties are satisfied and 7,,(M; xq) is a group.

Two homotopy groups with different base points, say 7, (M; xo) and 7, (M ; x))),
can be shown to be isomorphic and hence the reference to the base point is often
dropped and the homotopy group simply written as ,(M). Mathematicians have
calculated the homotopy groups for a wide variety of manifolds and this makes it
very convenient to determine if a given symmetry breaking leads to a topologically
non-trivial vacuum manifold [145, 3, 171].

In the case of kinks or domain walls, the field defines a mapping from the
points x = F00 to the vacuum manifold. Hence the relevant homotopy “group” is
1o(M; xp), which contains maps from SO (apoint) to M. Since the base point is fixed,
the image of either of the two possible S% (x = 4-00) has to be xg, and 7o(M; x)
is trivial. Even if we do not impose the restriction that the maps should have a fixed
base point, it is not possible to define a suitable composition of maps. Therefore 1
does not have the right group structure and should merely be considered as a set of
maps from S° to the vacuum manifold. The exception occurs if M = G/H is itself
a group, which occurs when H is a normal subgroup of G, because then 7o(M) can
inherit the group structure of M. In this case, the product of two maps from S° to
M can be defined to be the map from S° to the product of the two image points in
M. Generally, however, my(M) should simply be thought of as a set of maps from
S to the various disconnected pieces of M.

To connect the elements of the homotopy groups to topological field config-
urations assume that the field, ®, is in the vacuum manifold on S . Therefore,
P, = ®(x € S defines a map from S” to the vacuum manifold and this map can
be topologically non-trivial if 7r,(M) is non-trivial. We want to show that if the map
P, is topologically non-trivial, ® cannot be in the vacuum manifold at all points
in the interior of S’ . Consider what happens as the radius of S”, is continuously
decreased. If the field remains on the vacuum manifold, continuity implies that the
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5 M

Figure 1.4 The nth homotopy group consists of maps from the n-dimensional
sphere, S", to the vacuum manifold, M, such that the image of any map contains
one common base point xo € M. If two maps can be continuously deformed into
each other, they are identified, and correspond to the same element of . If two
maps cannot be continuously deformed into each other, then they correspond to
distinct elements of 77,,. For example, this can happen if one of the maps encloses
a “hole” in M, while the other encloses the hole a different number of times.

map P from a sphere of radius R to M must also be non-trivial. Then as R — 0,
the map would still be non-trivial, implying that the field is multivalued at the origin
since the field must continue to map S% non-trivially as R — 0. However, a field
(by definition) cannot be multivalued. The only way out is if the field does not lie on
the vacuum manifold everywhere. Therefore non-trivial topology at infinity implies
that the energy density does not vanish at some points in space. The distribution of
energy density is the topological defect which, depending on dimensionality, can
manifest itself as a domain wall (n = 0), string (n = 1) or monopole (n = 2) or
texture (n = 3).

The above argument establishes that topologically non-trivial boundary condi-
tions imply non-vanishing energy in the field. However, it does not establish that
a static solution exists with those boundary conditions. These must be found on a
case-by-case basis. Indeed there are examples of topologically non-trivial boundary
conditions where no static solution exists.? Also distinct elements of ,,(M) (n > 1)
need not lead to distinct field solutions. Only those solutions that correspond to el-
ements of m, (M) that cannot be continuously deformed into each other, if the maps
are released from the base point, are distinct. The italicized remark is in recognition
of the fact that there can be two maps that are mathematically distinct (i.e. cannot be
deformed into each other) only because they are fixed at the base point. However,
the analog of a “common base point” in field theory would be to restrict attention
to field configurations for which the fields attain a certain fixed value at some point
on S’.. Such a restriction is generally unphysical and hence, we are interested in

3 For example, in three dimensions, the boundary conditions corresponding to a charge two 't Hooft-Polyakov
magnetic monopole [124, 79] do not lead to any solution (for all but one value of model parameters). This is
because any field configuration with those boundary conditions breaks up into two magnetic monopoles, each
of unit charge, that repel each other and are never static.
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maps that cannot be deformed into each other even if we release the restriction that
all maps have a common base point (for a more detailed discussion, see [171]).

In the case when the vacuum manifold has disconnected components, 7o(G/H)
is non-trivial since there are points (zero-dimensional spheres) that lie in different
components that cannot be continuously deformed into one another. Therefore kinks
occur whenever (G /H) is non-trivial. In the A®* model, G = Z,, H = | and
70(G/H) = Z;. In the sine-Gordon model G = Z, H = 1 and nop(G/H) = Z. If
w9 = Zy, we name the resulting kinks “Zy kinks.” In these simple examples, 7
forms a group because G is Abelian and so G/H itself is a group. An example
in which 7 is not a group can be constructed by choosing G = S3 (S, is the
permutation group of n elements) broken down to H = S,.

The kinks in a model with disconnected elements in M can now be classified.
Every element of 7y(M) corresponds to a mapping from a point at spatial infinity
to M and hence specifies a domain at infinity. Kinks occur if the domains at 00
are distinct. Therefore pairs of elements of y(M) classify domain walls.

1.11 Bogomolnyi method revisited

The Bogomolnyi method can be extended to include a large class of systems. Let us
start with the general energy functional for a matrix-valued complex scalar field ®

E = / dx[Tr|3, ®|* + Tr[3, @|* + V (P, ®H)]
= / dx[9, @%, 0, Ppa + 05 DL, 0x Ppa + V(D, D] (1.64)

where a sum over matrix components labeled by a, b is understood. As in Sec-
tion 1.5, we would like to write the energy density in “whole square” form

E=/ dx[Tr{|3,®|* + |0, @ F U(®)|* £ (3:D'U) £ (U3, ®)}] (1.65)

where we are restricting ourselves to static solutions and U is some matrix-valued
function of ® such that

THUTU) = V(P, %) (1.66)
The energy is minimized if
3P =0 (1.67)
and

Tr|9, @ F U(d, d*)> = 0 (1.68)
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which in turn gives

O F UMD, =0 (1.69)
The energy of the kink is
+o00
E=+ dx Tr(3, @' U + U'3, ®) (1.70)

There is a further special case — the “supersymmetric” case — in which the energy
integral can be performed explicitly. This is if U is a total derivative

. O0W
U*= — (1.71)
0P
where W(®, ®*) is the “superpotential,” assumed to be real. Then
+oo f W 7 OW
E=%+ dx Tr{ 0, + 0, P —
0 aP* 0P
+o0
== / dx o, W
—00
= £[W(P(400)) — W(P(—00))] (1.72)

Therefore we see that the Bogomolnyi method allows for first-order equations
of motion provided that V can be written as Tr(UU). The method also provides
an explicit expression for the kink energy if V is given in terms of a superpotential
W as
2

aw
_ ) —
V(@) =TiU'U) = Tr| (1.73)

1.12 On more techniques

The kink solutions we have been discussing fall under the more general category
of “solitary waves,” often discussed under the soliton heading. Strictly speaking,
for a solution to classify as a “soliton,” it also has to satisfy certain conditions
on its scattering with other solitons. The subject is incredibly rich, and has led to
the development of very sophisticated mathematical techniques such as Backlund
transformations, inverse scattering methods, Lax heirarchy, etc. In addition, solitons
have found tremendous importance in physical applications, especially non-linear
optics and communication. Readers interested in the mathematics and physics of
solitons might wish to consult [1, 48, 56].

Strict solitons are usually discussed in one spatial dimension and have limited
application in the context of particle physics. Nonetheless, there are equally so-
phisticated techniques to study solitary wave solutions in higher dimensions. In
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particular, the ADHM construction [12] is used to find instanton solutions in four
spatial dimensions and the Nahm equations lead to magnetic monopole solutions
in three dimensions [114].

The soliton analyses mentioned above consider equations with complicated non-
linear terms and higher derivatives. In the context of particle physics, such terms
and derivatives are rarely encountered. However, one complication that arises is
due to larger (non-Abelian) symmetry groups. In the next chapter we will take
the analysis of this section to such particle-physics motivated models. There we
will find a spectrum of kink solutions with unusual interactions. As we proceed to
further chapters, we will learn that the physics of such non-Abelian kinks can be
quite different from that of the simple kinks discussed in this chapter.

1.13 Open questions

1. Discuss the conditions needed for a breather solution to exist. If an exact breather does not
exist, can there be an approximate breather (see Section 3.1)? What is the approximation?
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Kinks in more complicated models

The Z; and sine-Gordon kinks discussed in the last chapter are not representative of
kinks in models where non-Abelian symmetries are present. Kinks in such models
have more degrees of freedom and this introduces degeneracies when imposing
boundary conditions, leading to many kink solutions with different internal struc-
tures (but the same topology). Indeed, kink-like solutions may exist even when the
topological charge is zero. The interactions of kinks in these more complicated
models, their formation and evolution, plus their interactions with other particles
are very distinct from the kinks of the last chapter.

We choose to focus on kinks in a model that is an example relevant to particle
physics and cosmology. The model is the first of many Grand Unified Theories of
particle physics that have been proposed [63]. The idea behind grand unification
is that Nature really has only one gauge-coupling constant at high energies, and
that the disparate values of the strong, weak, and electromagnetic coupling con-
stants observed today are due to symmetry breaking and the renormalization-group
running of coupling constants down to low energies. Since there is only one gauge-
coupling constant in these models, there is a simple grand unified symmetry group
G that is valid at high energies, for example, at the high temperatures present in
the very early universe. At lower energies, G is spontaneously broken in stages,
eventually leaving only the presently known quantum chromo dynamics (QCD) and
electromagnetic symmetries SU(3), x U(1),,, of particle physics, with its two dif-
ferent coupling constants. It can be shown [63] that the minimal possibility for G is
SU(5). However, since Grand Unified Theories predict proton decay, experimental
observation of the longevity of the proton (~ 5 x 10°? years) leads to constraints
on grand unified models. The (non-supersymmetric) SU(5) Grand Unified Theory
is ruled out by the current lower limits on the proton’s lifetime. Therefore particle-
physics model builders consider yet larger groups G, or with an extended scalar
field sector, or supersymmetric extensions of SU(S), and other models based on
larger groups. Even if the symmetry group is larger than SU(5), it often happens

20
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that after a series of symmetry breaking, the residual symmetry is SU(5), which
then proceeds to break to the current symmetry group. Hence the study of SU(5)
symmetry breaking is extremely relevant to particle physics, even if it is not the
ultimate grand unified symmetry group.

In this chapter we shall study kinks in a model with SU(5) x Z, symmetry
though almost all the discussion can be generalized to an SU(N) x Z, model for
odd values of N [163, 120]. The extra Z, symmetry is explained in the next section.
Since we only desire to study kinks in a particle-physics motivated model, it would
seem simpler to choose a model based on the smaller SU(3) group. However, it
can be shown that there is no way to construct a model with just SU(3) symmetry
and with the simplest choice of field content, which is one adjoint field. Instead,
the model must have the larger O(8) symmetry. Other fields need to be included
so as to reduce the O(8) to SU(3), but that introduces additional parameters which
make the SU(3) model more messy than the SU(5) model.

Dealing with continuous groups such as SU(5) requires certain background
material. The fundamental representation of SU(N) generators is described in Ap-
pendix B. A summary of some aspects of the SU(5) model of grand unification is
given in Section 5.5.

2.1 SU(5) model

The SU(5) model can be written as'
1
L = Tr(D,®)* — ST X X = V(@) 2.1

where, in terms of components, ® is a scalar field (also called a Higgs field)
transforming in the adjoint representation of SU(5), that is, ® — &' = gdg' for
g € SU(S). The gauge field strengths are X, = X7, 7“ and the SU(5) generators
T¢ are normalized such that Tr(7T?) = §% /2. The definition of the covariant
derivative is

D, = 9, — ieX, 2.2)
and its action on the adjoint scalar is given by
D, ®=0,P —ie[X,, P] (2.3)
The gauge field strength is given in terms of the covariant derivative via
—ieX,, = [Dy,D,] 2.4)

! We are using the Einstein summation convention in which repeated group and space-time indices are summed
over. So, explicitly, ® = 24214:1 ®T“. See Appendix B for more details on the SU(5) generators 7.
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and the potential is the most general quartic in ®
V(®) = —m*Tr(®?) + h[Tr(®H)]? + ATr(®Y) + y Tr(P?) — Vj (2.5)

where Vj is a constant that is chosen so as to set the minimum value of the potential
to zero.

The model in Eq. (2.1) does not have any topological kinks because there are
no broken discrete symmetries. In particular, the Z, symmetry under ® — —® is
absent owing to the cubic term in Eq. (2.5). Note that & — —® is not achievable
by an SU(5) transformation. To show this, consider Tr(®?). This is invariant under
any SU(5) transformation, but not under & — —®. However, if y = 0, there are
topological kinks connecting the two vacua related by & — —®. For non-zero but
small y, these kinks are almost topological. In our analysis in this chapter we set
y = 0, in which case the symmetry of the model is SU(5) x Z,. The philosophy
underlying grand unification does not forbid discrete symmetry factors since such
factors do not entail additional gauge-coupling constants. Indeed, model builders
often set y = 0 for simplicity. Now a non-zero vacuum expectation value of @
breaks the discrete Z, factor leading to topological kinks.

2.2 SU(5) x Z, symmetry breaking and topological kinks
The potential in Eq. (2.5) has a (degenerate) global minimum at
n

2/15

Py = diag(2, 2,2, -3, =3) (2.6)

where n = m/~/A’ provided

7
A >0, AMN=h4+—1>0 2.7
> + 30* 2 (2.7
For the global minimum to have V(®y) = 0, in Eq. (2.5) we set
)\1/
Vo=—7n' (2.8)

As discussed in Section 1.10, if we transform @ by any element of SU(5) x Z5,
the transformed @ is still at a minimum of the potential. However, ® is left
unmoved by transformations belonging to

[SUB) x SUR) x U(1)]

G = 2.9
321 AT (2.9)

where SU(3) acts on the upper-left 3 x 3 block of ®y, SU(2) on the lower-right
2 x 2 block, and U(1) is generated by & itself. Hence, G3;; is the unbroken
symmetry group.
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Figure 2.1 The vacuum manifold of the SU(5) x Z, model consists of two dis-
connected 12-dimensional copies. Kink solutions correspond to paths that originate
in one piece at x = —o00, denoted by ®(—), leave the vacuum manifold, and end
in the other disconnected piece at x = +oo. Topological considerations specify
that ®(+) has to lie in the disconnected piece on the right, but not where it should
be located within this piece.

SU(5) has 24 generators while the unbroken group, G3,;, has a total of 12
generators, namely, 8 of SU(3), 3 of SU(2), and 1 of U(1). Therefore the vacuum
manifold is 24 — 12 = 12 dimensional but in two disconnected pieces as depicted in
Fig.2.1 because of the Z, factor. Kink solutions occur if the boundary conditions lie
in different disconnected pieces. However, if we start at some point on the vacuum
manifold at x = —o0, say ®(—o0) = d_, we have a choice of boundary conditions
for @, the vacuum expectation value of ® at x = 400 (compare with the Z;, case
where the path had to go from definite initial to definite final values of ®).

We will narrow down the possible choices for ®, very shortly. First we point out
that the gauge fields can be set to zero in finding kink solutions [163]. To see this
explicitly, the only linear term in the gauge field is ieTr(X'[®, 9; ®]). However, our
solution for ® satisfies [P, 9;P] = 0 [120] and so the variation vanishes to linear
order in gauge field fluctuations. A closer look also reveals that the quadratic terms
of perturbations in the gauge fields contribute positively to the energy of the kink
solutions and so the gauge fields do not cause an instability of the solutions [163].
Hence we set

X, =0 (2.10)

As we now show, the boundary conditions that lead to static solutions of the equa-
tions of motion are rather special [120].

Theorem: A static solution can exist only if [, ®_] = 0.

We only give a sketch of the proof here since it is of a technical nature. The
essential idea is that if ®y(x) is a static solution, then the energy should be extrem-
ized by it. By considering perturbations of the kind U (x)®, U (x) where U (x) is an
infinitesimal rotation of SU(5), one finds that the energy can be extremized only if
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[Dy, 0, Dk] = O for all x. Now at large x, we have &, — @ . In this region 9, Py
has terms that are proportional to ®_ as well, even if these are exponentially small,
since ®(x) is an analytic function. Hence, a static solution requires [®, ®_] = 0.

The theorem immediately narrows down the possibilities that we need to consider
when trying to construct kink solutions. If we fix

_n

O = b= diag(2, 2,2, =3, =3) .11
W T A
@, can take on the following three values
Q= - _diag(2,2,2. -3, —3)
* 2 /15 8
oV = —— T diag(2. 2. —3.2. -3)
* 2 /15 8
o2 = — T _Giag(2, -3, -3,2,2) (2.12)
* 2 /15 8

One can also rotate these three choices by elements of the unbroken group Gi;;—
that leaves @ _ invariant and obtain three disjoint classes of possible values of @ .
The three choices given above are representatives of their classes.

The kink solution for any of the three boundary conditions is of the form

V) = FPoMY + FO M + g@(x)M@ (2.13)
where ¢ = 0, 1, 2 labels the solution class,
(9) (9) (q) (q)
* 2 ’ - 2 '
and M9 will be specified below.
The boundary conditions for F\¢ are
F9(F00) = F1, FOFo0) =41, gD(Fo0)=0  (2.15)

The formulae for M(f) and M can now be explicitly written using Eq. (2.12)
in (2.14)

5

(q) i

MY = n—=ding(s-, 1y, ~1y. 02-) (2.16)
1

MY = L 15diag(—413_q, 1,,1,,61,,) 2.17)

MY = pdiag(q(2 — @)ls—g, —2 — @)3 — @)lag, g3 — P)lo—y) (2.18)

with the normalization p given by

w=nl2g2 — q)(3 — q)(12 — 5¢)] /> (2.19)
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Figure 2.2 The profile functions Ffrl)(x) (nearly 1 throughout), Fil)(x) (shaped
like a tanh function), and gV (x) (nearly zero) for the ¢ = 1 topological kink with
parameters h = —3/70, A = 1,and n = 1.

If g =0or g =2 we set u = 0. We have used 0 and 1, to denote the k x k zero
and unit matrices respectively. Note that the matrices M(iq) are relatively orthogonal

TrMM?) = 0 (2.20)

but are not normalized to n?/2.

Now we discuss the three kink solutions in the SU(5) x Z; model. For ¢ = 0,
the solution is that of a Z, kink that has been embedded in the SU(5) x Z, model.
The explicit solution is

FOw) =0, FOM) = — tanh(i), ¢Qx) =0 (2.21)

where w = +/2/m.Forg = 1, the profile functions have been evaluated numerically
and are shown in Fig. 2.2. Approximate analytic solutions can also be found in
[120]. For g = 2 the solution has also been found numerically. Here we describe
an approximate solution which is exact if
h 3
—-—=—— (2.22)
A 20
i.e. ' = A/12. With this particular choice

X

FPx) =1, FP>x) = tanh( - ) ¢@@) =0 (2.23)
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where w = +/2/m. This is also an approximate solution for //A ~ —3/20. The
energy of the approximate solution can be used to estimate the mass of the g = 2

kink

MO (1 55 1)V?

MP~— -1+ —— EM@)@ (2.24)
6 |6 121 6

where M® denotes the mass of the ¢ = 2 kink, and M© = 2/2m3/31’. The
expression for the energy is exact for /A = —3/20.

It can be shown for a range of parameters that the ¢ = 2 kink solution is per-
turbatively stable. Numerical evaluations of the energy find that the ¢ = 2 kink is
lighter than the ¢ = 0, 1 kinks for all values of p. Equation (2.24) shows the g = 2
kink is lighter than the ¢ = 0 kink for a large range of parameters. This can be
understood qualitatively by noting that only one component of & changes sign in
the ¢ = 2 kink, while 3 and 5 components change sign in the ¢ =1 and ¢ =0
kinks respectively.

2.3 Non-topological SU(5) x Z, kinks

An interesting point to note is that the ansatz in Eq. (2.13) is valid even if CD(") are
not in distinct topological sectors. These imply the existence of non-topological
kink solutions in the model [120]. If we include a subscript NT to denote “non-
topological” and T to denote “topological,” we have

o1, = FP0OM, + FP0ME_ + g9 0M, (2.25)

where the M+ matrices are still defined by Eq. (2.14) with the non-topological
values of ®_. My is still given by Eq. (2.18). To consider a non-topological domain
wall, we simply want to consider ® . to be in the same discrete sector as ©_. If O
denotes a boundary condition for a topological kink, a possible boundary condition

for a non-topological kink is: &nry = —P1. Then we find
MG, =MY, MG =MY, MG =M (2.26)
Hence
o0, = FOMY) + FO oMY + g9 (MY 2.27)

To get F “ for the non- topological kink we have to solve the topological F. (")

equation of motion but with the boundary conditions for F @ (see Eq. (2.15)). To
obtain g@ for the non-topological kink, we need to mterchange F\? and F9 in the
topological equation of motion. The boundary conditions for g(q) are unchanged.
Generally the non-topological solutions, when they exist, are unstable. However,
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Table 2.1 The space of three topological kinks in the SU (5) model.

Gy is the group SU(3) x SU(2) x U(1). The dimensionality of the space
of each type of kink is also given.

Kink Space Dimensionality
qg=0 G321/ G 0
q=1 G321 /[SUQ) x U(1)’] 6
q=2 G321 /[SUQY x U(1)’] 4

the possibility that some of them may be locally stable for certain potentials cannot
be excluded.

2.4 Space of SU(5) x Z, kinks

The kink solutions discussed in Section 2.1 can be transformed into other degenerate
solutions using the SU(5) transformations. Hence, each solution is representative
of a space of solutions. We now discuss the space associated with each of these
solutions.

If we denote a kink solution in the SU(5) x Z, model by <I>("), another solution is

" — PRt he Gy (2.28)

where G3,|_ is the unbroken group whose elements leave ®_ unchanged.> The
reason CIDI((q)h also describes a solution is that the rotation /4 does not change the
energy of the field configuration, QDI((‘” . Therefore CDI(:’)h has the same energy and
the same topology as @7 and hence it describes another kink solution.

Of the elements of G3;;_, there are some that act trivially on d>l((q) and for these
h, @f(q)h is not distinct from @liq). These elements form a subgroup of G, that we
call K,. Therefore the space of kinks can be labeled by elements of the coset space
G31-/K,. Since we are given the forms of the kink solutions in Eq. (2.13), it is not
hard to work out K. For example, for the ¢ = 2 kink, K|, is given by the SU(5)
elements that commute with both G3;;— and G321+ and so K, = SU(2)* x U(1)*.
Once we have determined K, the dimensionality of the coset space G3z1—/K, is
determined as the dimensionality of G3;;_, which is 12, minus the dimensionality
of K,, whichis 12, 6, and 8 for g = 0, 1, and 2 respectively.

The three classes of kink solutions labeled by the index ¢ in the SU(5) x Z;
model have different spaces as shown in Table 2.1.

2 We could also have included elements that change <I><f) as well as @_. These would simply be global rotations
of the entire solution and would be the same for every type of defect.
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The dimensionality of the space of a given type of kink solution also corresponds
to the dimensionality of the space of boundary conditions @ for which that type
of kink solution is obtained. As an example, there is only one value of @, namely
;. = —d_, that gives rise to the ¢ = 0 kink. While for the ¢ = 1 kink, one can
choose @, to be any value from a 6-dimensional space. This means that, in any
process where boundary conditions are chosen at random, the probabilities of get-
ting the correct boundary conditions for a ¢ = 0 or a ¢ = 2 kink are of measure
zero, since the space of boundary conditions for the ¢ = 1 kink is two dimensions
greater than that for the ¢ = 2 kink. In any random process, the ¢ = 1 kink is always
obtained. Since this kink is unstable, it then decays into the ¢ = 2 kink. Therefore
the production of ¢ = 2 kinks is a two-step process in this system. We will see
further evidence of this two-step process in Chapter 6.

2.5 S, kinks

The SU(5) x Z, model discussed above shows novel features because of the large
non-Abelian symmetry. It is possible to see some of the richness of the model
by going to a simpler model where the continuous non-Abelian symmetries are
replaced by discrete non-Abelian symmetries (also see [92] for a similar model).
If we truncate the SU(5) x Z, model to just the diagonal degrees of freedom
of @, we get a model that is symmetric only under permutations of the diag-
onal entries and the overall Z,. Hence the symmetry group is S5 x Z,, where
Ss is the permutation group of five objects. The model now has four real scalar
fields, one for each diagonal generator of SU(5). With this truncation we can
write

D — fiks + forg + 313+ f4Y (2.29)

where the f; are functions of space and time, and the generators A3, Ag, T3, and Y are
defined in Appendix B. Inserting this form of ® into the SU(5) x Z, Lagrangian
in Eq. (2.1) we get

1 4
L=3 ;(aufi)z +V(fis fou foo f2) (2.30)

V——m—i:fz-i-ﬁ i:fz 24_&23:](4_’_& lf4+f2f2
T2 & A& g 4=¢ T 430" 2
k

[4(f7+ 15) + 9] 7 + 7f2f4 (fl fi ) + n? (2.31)
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Figure 2.3 The vacuum manifold for the S5 x Z, model contains two sets of ten
points related by the Z, symmetry. Kink solutions exist that interpolate between
vacua related by Z, transformations and also between vacua within one set of ten
points. The former correspond to the topological kinks in SU(5) x Z, and the
latter to the non-topological kinks in that model.

This model has the desired S5 x Z, symmetry because it is invariant under permu-
tations of the diagonal elements of ®, that is, under permutations of various linear
combinations of f;. The Z, symmetry is under f; — — f; for every i.

Symmetry breaking proceeds as in the SU(5) x Z, case. The S5 x Z, symmetry
is broken by a vacuum expectation value along the Y direction i.e. fi # 0. The
residual symmetry group consists of permutations in the SU(3) and SU(2) blocks.
Therefore the unbroken symmetry group is H = S3 x ;. There are 5! x 2 = 240
elements of S5 x Z, and 3! x 2! = 12 elements of H. Therefore the vacuum mani-
fold consists of 240/12 = 20 distinct points. Ten of these points are related to
the other ten by the non-trivial element of Z, as shown in Fig. 2.3. If we fix the
boundary condition at x = —oo, then a Z, kink can be obtained with ten different
boundary conditions at x = +oc. These ten solutions must somehow correspond
to the kink solutions that we have already found in the SU(5) x Z; case. Counting
all the possible different diagonal possibilities for @ in the SU(5) x Z; model we
see that there are three ¢ = 2 kinks, six ¢ = 1 kinks, and one ¢ = 0 kink, making
a total of ten kinks. In the S5 x Z, model there are ten more (one of these is the
trivial solution) kinks that do not involve the Z, transformation (change of sign)
in going from ®_ to . These are the ten remnants of the non-topological kinks
described in Section 2.3.

2.6 Symmetries within kinks

The symmetry groups outside the kink, G334, are isomorphic (see Fig. 2.4). How-
ever, the fields transform differently under the elements of these groups. As a result,
there is a “clash of symmetries” [43] inside the kink, and the unbroken symmetry
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Kink

Figure 2.4 A kink and the symmetries outside denoted by H,. The groups H,
and H_ are isomorphic but their action on fields may not necessarily be identical.

group within the kink is generally smaller than that outside. This does not happen
in the case of the Z; kink in which the symmetry outside is trivial while inside it is
Z, (since the field vanishes). We now examine the clash of symmetries in the case
of the SU(5) x Z, ¢ = 2 kink.

The general form of CIDI?) is given in Eq. (2.13) with the profile functions in
Eq. (2.23). Then

P (x = 0) = M? o diag(0, 1,1, —1, —1) (2.32)

The symmetries within the kink are given by the elements of SU(5) x Z, that
leave Mf) invariant. Hence the internal symmetry group consists of two SU(2)
factors, one for each block proportional to the 2 x 2 identity, and two U (1) factors
since all diagonal elements of SU (5) commute with Mf). Therefore the symmetry
group inside the SU(5) x Z, kink is [SU(2)]> x [U(1)]*. This is smaller than the
SU3) x SU(2) x U(1) symmetry group outside the kink.>

The conclusion that the symmetry inside a kink is smaller than that outside holds
quite generally [164]. Classically this would imply that there are more massless par-
ticles outside the kink than inside it. However, when quantum effects are taken into
account this classical picture can change because the fundamental states in the out-
side region may consist of confined groups of particles (“mesons” and “hadrons”)
that are very massive [51]. If a particle carries non-Abelian charge of a symme-
try that is unbroken outside the wall but broken inside to an Abelian subgroup, it
may cost less energy for the particle to live on the wall. This is because it may be

3 As in Section 2.4 we could have found the symmetry group inside the kink by finding those transformations in
G321 that are also contained in G3pj4.
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unconfined inside the wall where it only carries Abelian charge, while it can only
exist as a heavy meson or a hadron outside the wall.*

2.7 Interactions of static kinks in non-Abelian models

The interaction potential between kinks found in Section 1.8 is easily generalized
to kinks in non-Abelian field theories. Following the procedure discussed in that
section, the force in the SU(5) x Z, case is

F= CL—}: = [ = Tr(@%) — Tr(@?) + V(®)] (2.33)
where —a — R and —a + R are defined in Fig. 1.3. Evaluation of F yields an
exponentially small interaction force whose sign depends on Tr(Q Q,) [121] where
0, and Q, are the topological charges of the kinks. If the Higgs field at x = —oo
is ®_, between the two kinks is @, and is & at x = +o00, then Q| x &g — P_
and O, ox &, — O (see Eq. (1.8)).

What is most interesting about the interaction is that a kink and an antikink
can repel. Here one needs to be careful about the meaning of an “antikink.” An
antikink should have a topological charge that is opposite to that of a kink. That
is, a kink and its antikink together should be in the trivial topological sector. But
this condition still leaves open several different kinds of antikinks for a given
kink. To be specific consider a kink-antikink pair, where the Higgs field across the
kink changes from ®(—o0) ox +(2, 2,2, —3, —3) to ®(0) x —(2, —3, -3, 2, 2).
(Here we suppress the normalization factor and the “diag” for convenience of
writing.) There can be two types of antikinks to the right of this kink. In the first
type (called Type I) the Higgs field can go from ®(0) ox —(2, —3, —3,2,2) to
d(400) x +(2, 2,2, —3, —3), which is the same as the value of the Higgs field at
x = —oo and thus reverts the change in the Higgs across the kink. In the second
type (Type II), the Higgs field can go from ®(0) o« —(2, —3, —3, 2, 2) to &(+00) x
+(—3,2,2, -3, 2). Now the Higgs at x = +o00 is not the same as the Higgs at
x = —o00, but the two asymptotic field values are in the same topological sector.

By evaluating Tr(Q; Q»), where QO and Q- are the charge matrices of the two
kinks, it is easy to check that the force between a kink and its Type I antikink is
attractive, but the force between a kink and its Type II antikink is repulsive. The
g = 2 kinks can have charge matrices Q) that we list up to a proportionality factor

oM = (=4,1,1,1, 1), 0% =(1,-4,1,1,1), 09 =(1,1,-4,1, 1),
09 =(1,1,1, -4, 1), 0% =(1,1,1,1,—4) (2.34)

4 Localization of particles to the interior of defects has led to the construction of cosmological scenarios where
our observed universe is a three-dimensional defect or “brane” embedded in a higher dimensional space-time.
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Stable antikinks have the same charges but with a minus sign. Then, one can take
a kink with one of the five charges listed above and it repels an antikink that has
the —4 occurring in a different entry because Tr(Q;Q,) > 0. Hence, there are
combinations of kinks and antikinks for which the interaction is repulsive. Further,
in a statistical system a kink is most likely to have a Type II antikink as a neighbor
and such a kink-antikink pair cannot annihilate since the force is repulsive.

The result that the force between two kinks is proportional to the trace of the
product of the charges extends to other solitons (e.g. magnetic monopoles) as well.
In this way, the forces between certain monopoles with equivalent magnetic charge
can be attractive whereas normally we would think that like magnetic charges repel,
and between certain monopoles and antimonopoles can be repulsive.

2.8 Kink lattices

In this section we describe the possibility of forming stable lattices of domain
walls in one spatial dimension and the consequences in higher dimensions. Our
discussion is in the context of the S5 x Z, model though similar structures have
been seen in other field theory models as well [92, 43].

We know that Z, topology forces a kink to be followed by an antikink. Then
we can set up a sequence of kinks and antikinks whose charges are arranged in the
following way

.0WO® 0B (2.35)

where Q@ and Q) refer to a kink and an antikink of type i respectively (see
Eq. (2.34)). Alternately, this sequence of kinks would be achieved with the following
sequence of Higgs field vacuum expectation values (illustrated in Fig. 2.5)

o> —(2,2,2,-3,-3) > +(2,-3,-3,2,2)

— —(—3,2,2,-3,2)

—- +(2,-3,2,2,-3)

- —(2,2,-3,-3,2)

— +(-3,-3,2,2,2)
- —2,2,2,-3,-3)—> ... (2.36)
The forces between kinks fall off exponentially fast and hence the dominant forces
are between nearest neighbors. As discussed in the previous section, the sign of the
force between the ith soliton (kink or antikink) and the (i + 1)th soliton (antikink
or kink) is proportional to Tr(Q; Q;+1) where Q; is the charge of the ith object.

For the sequence above, Tr(Q; Q;+1) > 0 for every i and neighboring solitons repel
each other. In particular, they cannot overlap and annihilate.
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Figure 2.5 Inthe lattice of kinks of Eq. (2.36), the vacua are arranged sequentially
in a pattern so as to return to the starting vacuum only after several transitions
between the two discrete (Z,) sectors.

The sequence of kinks in Eq. (2.35) has a period of six kinks. These six kinks
have a net topological charge that vanishes since the last vacuum expectation value
in Eq. (2.36) is the same as the first value. Hence we can put the sequence in a
periodic box, i.e. compact space. This gives us a finite lattice of kinks.

The sequence described above has the minimum possible period (namely, six).
It is easy to construct other sequences with greater periodicity. For example

Ll Bl SOl C, DI OR IR TN, 2.37)

is a repeating sequence of ten kinks.

The lattice of kinks is a solution in both the S5 x Z, and the SU(5) x Z, models.
However, it is stable in the former and unstable in the latter. The instability in the
SU(5) x Z, model occurs because a kink of a given charge, say Q®), can change
with no energy cost into a kink of some other charge, for example Q. Then, in
the sequence of Eq. (2.35), the third kink changes into Q", then annihilates with
the antikink with charge Q! on its right. In this way the lattice can relax into the
vacuum. In the S5 x Z; case, however, the degree of freedom that can change the
charge of a kink is absent and the lattice is stable.

So far we have been discussing a kink lattice in one periodic dimension. This is
equivalent to having a kink lattice in a circular space. Next consider what happens
in a plane in two spatial dimensions. A circle in this plane can once again have a
kink lattice since neighboring kinks and antikinks repel. However, when extended
to the whole plane, the kink lattice must have a nodal point as shown in Fig. 2.6. In
three spatial dimensions, the nodal points must extend into nodal curves.?

We shall discuss kink lattices further in Chapter 6.

5 This is very similar to the case where several domain walls terminate on topological strings, except that there
are no topological strings in the model.
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Figure 2.6 A domain wall lattice consisting of six domain walls can be formed
in a one-dimensional sub-space (dashed circle) of a two-dimensional plane. This
domain wall lattice is stable. Extending it to the two-dimensional plane, the differ-
ent domain walls converge to a nodal point. This implies that the S5 x Z, model
contains domain wall nodes (or junctions) in two dimensions and nodal curves in
three spatial dimensions.

2.9 Open questions

1. Discuss all topological and non-topological kink solutions in an SU(N) x Z, model
where N is even. In [163] the case with odd N is discussed.’

% However, it is incorrectly stated that the Z, symmetry is included in SU(N) when N is even, as can be seen
from the Tr(®?) argument of Section 2.1.
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Interactions

In the previous two chapters, we have described kink solutions in several models
but these solutions have mostly been discussed in isolation. In any real system, there
is a variety of kinks and antikinks, in addition to small excitations (particles) of the
fields. The interactions of kinks with other kinks and with particles play an important
role in the evolution of the system. The motion of kinks is also accompanied by
the radiation of particles. Ambient particles in the system scatter off kinks, and
kinks collide with each other, and perhaps annihilate into particles. As discussed
in Section 1.9, in some models a kink-antikink pair can bind together to form a
non-dissipative solution which is called a “breather.” In other models, approximate
breather solutions have been found, which play an important role in the scattering
of a kink and an antikink. These topics are discussed in the following sections.

3.1 Breathers and oscillons

So far we have been considering kinks, which are static solutions to the equations
of motion. In the sine-Gordon model of Eq. (1.51), a one-parameter family of non-
static, dissipationless solutions is also known. These are bound states of a kink and
an antikink and are called breathers. The breather solution was described briefly in
Section 1.9 and can be re written as

do(t, x;0) = itan_1 [ sin(v/at/V1+ %) } 3.1

B v cosh(y/ax/+/1 + v?)

where v is a free parameter (see Fig. 3.1). We will have more to say about breathers
when we quantize kinks in Chapter 4 as they play a very fundamental role in the
novel duality between the sine-Gordon model and the massive Thirring model (see
Section 4.7).

Breather solutions are not known to exist in the A¢* model [135]. However,
numerical studies of the scattering of a Z; kink and antikink revealed the existence of

35
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Figure 3.1 The sine-Gordon breather shown at various times during one oscil-
lation period. At certain times, the field profile is that of a separated kink and an
antikink. At other times, the kink and the antikink overlap and cannot be distin-
guished.

extremely long-lived, oscillating bound states of kinks and antikinks [4, 19, 26, 64].
The existence of kink-antikink bound states has been interpreted as a resonance
phenomenon between the natural excitation frequency of the kink profile (shape
mode) and the frequency of oscillation of the bound kink-antikink system. Radiation
from a time-dependent scalar field configuration will be suppressed if the oscillation
frequency of the configuration is small compared to the mass of the radiation quanta
and this can be used to understand the longevity of oscillons (Farhi, 2005, private
communication).

The simplest hypothesis is that oscillons are approximate breather solutions
since a region of the sine-Gordon potential and the A¢* potential have very similar
shapes. We can compare the two potentials when the sine-Gordon potential has been
shifted so that it has a maximum at ¢ = 0. The parameter § in the sine-Gordon
model is chosen so that the first positive minimum is at ¢ = +n. « is fixed by
requiring that the masses of small excitations in the true vacua, given by the second
derivative of the potential, are equal in the two models. Then the two potentials are
given by

A
Vz,(¢) = Z((bz —n?)? (3.2)
Vig(®) = %(1 —cos(B(¢ — ) (3.3)
with

— 22 _T
o =217, B=— 34
n
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Figure 3.2 The A¢* potential (broken curve) and the shifted sine-Gordon poten-
tial (solid curve) when the parameters are chosen so that the vacua occur at the
same values of ¢ and the curvatures of the potentials at the vacua are also equal.
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Figure 3.3 The profiles of the kinks in the A¢* model (broken curve) and the
shifted sine-Gordon model (solid curve) with potentials as shown in Fig. 3.2.

The two potentials can be compared in the vicinity of their true vacuum at ¢ = 7.
Then

A
V2, (@) = AP (¢ — n)* + An(d — n)* + 1@ - n* (3.5)

and

27
4!

In Fig. 3.2 we show these two potentials and in Fig. 3.3 we compare the kink

profiles.

We will return to the breather and its role in the quantum sine-Gordon model at
the end of Section 4.7.

A
Vio(@) = An* (¢ — n)* — @ —n)*+ 0 —n)® (3.6)
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3.2 Kinks and radiation

By “radiation” we mean propagating excitations of small amplitude of a field,
which in this chapter will be taken to be the same field that makes up the kink.
Asymptotically, these excitations have the usual plane wave form: exp(i(w? £ kx)).
In the kink background, these “scattering states” are found as solutions to the
equation of motion for fluctuations about the kink. If we denote the kink solution
by ¢k (x), the fluctuation field (¢, x) is

Y(t, x) = ¢, x) — ¢u(x) (3.7

We will assume || < (¢), where (¢) is the vacuum expectation value of ¢. To
find the scattering states, we take ¥ = f(x)e™' where it is understood that the
real or imaginary part should be taken — in other words, the physical modes are
[f(x)e™ " £+ f*(x)et®']. Perturbing the Lagrangian for ¢ (first line of Eq. (1.2)),
we find that f(x) satisfies the (linearized) equation of motion

Hf = —f"+U®)f =w’f (3.8)
where
Ux) = V'(¢(x)) = rv (3.9
8(]52 P=x

The scattering states around a static kink are obtained by solving the Schrodinger-
type equation, Eq. (3.8), which for some potentials, falls in the general class of
equations discussed in Appendix C.

We now consider the Z; kink for which the potential U is obtained from Egs. (3.9)
and (1.2) to be

Ux) = A(3¢¢ — n%) (3.10)

We now list the eigenmodes of Eq. (3.8). (We will encounter them again in Chap-
ter 4.) First, there are two bound states, also known as “discrete” modes:

wy =0, fo= sech?z 3.1
V3

w] = me, f1 = sinhz sech?z 3.12)

where z = x/w = my x /2. The ® = O mode is called the “translation mode” and the
second is the “shape mode.” Then there is a continuum of states for m,, < w < 00
which are the scattering states:

fi = e**[3 tanh’z — 1 — w?k? — i 3wk tanhz] (3.13)
The dispersion relation is

wp =k +m}, (3.14)
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We are now interested in processes that involve both a kink and the scattering
states (radiation). For example, if a kink accelerates, it will emit radiation. What
is the radiated power? The answer will depend on the forces that make the kink
accelerate and whether or not these forces deform the structure of the kink.! We
shall examine the radiation from kink shape deformations and other interactions of
kinks and radiation after a brief diversion in the next section.

3.3 Structure of the fluctuation Hamiltonian

In this section we will show two interesting properties of the fluctuation
Hamiltonian, H, defined in Eq. (3.8). The first is that the potential U(x) has a
very special form that implies that the Hamiltonian can be factored. The second is
that there exists a “partner Hamiltonian” with (almost) the same spectrum as the
original Hamiltonian.

The special form of U follows from the fact that the kink has a translation zero
mode (see Section 1.1). Hence there exists an eigenstate with w = 0. Denote this
“translation mode” by . Hence

Hy = (=3*+U@)¥: =0 (3.15)

Therefore
U =_‘U 3.16
(x) 7 (3.16)

which can also be rewritten as
Ux)=f'+f% f =) (3.17)

For the particular cases of the Z, and sine-Gordon kinks, not only is U(x)
of the form in Eq. (3.17) but it is also reflectionless. Then, an incident wave is
fully transmitted and the reflection coefficient vanishes. In this case, the only non-
trivial characteristic of scattering states is that the waves get a phase shift owing to
the presence of U(x). This property will be useful when we quantize the kink in
Section 4.1.

The Hamiltonian A with a potential of the form in Eq. (3.17) has the important
property that it can be factored

H=ATA=H3+ f)(—3d+ f) (3.18)
Therefore the equation for the eigenstates is simply

Hf = ATAf = o*f (3.19)

! In the case of domain walls in three spatial dimensions, the curvature of the wall is itself responsible for
acceleration. This motion leads to the emission of scalar and gravitational radiation and will be discussed in
Chapter 8.
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The factorization has the consequence that one can readily construct a “partner”
Hamiltonian, H_, that has almost an identical eigenspectrum as H. This partner
Hamiltonian is H_ = AA™. If f; is an eigenstate of H with eigenvalue w? then
Af; is an eigenstate of H_ with the same eigenvalue. This argument works for all
eigenstates except the one for which A f; = 0. Hence H has a single extra eigenstate
with w = 0.2

The potential U(x) determines the spectrum of excitations around a soliton.
The factorizability of the Hamiltonian is useful in the problem of reconstructing
V (¢) from the spectrum of fluctuations (i.e. the set of w?) using inverse scattering
methods [165].

3.4 Interaction of kinks and radiation

As remarked below Eq. (3.17) the potentials U(x) for both the Z, and the sine-
Gordon kinks are rather special since they are reflectionless. All that happens is
that the transmitted wave gets phase shifted. This is equivalent to a time delay in
the propagation of the wave through the kink.

From the solution for the scattering states given in Eq. (3.13) for the Z; kink we
find a momentum dependent phase shift

Slz, =2tan™! (ﬂ) (3.22)
w2k —2
This corresponds to a time delay
8k 2 1 3wk
YR - <m> (3.23)

2 2
Zy [k +ml//

Similarly the phase shift and time delay in the case of the sine-Gordon kink are

k

Slsg = —2tan™! (m—) (3.24)
14

Sk

el e ]
G =—| =-———|m —tan — (3.25)
(OB Ne! k2 +m2‘/’ my,

Tk

2 The two partner Hamiltonians can also be combined to form a supersymmetric Hamiltonian, Hgg
ATA 0
Ho= ("% ar)=1Q.0"1= 00" + 00 (3.20)

where

e=(4% o) 2=(57%) @21
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While there is no reflection of radiation of the same field that makes up the kink
in the Z, and sine-Gordon cases, there can be reflection of fluctuations of other
fields [53]. As an example [171], consider a second scalar field x included in the
Z, model so that the full Lagrangian becomes

1 m> o
L =L¢+§(aﬂx)2— TXXZ—E&XQ (3.26)

where L is the Lagrangian for the Z, model (Eq. (1.2)). Then the scattering modes
of x in the presence of a Z, kink are found by solving

Fx—0x+myx+odix=0 (3.27)
Substituting ¢y = ntanh(x/w) and x = exp(—iwt) f(x), we get

32 f + (V¥ — Gsech® (X)) f =0 (3.28)

where X = x/w, V2= wz(a)2 —m

V2/An2)

Equation (3.28) is a special case of the differential equation described in Ap-
pendix C. The scattering state is found for real values of v and has the asymptotics:
f— e for x — o0, and for x — —o0:

2

2 —on?), & =on*w? (Recall that w=

(1 — ikw)[(—ik)e'*~ I'(1 — ikw)I(ik)e*x
—
ra2+4+y—ik)r(1/2—y —ik) TA/24+p)I'A/2—-1y)
where k = v/wand y = /6 + 1/4.
The reflection coefficient can be read off from the asymptotic behavior of f(x)
as x — —oo and has been evaluated in Section 12.3 of [113]

f

(3.29)

1 + cos2my)

— (3.30)
cosh(2wk) + cos(2my)
The transmission coefficient is
2 sinh?(rk)
cosh(2wk) + cos(2my)

From the asymptotic expression in Eq. (3.29), it is also possible to calculate the
time delay of the reflected and transmitted waves owing to the kink. For example,
if we write

I'(l — ikw)I'(—ik) _ |T|1/2ei‘3k (3.32)
raR+4+y —ik)r1/2 —y —ik)
where T is the transmission coefficient above, then the time delay of the transmitted
wave is given by 8x/w.
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3.5 Radiation from kink deformations

A static kink does not emit any radiation. Nor does it emit radiation if it is moving
at constant velocity (see Eq. (1.10)). However, if the kink is accelerating (owing to
some external force), or its shape is deformed, it can emit radiation in the form of
scalar particles [106, 107].In 3 4 1 dimensions, acceleration and deformations arise
since the kinks (domain walls) are moving under their own tension, except in the
very special cases of static solutions. The radiation emitted from curved domain
walls has not been calculated analytically, though the problem has been studied
numerically [182]. In the case of 1 + 1 dimensional Z; kinks that are undergoing
periodic deformations, the radiation has been found analytically in [110, 140], and
we shall describe this calculation below.

Following [110], we simplify notation by setting A = 2and n = 1inthe Z, model
so that w = 1 in these units (see Section 1.1). Then the field ¢(x, ) is written in
terms of the complete set of small excitations. This gives

¢(x, 1) = ¢i(x) + R(1) fo(x) + A1) fr(x) + f(x,1) (3.33)

where ¢ = tanh(x), fo and f; are the translation and shape modes respectively as
given in Egs. (3.11) and (3.12), R(¢) and A(¢) are their time-dependent amplitudes,
and the function f(x,t) contains all the continuum states around the kink. The
frequency of oscillation of R(¢) is wy = 0 and of A(?) is w; = /3. These values
were derived for linearized fluctuations about the kink. Non-linearities will modify
| = /3 but we assume that such modifications are small.

We will work in the rest frame of the kink and so

R@)=0 (3.34)

The idea now is to insert Eq. (3.33) in the equation of motion for ¢ with some
choice of the amplitude A(¢) which is assumed to be small, and then to find the
solution for the scattering states, f(x, t), which form the radiation.

Insertion of Eq. (3.33) in Eq. (1.4) gives

A3V i+ J = 1" +2036 — 1) f = —6(f + ¢ f{A®
—6(f +200f/iA—-2fA°
—6¢if? = 2f° (3.35)

where the equations satisfied by ¢ and f; have been used. Assuming that A is small,
and that f is O(A?) or smaller, the leading order equationis A + 3A = 0 + O(A?).
Then to order A2, the equation for f is

A+3M0)fi+ [ = " +200 — 1) f = —6¢: f7 A (3.36)
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The f-independent terms on the right-hand side of Eq. (3.35) are source terms
which cause radiation. Hence f will not be zero at order A2. The terms will also
cause the amplitude, A, of the shape mode to depart from the purely oscillatory
behavior. To determine how much of the source affects radiation and how much
affects the shape mode, note that f; and f are orthogonal

/dxfl(x)f(x, H=0 (3.37)

So we can decompose the equation into a direction parallel to f; in mode space and
orthogonal to it. One assumption we have to make is that the back-reaction of the
radiative modes on the shape mode is higher order in A. For example, Eq. (3.37)
does not by itself imply that f” and f; are orthogonal. Then, multiplying Eq. (3.36)
by f1 and integrating over all space gives

A+3A=—-6A% / dxgy ff = —6aA® (3.38)
provided we have normalized f; so that
[atniwr =1 (3:39)
Explicit evaluation gives
o (3.40)
a=— .
32

The equation orthogonal to f] is
F=f"+203¢f — 1) f = —6¢ fLA* + 6afi A? (3.41)

and this will determine the radiation from the deformed kink once we have specified
A.
The leading order solution for A is

A = Agcos(v/3t) (3.42)

Hence

A

2
A2 = 20 [cos(2v/31) + 1] (3.43)

This form implies that the source for f in Eq. (3.41) has a time-dependent piece
and another time-independent piece. Since the equation is linear in f, only the
time-dependent piece proportional to cos(2+/31) is important. Setting

f(x, 1) = Re(€* F(x)) (3.44)
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the equation that needs to be solved is
3 ‘
—FN + (6(]5]% — 2 — a)z)F = E(afl - ¢kf12)A(2)el(wn—(U)l (345)

where wy = 2+/3. Since the left-hand side is time-independent, this only has solu-
tions for

w=wy=2V3 (3.46)

and then all the solutions of the homogeneous equation are known (see Appendix C;
[113, 126]). The solutions of the homogeneous equation with plane wave asymp-
totics are

F,(x) = (3¢ — 1 — ¢* — 3igg )" (3.47)

where g = ~/@w? — 4. Knowing all the solutions of the homogeneous equation, it is
possible to explicitly construct the (retarded) Green’s function suitable for outgoing
radiation.

—F_WF,(0)/W, (x <)

Gx,y) = 3.48
() { —F,0F_y )/ W, (x > ) (49
where W is the Wronskian

W = F,(x)F_,/(x) — F,/(x)F_,(x) (3.49)

The Wronskian is a constant and its value can be found by using the explicit solutions
W = —2ig(¢*> + 1)(g*> +4) (3.50)

The solution of the inhomogeneous equation (3.45) is found by convoluting the
source with the Green’s function

—+00 3
F(x) = / dy G, 3 [h) ~ B0 3.51)

o0
With a little more manipulation, we obtain the radiation field in the x — +o0 limit
_3A(2)ei(wt—qx) +00
2iq(2 — q* = 3iq) )
withw = wy = 2+v/3 and ¢ = Vo? — 4 = 24/2. The integral can be done explicitly

leading to
nq(q® =2) |q*+4
fx, 1) = - Ajcos(wt — gx — ) (3.53)
32sinh(wrq/2)\ ¢> + 1

f(x,1)=Re [ dy ¢k(y)f12(y)Fq(y)} (3.52)
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The phase § can be read off from Eq. (3.52) because the integral is purely imaginary
and does not contribute

-1 3q
§=tan" | — (3.54)
q*—2

Now that we have the solution for the radiation field, we can find the energy
flux by using the 7p; components of the energy-momentum tensor in Eq. (1.39).
Including a factor of 2 to account for the radiation toward x — —o0, we obtain the
radiated power [110]

dE

yr —0.0204; (3.55)

The back-reaction of the radiation on the deformation amplitude can be estimated
on the grounds of energy conservation. In [110] the results above are compared to
the results of a numerical evolution of the deformations using the full non-linear
equations with good agreement.

3.6 Kinks from radiation

By time reversing kink and antikink annihilation, it should be possible to obtain
kink-antikink creation from incoming radiation. However, the stream of incoming
radiation would have to be sent with just the correct phase relationship and energy.
Such initial conditions occupy zero volume in the space of all initial conditions. A
more physical problem is to identify the set, or a large subset, of initial conditions
for the incoming radiation that will lead to kink-antikink creation. This problem is
unsolved. Yet certain interesting results have been obtained in [110] in the “gradient
flow” approximation in which the second time derivative terms in the equation of
motion are neglected.

Consider the collision of two kinks in the presence of a pre-existing kink [110],
as depicted in Fig. 3.4. As the kink-antikink-kink (kkk) system evolves, a kink-
antikink annihilate, and we are left with a kink whose shape is excited. Reversing
this process, if we start with a kink whose shape is excited, it can produce a kink-
antikink pair. In [110], this relation between the shape mode and the creation of a
kink-antikink pair was explored.

3.7 Scattering of kinks

The sine-Gordon model is a famous example of a completely integrable system [48].
Sine-Gordon kinks are examples of “solitons” in the strict mathematical sense in
which when two or more solitons (or anti-solitons) scatter, they simply pass through



46 Interactions

© o oo

phi
TR0 OO A N O N MO OO

-0.
-0.
-0.

s L

-5 0 5 10

=
o

Figure 3.4 A kink collides from the left with another kink coming in from the
right in the presence of an antikink in the middle. The time evolution of the field is
shown in succession by the solid, dotted, dashed, and dashed-dotted curves. The
evolution shows that a kink and antikink annihilate leaving behind a kink whose
shape mode is excited (dotted and dashed curves). With further evolution, the shape
mode will dissipate and an unexcited kink will remain as seen in the dashed-dotted
curve. [Figure reprinted from [110].]

each other. The only consequence of the scattering is that there is a phase shift, or
equivalently, a time delay. The time delay may be understood by realizing that the
force between two kinks in the sine-Gordon model is attractive. Hence the kinks
collide and form a bound state for some time. The time delay may be viewed as the
time spent by the kinks in the form of a bound state. A crucial aspect of the scattering
is that there is no dissipation. More details can be found, for example, in [48].

Kink scattering in the Z, model has a more complex character. In this case, we
cannot have kink-kink scattering because two Z, kinks cannot be adjacent to each
other. Instead, we need only consider kink-antikink scattering. This has been the
subject of significant investigation [26, 4]. When a kink-antikink collide, the only
possibilities are that they reflect back or they annihilate (see Fig. 3.5).

As we might expect, at very low incoming velocities, a bound state is formed and
annihilation inevitably occurs, while at very high velocities, reflection takes place.
The remarkable discovery of numerical studies of kink-antikink scattering is that
the change from annihilation to reflection does not happen at just one critical value
of the incoming velocity. Instead there are bands of incoming velocity at which
annihilation occurs, while at other values of the incoming velocity the kink and
antikink are reflected. The plot in Fig. 3.6 shows these results.

The unexpected dependence of kink-antikink scattering on the incoming velocity
has been examined closely in [26, 4]. The behavior is understood as a resonance
effect between oscillations of the mode that describes the shape distortions of the
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Figure 3.5 A kink and an antikink with incoming velocity v; are shown in panel
(a). The two possible outcomes of the scattering are shown in panels (b) and (c).
In panel (), the kinks scatter and reflect. Their outgoing velocity v need not be
equal to v;. In panel (c), the kink and antikink have annihilated and radiated away
their energy, leaving behind the trivial vacuum. In both outcomes, the scattering
is likely to be accompanied with radiation that has not been depicted.
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Figure 3.6 The ratio of outgoing to incoming kink velocities after scattering
versus the incoming velocity [26, 4]. When the outgoing velocity is plotted to be
zero, a kink-antikink bound state is formed that decays to the vacuum by radiation.
Notice that the kink-antikinks annihilate in certain bands in the initial velocity.
[Figure reprinted from [26].]
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Figure 3.7 Two curved domain walls collide and intercommute. At the collision
point, there is lots of radiation owing to annihilation or owing to the formation of
a closed domain wall that then collapses and decays into radiation. To imagine the
walls in three dimensions, rotate the figures along the horizontal axis. In the initial
state the two curved walls are disconnected from each other while in the final state,
the wall is in the shape of a “wormbhole,” with a sphere in the middle.

kinks and the oscillations of the kinks as a whole owing to kink-antikink interactions.
We shall not describe the details of the analysis here.

The scattering of SU(5) x Z, kinks has been studied numerically in [121]. In
this case, there is an additional degree of freedom, namely the non-Abelian charge
of the colliding kinks (or “color”) and there are a variety of initial conditions that can
be considered. For the stable variety of kinks — the ¢ = 2 kinks (see Section 3.2) —
the scattering of kinks and antikinks of the same color is qualitatively similar to that
of Z, kinks. If the colors are different, however, there is a repulsive force between
the kinks and they are observed to bounce back elastically.

3.8 Intercommuting of domain walls

We finally consider the collision of two domain walls. The outcome is found by
numerical evolution of the equations of motion. As the walls come together, they
reconnect along the curve of intersection [136] as shown in Fig. 3.7. This process
is called “intercommuting” or, simply, “reconnection.”

3.9 Open questions

1. Suppose we want to create a well-separated Z; kink-antikink pair by colliding small
amplitude plane waves (particles) in the ¢ = 47 vacuum. What conditions must be
imposed on the incoming waves? What is the space of initial conditions that leads to
domain wall formation? Can the initial conditions be implemented in a practical setting
(e.g. accelerator experiments)?

2. Can a domain wall lattice be generalized to other defects, e.g. a lattice of strings and
monopoles?
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. Study the interaction of domain walls and strings/magnetic monopoles in a model that
contains both types of defects e.g. the SU(5) x Z, model has walls and magnetic
monopoles.

. Construct a sine-Gordon-like breather field configuration in the A¢* model. This will not
be an exact solution of the field equation of motion. Hence it will radiate. Calculate the
radiated power. Are there circumstances in which the radiated power is very small?

. Canthe analysis of radiation from kink deformations be extended to the case of oscillating
domain walls? The simplest procedure would be to decompose the field as in Eq. (3.33)
and to include a suitable external (harmonic) potential that drives the translation mode
only. This will cause the kink to oscillate as a whole without deformations. However, the
oscillations will source the shape mode and the radiation, and an analysis of the kind in
Section 3.5 seems feasible.

. Can the analysis of radiation from kink deformations be extended to the case of spherical
domain walls?

. How can the radiation analysis be extended to vortex solutions in two or more spatial
dimensions?



4
Kinks in quantum field theory

A particle in a classical harmonic oscillator potential, mw?>x? /2, has minimum en-
ergy when it sits at rest at the bottom of the potential. Then the particle’s energy
vanishes. The Heisenberg uncertainty principle however modifies this picture for
the quantum harmonic oscillator. The particle cannot sit at rest (with definite mo-
mentum) at the bottom of the potential (a definite location). Indeed, the quantum
zero point motion lifts the ground state energy to w/2. Further, the excited states
of the simple harmonic oscillator are discrete and occur at energies (n + 1/2)w,
n=0,1,2,...

Just as the classical harmonic oscillator is modified by quantum effects, any
classical solution to a field theory is also modified by quantum effects. Quantum
effects give corrections to the classical kink energy owing to zero point quantum
field fluctuations. These quantum corrections are small provided the coupling con-
stant in the model is weak. To “quantize the kink” means to evaluate all the energy
levels of the kink (first quantization) and to develop a framework for doing quantum
field theory in a kink background. This involves identifying all excitations in the
presence of the kink and their interactions. The field theory of the excitations in
the non-trivial background of the kink is akin to second quantization. Finally, one
would also like to describe the creation and annihilation of kinks themselves by
suitable kink creation and annihilation operators. This would be the elusive third
quantization.

Initially we calculate the leading order quantum corrections to the energy of the
Z, and sine-Gordon kinks. As these two examples illustrate, the precise value of
the quantum correction depends on the exact model and kink under consideration.
Yet there is one common feature — quantum corrections tend to reduce the energy
of the kink. This result is quite general and we prove it using a variational argument
in Section 4.5.

The quantum corrections to the kink mass are obtained by using a perturbative
analysis where the coupling constant is the expansion parameter, as first done

50
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in [38, 42]. For fixed values of the masses of particles in the field theory, the
energy of the classical solution is proportional to the coupling constant raised to
a negative power (for example, see Eq. (1.20)) and so the perturbative analysis
holds only if the kink is much more massive than the particles in the model. As the
coupling constant is increased, quantum effects become stronger and eventually
the perturbative scheme breaks down. Remarkably, the sine-Gordon model is still
amenable to analysis in this regime and, at strong coupling, the sine-Gordon kinks
become lighter than the particles. Indeed, there exists a weakly coupled description
of the model in which perturbative methods can be used: this is the massive Thirring
model in which the particles (low energy excitations of a fermionic field) correspond
to the sine-Gordon kinks at strong coupling (see Section 4.7).

The phenomenon observed in the sine-Gordon and massive Thirring models, in
which solitons of one model (Model 1) are identified with the particles of a second
model (Model 2) and vice versa in certain regimes of the coupling constants, is
known as “duality.” Model 1 is said to be dual to Model 2 if the particle-plus-soliton
spectrum of Model 1 maps onto the soliton-plus-particle spectrum of Model 2 and
vice versa. Both models describe the same physics, except that the light and heavy
degrees of freedom are interchanged.

The Z, model does not share the remarkable symmetries of the sine-Gordon
model and less is known about the Z, kink at strong coupling. However, the mass
of the Z, kink can be evaluated at strong coupling using lattice field theory. We
describe these results in Section 4.8 and conclude, once again, that the kink becomes
less massive as the coupling is increased and eventually becomes massless.

In this book, we only describe quantization of the mass of the kink using canonical
techniques. A more extensive discussion of various other techniques and issues can
be found in [35, 126] and in the series of papers in [38, 42].

4.1 Quantization of kinks: broad outline

In this section, we evaluate the contribution of the zero point fluctuations to the
energy of the kink. Then we briefly discuss excited states.
The quantization procedure can be outlined as follows:

 Consider a field theory in two dimensions with compact spatial dimension of size
L, assumed large compared to any other length scale in the problem. Periodic
boundary conditions are imposed on the fields. Eventually take L — oo.

¢ Consider small quantum fluctuations, v, about the classical kink background,

bx
¢, x) = ¢(x) + (2, x) (4.1)
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Figure 4.1 A trivial potential on a periodic space with period L is shown on the
left. The field modes are labeled by an integer n = 0, =1, £2, ... When there is a
kink, the potential felt by the modes becomes non-trivial as depicted by the curved
bottom of the figure on the right. What used to be the n = 0 mode in the trivial
potential (on the left) becomes the lowest bound state, the zero mode, in the non-
trivial potential. Similarly a linear combination of the n = 1 modes in the trivial
box may become a second bound state (n = +1 in this illustration) and the other
states remain unbound but shift in form and energy.

Linearize the equation for ¢ and then quantize, that is, regard the field ¢ as a
quantum operator

Y, x) =Y laxfilt, x) + al £(t, )] 4.2)

where ai and ay are creation and annihilation operators. The fi are mode functions
i.e. orthonormal solutions of the linearized equations of motion for ¥ in the kink
background. The equation satisfied by f; is

P fi — 02 fi + V() fi =0 (4.3)

« Find all the eigenmodes, fy, of the fluctuations and their eigenfrequencies wy. As
shown in Fig. 4.1, in the presence of the kink the modes are displaced. Some of
the low-lying modes without the kink become bound states in the presence of the
kink, and the others become scattering states as L. — oo.

 Each eigenmode corresponds to a quantum harmonic oscillator with zero point
fluctuations. Sum up the zero point energies of all the modes to get the quantum
correction to the classical kink energy, E,

. 1
E=E,+ Z Ea),' 4.4)

In the L — oo limit, the sum over the modes becomes a sum over bound states
and an integral over scattering states. Also note that Eq. (4.4) is only valid to
leading order in the quantum corrections since we have ignored interactions of the
fluctuation field, .
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In following this procedure, quantum field theoretic subtleties arise.

 The zero point energy of the trivial vacuum (without the kink) must be subtracted
from the zero point energy of the kink since we want to define the energy of the
trivial vacuum to be zero. Therefore

1 1
E=Ea+) son- [Ed,o +y Ew,@}
i i

where E o is the classical energy of the trivial vacuum and is chosen to vanish
(Ea0 =0),and a)l(.o) are the eigenfrequencies of the modes in the trivial vacuum.
» The energy must be expressed in terms of renormalized parameters.

In the trivial vacuum, the energy eigenvalue for the mode with n nodes is

o) = [k +m} (4.5)

where k, = 2mn/L and n € Z, the set of all integers. Now suppose that the kink
potential V" is turned on slowly, i.e. that the potential term in Eq. (4.3) is multiplied
by a parameter that vanishes for the free field theory and is continuously increased
to one to get to the kink case. As the parameter increases, modes in the trivial
box evolve into modes in the kink background. Some of the low-lying modes in
the trivial box become the bound states of the kink. Let us label these modes by
the index b (for “bound”) and the remaining modes by c¢ (for “continuum”). (In the
example of Fig. 4.1, b = 0, 1, and c is any integer except for 0, 1.) Then

E= Ecl+%Xb:(w,,_w20>)+ %Z[\/pg-i—mi _\/kg+m2v,} (4.6)

where o, = ,/p? + mﬁ, and my denotes the mass of the ¥ particles. In the limit
L — oo, the sum over continuum states becomes an integral.

The terms in Eq. (4.6) can be understood quite simply. The first term on the right
is the classical kink energy, the second contains the excess quantum corrections
owing to the zero point motion of the modes bound to the kink, and the third term
is the excess energy in the zero point motion of the modes that are not bound to the
kink. The wave numbers of the scattering modes in the background of the kink are
denoted by p, while that of the modes in the trivial vacuum by k,,.

In the trivial vacuum and when L — oo, the scattering states are plane waves,
which are both energy and momentum eigenstates with k, = 2zn/L. In the pres-
ence of the kink, the scattering states are energy eigenstates but not momentum
eigenstates and, in general, an incoming wave gets both reflected and transmit-
ted. Without specifying the field theory, further progress is possible when the
scattering potential, V" (¢x(x)), is reflectionless. This may seem very restrictive,
but it holds for both the Z, and sine-Gordon models and we assume it to be
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true for the remainder of this analysis. Then, asymptotically, the scattering states
behave as

el Pran/D g5 x = —L/2 — —00 4.7

e (Pxre(P)/2) 45 x = +L/2 — 400 (4.8)

where «(p) is a phase shift. Note that on multiplying by exp(ix(0)/2), the p =0
state can be chosen to be purely real at x = —oo. Since the scattering potential,
V" (¢x(x)), is also real, this implies that the imaginary part of the wavefunction can
be taken to be zero everywhere. Therefore «(0) = 0.

The phase of the scattering states has a winding number given by the total phase
change across the box. Since we have imposed periodic boundary conditions, the
total phase winding, (pL + «(p))/2m, must be an integer. This quantizes p so that

pL +a(p) =2vx 4.9)

where v € Z and we have denoted the vth wave-vector by p,.

Now that the scattering states in the soliton potential have been labeled by the
integer v, and those when the potential vanishes by the integer n, correspondence
must be drawn between v and n. To illustrate the problem, consider the p, = 0
mode. As discussed above, a(0) = 0 and hence, from Eq. (4.9), v = 0 labels this
mode. Further, this mode has the lowest energy of the continuum states. In the
specific example of Fig. 4.1, this mode corresponds to the » = —1 mode in the
trivial box since the n = 0, 1 modes have become bound and have dropped out of
the set of scattering states. Therefore n = —1 corresponds to v = 0, in this example.

With k, = 2zn/L, we can write

pvL + A(p,) =2nw =k, L (4.10)
where
A(py) = a(py) +2n(n —v) (4.11)

The shift in going from n to v is the change in the total winding of the phase as
the potential evolves from the trivial box to the soliton potential (see Fig. 4.1). As
long as there is no change in the relative ordering of the energy levels, the heirarchy
of the energy levels is maintained, and the mapping between n and v is a constant
shift. Since some of the low-lying states in the trivial potential have dropped out
from the set of continuum states and have been converted into bound states, the set
of integers n is partitioned into two subsets — one for the integers that lie above
the would-be bound states and another for the integers that lie below the would-be
bound states. The map from #n in each subset to v is a constant shift but the shift is
different in the two subsets.
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Next we think of # — v as a function of k. In the L — oo limit, (n — v) is constant
everywhere except at k = 0, meaning that the derivative of n — v with respect to k
is a Dirac delta function at k = 0,

dA dar(k)
92 coeff.8(k
ac - coethat) + =

To determine the coefficient of the delta function, let us denote by N, the number
of states in the trivial potential that have dropped out as bound states in the kink
potential. In a large interval n, — n_ (n is positive and n_ is negative), the cor-
responding interval in v is smaller by N;, and hence the coefficient of the delta
function is given by —2m N,

B Namsk + 20
ak e dk

For large momenta (and energy) the modes are unaffected by the deformation of
the potential at the bottom of the well. Hence p, — k, in this region and A(p) — 0
as |p| — oo.

The phase shift A(p,) depends on the potential in the equation of motion for
¥(t, x), as in Eq. (4.3). As we explain below, the scattering potential created by
the soliton background is non-perturbative. Therefore the phase shifts need not
be small owing to factors of the coupling constant. However, note that A(p,)/L
is small as L — oo and we need only keep terms up to linear order in 1/L.

Therefore
A(p,
,/pv-i-ml/,—\/ (p +mfb

/K2 Lknk?(k n) < ! ) (4.14)

Note thatin the lastline A(p, ) has beenreplaced by A(k,) since p, = k, + O(1/L).

We now want to express the energy of the kink in terms of renormalized param-
eters. If we denote the renormalized mass of ¥ by m, r and the bare mass by m , p,
then

(4.12)

(4.13)

mw R= mw b Smw (4.15)

where émy, denotes the quantum contribution of vacuum fluctuations to the mass
of i, and (Sm%/, is due to the self-coupling of the field and hence is proportional to
the coupling constant.

The expression for the energy in Eq. (4.6) is valid to leading order in quantum
corrections. The classical energy is inversely proportional to the coupling constant
(e.g. Eq. (1.20)) and so the leading corrections are independent of the coupling
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constant. Note that m,, in the last two terms in Eq. (4.6) can be freely replaced
by my r since we are only evaluating the lowest order (coupling constant inde-
pendent) quantum correction to the energy and 8m3p is proportional to the coupling
constant. Retaining only the terms that are of leading order in the coupling constant,
expanding E in (Sm?/j, and using Eq. (4.14), we get

1 e A Ky
E = Ealmyr; Al + AEa + Z wp —wy) — Z¥ (4.16)

2L JkE+ m%b’R

where A E denotes the leading order change in E; when replacing bare parameters
by renormalized parameters.
In the limit L — oo, the sum over n becomes an integral

L +00
5 f dk (4.17)
n 27[ —0o0
Hence,
1 N 1 kA(k)
E = EqlmyriAr]l + AEq + 2 Zwb - Tbm,,,,
(4.18)

where we have made use of the fact that a)(o) JkE+ m?,,’R — myr as kp X
1/L — 0.
On integration by parts

kA (k)

/dkF (A1 +m —|—m¢R /dk,/k2+m“dk (4.19)

Since A(k) vanishes as k — =00, the boundary term gives a finite contribution.
The last term contains the derivative of A(k) and is given in Eq. (4.13). Therefore
the final result is

4

1 da
— fa Sy m2, 2 420
s / TR g (4.20)

Our general calculation can be pushed a little further since, in one spatial dimen-
sion, all divergences can be removed by normal ordering a “renormalized potential,”

1 1
—_ . _ _ +00
E =Eglmyr; ARl + AEq + 5 Eb wp — — [[k|AK)]TS
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VR, which can be written in terms of the bare potential, V (¢) [35]

% ! 1 47 & V(g) + 4.21)
=expy— |In— ) — € .
R=FP sr M m2 ) dg2 °

where A is a momentum cut-off, and m is the bare mass. The constant €, renor-
malizes the vacuum energy, and is chosen so that the expectation value of the
Hamiltonian in the ground state vanishes. For example, in A¢* theory (Eq. (1.2)),

2 1 NPT
VR =[yQByir —m?) 4+ €] + 5(63/)» —m)p” + Z¢ (4.22)
where
1 AN\ Asoo 1 [T dk
y=—In(— )2 — - (4.23)
81 m? 8w J_an VK2 +m?

Then, the quantum correction to the mass is 6m> = 61y, while the quantum cor-
rection to the mass of the excitations in the Z, model is:

8mj, =28m> = 121y (4.24)
In the sine-Gordon model (Eq. (1.51))

Vo= gl = e cosBo + e (4.25)
and the quantum corrections to the parameters can be read off.

Returning to the general expression in Eq. (4.21), the bare parameters occurring
in V(¢) can be chosen to absorb the cut-off dependent factors. Then the potential
VR is given entirely in terms of finite physical parameters. If the classical solution
is found for the physical value of the coupling constant, denoted by Ag, then AE
only depends on the correction to the mass term, szw,

E}[my r; Ar]

AEy =
2m1,,,R

sm3, (4.26)
where E[; denotes derivative of E with respect to the mass, my r. At this stage,
we are still left with the last two terms in Eq. (4.20) involving the phase shifts.
However, there is no general prescription for finding the phase shifts, and each
problem has to be dealt with individually.

Equation (4.20) is our final general expression for the ground state energy of the
quantized kink provided that the classical kink solution gives rise to a reflectionless
potential. To make further progress one needs to find E¢i[my r; Ar], AEq, @p, and
the derivative of «(k). These quantities are model specific and we shall find them
in the A¢* and sine-Gordon models in the next two sections.
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Before going on to some examples, it is helpful to track the coupling constant
dependence of the various terms in Eq. (4.16). We write the potential as

m2
V(g) = —7& + €S() 4.27)

where m is the mass parameter, € is the small coupling constant, and S is some
unspecified function of ¢, perhaps containing other parameters. The classical energy
term in Eq. (4.16) is inversely proportional to the coupling constant. So the leading
order correction is independent of the coupling constant. In the second term, Smfb
is proportional to the coupling constant but E, is inversely proportional to the
coupling constant. Hence the product is independent of the coupling constant. Next
we come to the coupling constant dependence of the energy eigenvalues and the
phase shifts. The spectrum of excitations is found by solving for eigenmodes in
the kink background. The kink background provides a potential with which the
excitations interact. The important point here is that this potential is non-trivial
even to zeroth order in the coupling constant. The vacuum expectation value of ¢,
denoted by ¢y, is found by minimizing V. Therefore

/ 2
S'(¢o) _m (4.28)
®o €
Then
V(o) = —m? + €S (¢ho) (4.29)
and approximating S”(¢) as S'(¢o)/ o,
V(o) ~ —m? + 220 L2 (4.30)

®o

Hence the scattering potential in Eq. (4.3) for the mode functions is independent
of the coupling constant, and the phase shifts, «(k), are non-trivial even to zeroth
order in the coupling constant.

As we see in the specific examples given below, both Smi and the last sum in
Eq. (4.16) are divergent. However, the divergences cancel, leading to a finite result
for the energy.

4.2 Example: Z, kink

We now find the energy of the quantized Z; kink by evaluating explicitly the terms
in Eq. (4.16).
The classical energy piece is already known from Eq. (1.20)

2«/§m_3 _ my

= — 4.31
3 AR 3R ( )

Eglmyr; ARl =
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Then AE is given by Eq. (4.26) and E/, is found by differentiating Eq. (4.31)
2

m
ELlmyrid] = =22 (4.32)
AR

The mass correction (Smi arises owing to the interaction term A¢*/4 in this
model. The calculation of Sm%// is quite involved since it requires renormalization
in a model with spontaneous symmetry breaking, which means that we should
find the mass correction from the action in Eq. (1.5). Then there are both cubic
and quartic interactions. This calculation can be found in quantum field theory
textbooks, for example [119]. The end result is

2 3,\R/
my =
,/k2+m

The integral in Eq. (4.33) is divergent. However it is only one term in the expression
for the quantum kink energy in Eq. (4.18). In particular, the last term with the
phase shifts is also divergent, but the quantum kink energy is finite since the two
divergences cancel. Note that we can replace m., by m., r in the final integral since
we are only evaluating the leading order correction.

Next consider the terms in Eq. (4.16) that involve the spectrum of fluctuations
about the classical kink. To find the spectrum, substitute Eq. (4.1) in the field
equation, Eq. (1.4), and expand to lowest non-trivial order in ¥. This was already
done in Section 3.2 and we now summarize the results

(4.33)

wo = 0, X0 = SCChzZ
V3
w] = me’ X1 = sinhz sech’z
my <o < 0o, xx = e**[3 tanh’z — 1 — w?k? — i 3wk tanhz]

where z = x/w = myx/2, and the dispersion relation is
0F = K + 434)

Note that the eigenvalues wy, are independent of the coupling constant because A
does not occur in Eq. (3.10) if my, = \/ﬁn is held fixed. However, this statement
is only true to leading order in A because the mass parameter, the kink width, and
indeed the form of the kink solution get modified owing to quantum corrections,
and induce A dependence in the spectrum. Since we are only working to leading
order in quantum corrections, the mass parameter m., entering Eq. (3.10) and the
definition of the kink width, w, are the same as m g.
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The next step is to impose periodic boundary conditions with period L. — oo on
the scattering state. For this we find the asymptotic behavior of

X — €52 — w?k? Fi3wk) oc explitkz £ a(k)/2)}, z — +oo (4.35)

from which the phase shifts follow

() = 2tan" | K (4.36)
o = —_—_ .
w2k2 -2
Hence
da w?k? +2
— =-6 4.37
dk YW + (w2 + 4) (4.37)
and
6
Ak) > —, k| > o0 (4.38)
wk
Now we combine all the terms in Eq. (4.20)
E— m?//R n ﬁm 3 " 3m31//R /+oo dk 1
= — MY R T Sy R T 2
3AR 4 2 l6r J_o k2 + m%ﬁ,R k2 + mW,R/4
(4.39)

The last integral is done easily yielding the final result for the kink mass with
leading order quantum correction

£ R (z _ ;> myx

3AR T 2\/§ 2
3
my R
= —0.33 4.40
I My R (4.40)

Note the minus sign in front of the quantum correction to the energy. In Section 4.5
we show that this is a general feature.

4.3 Example: sine-Gordon kink

To quantize the sine-Gordon kink of Section 1.9, we follow the same procedure as
for the Z, kink. The mode functions now satisfy
d>yr w?

“5et (2tanh®> X — 1)y = m_iw (4.41)
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where X = my x. The kink solution, from Eq. (1.52), is
4 _ 4m¢ 1
¢ = — tan”! eVer) = Y gan! (e (4.42)
pen )=y e )

where A = af?. The classical energy (Eq. (1.55)) is

NG
ESG,CI = SF = 87 (443)
The spectrum has only one bound state, the translational zero mode given by
depy 2m12//
w; =0, = — = ——sech(myx) 4.44)
1 wo dx \/)_\, ¥

The scattering state with wave-vector k can be written quite generally in terms of
hypergeometric functions (see [113], Vol. II, Section 12.3, or Appendix C)
-X

‘ 1 3
V. = N(cosh X)“* F <—i/< — 1, —ik+ =+ §|1 — k|

5 ) (4.45)

eX + efX
where N is a normalization factor and k = k/my, corresponds to the wave-vector.
The phase shifts are found by taking the asymptotic forms of Eq. (4.45)

Ve — Ne¥, X — o0

— Nel@+2eieX x5 o (4.46)

where tan 6 = k. Hence the phase shift is

k
o =7 —2tan”! <—) (4.47)
ny
Therefore
d -2
=k (4.48)
dk K2+ m3,

At large |k|, A(k) (as needed in Eq. (4.20)) is given by
2m¢
A(k) = & k| = oo (4.49)

To find AE occurring in Eq. (4.20), we can use the renormalized potential in
Eq. (4.25). The parameter 8, which occurs in the argument of the cosine function,
is taken to be the physical (renormalized) value, while

2
(V) = (Vo (1 + %y) (4.50)
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to leading order in B2. The subscripts refer to bare and renormalized quantities and
y is defined in Eq. (4.23). Therefore

m +A
AE, = “ /

4.51)
[k? + m

Finally, with )" w, = 0, we can put together all the various terms in Eq. (4.20)
to get

_ 8my g me A _ myR me "

AR \/m T \/m

AR T
8m?3
=R _032myx (4.52)
AR

Once again the quantum correction is negative and, coincidentally, quite close to
the Z, value (see Eq. (4.40)).

4.4 Quantized excitations of the kink

So far we have only calculated the quantum correction to the mass of the kink in
its ground state. Now consider the excited states of the kink.

As in the second quantization of a free quantum field theory, particle creation
and annhilation operators are introduced for each of the excitation modes of the
kink. As we shall see, this is straightforward except for the zero mode. The end
result is a procedure for doing quantum field theory with both particles and kinks
included in the spectrum of states. Here we only give some introductory remarks.
For a more extended discussion see [67, 126].

Let us denote the bound state mode functions by Fj(¢, x) and the scattering
mode functions by f;(¢, x). The ¢ dependence is of the form exp(—iw;t) where w;
is the frequency of the bound or scattering mode. Then the second quantized field
operator is

¢ =)+ [EFpt. )+ ) )]+ [anfilt, x) + af i1, x)]
b k

(4.53)
where ¢y is the classical kink solution, c;;, ¢p are creation/annihilation operators
for the bound states, and similarly a,i, ay, are creation/annihilation operators for the
scattering states. Now, for the zero mode, w = 0 and Fy(¢, x) = F(¢, x). Therefore
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the zero mode contribution to the sum is
[20 + 251 Fo(x) (4.54)

Since ¢y and cg are only present in the combination ¢y + cj) letus define by = ¢y + 68
which is then the annihilation operator for the zero mode. However, note that
bg = by and so [by, bg] = [bo, bg] = 0: the zero mode is classical as the operator
by commutes with all other operators. This is to be contrasted with [ay, a,TJ] =
28k — p).

Just as the translation mode is a bosonic zero mode, there can also be fermionic
zero modes that we discuss in Chapter 5. In that case, the creation and annihilation
operators satisfy anticommutation relations leading to {b, bg} = 0. This relation
has the remarkable consequence of leading to fractional quantum numbers as we
discuss in Chapter 5.

4.5 Sign of the leading order correction

A striking feature of the leading order quantum corrections to the energies of the
Z, and sine-Gordon kink is that they are negative. In other words, quantum effects
reduce the mass of the kink. A variational argument [104] (Coleman, S., 1992,
private communication) shows that this observation holds true quite generally in
one dimension.!

Let the Hamiltonian of the 1 4 1 dimensional system be

H = /dxH = /dx [Ho + V(9] (4.55)

where ¢ is a scalar field,

_1 2 1 2
Ho = 5m° + 2 (3:9) (4.56)

and 7 is the canonical field momenta. Written in this way, the parameters entering
the Hamiltonian are bare parameters and subject to renormalization. In one spatial
dimension, however, it can be shown that [35]

H = Ny [Ho + Wr] (4.57)

where N, denotes normal ordering with respect to free particles of mass m, and
the renormalized potential is (Eq. (4.21))
1 407

d2

! The conclusion may not hold if the model also contains fermionic fields.
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where A is an ultraviolet momentum cut-off and € is a constant to be chosen such
that (0| H]0) = 0 where |0) is the true ground state of the model.

The energy of the kink, including the contribution of quantum fluctuations in the
ground state, is

E = (0lH[¢x + ¥]|0)k (4.59)

where |0)x denotes the vacuum for the quantum fluctuations, 1, around the classical
one kink state ¢y.
Straightforward manipulation now gives the quantum correction to the kink mass

E - Eax = O Hlx + ¥] — H$:] 0}
_ f 0 (0N (Holde + W] — Holdi] + Vil + ] — VeldD)I0

where E g is the energy of the classical solution obtained with the renormalized
potential, Vx. Next we use the variational principle, which states that the ground
state energy of a system is minimized in its true ground state, and the expectation
of the Hamiltonian in any other trial state gives an upper bound to the ground state
energy. If we denote the perturbative vacuum state — the state with zero particles of
mass m — by |0, m), then

E < Eqr +/dx (0, mINw(Holgx + ¥] — Holdxl + Vrldx + ¥ 1 — VrléDIO, m)

= Eqr

The last line follows since there are no ¥ independent terms in the expectation
value under the integral,” and the annihilation operators of ¥ occur to the right
owing to normal ordering and annihilate the trial vacuum state.

Note that E r is the energy of the classical solution found by minimizing Hr[¢],
i.e. the Hamiltonian in Eq. (4.55) but with the potential given in Eq. (4.58). Since the
true ground state of the system is not known, the constant € is not known either. The
potential Vg can be minimized, but there is no guarantee that the minimal value of
Vr will be zero. Therefore E; g might get an infinite contribution from integrating
min(VR) over all of space. Then the variational bound E < E  is not very useful.
However, we do know the value of € to lowest order in the coupling constant and
this is precisely so that (0, m|H |0, m) = 0. This coincides with choosing € so as to
make min(Vg) = 0. Hence the bound

E < ECl,R = Eg4 (460)

2 To see this, note that the expectation value vanishes if ¢ = 0.
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where E denotes the classical energy without any quantum corrections, is mean-
ingful to leading order in perturbation theory and it provides us with the completely
general result that the lowest order correction to the soliton energy is negative.

4.6 Boson-fermion connection

A bosonic field, ¢, in quantum field theory satisfies the equal time commutation
relation

[p(x, 1), p(y, )] = 8(x — y) (4.61)

Alternatively, a fermionic field, ¥, satisfies the anticommutation relations

{Wax, 1), W) (3, D} = 8(x — ) (4.62)

where a, b = 1, 2 label the two components of the spinor in one spatial dimension.
It is remarkable that one can construct explicitly a fermionic field i satisfying
Eq. (4.62) in terms of a bosonic field ¢ that satisfies Eq. (4.61) [108].

The connection between ¥, and ¢ is

Yi(x) = C e yn(x) = —iC e (4.63)

where the c-number C is defined in terms of a mass parameter u and another cut-off
parameter, €,

C=(5) e (4.64)

The operators P contain a free parameter § and are defined by

2m [ ; ip
Pi(x) = —1—/ d& (&) F —-o(x) (4.65)

B J- 2
The symbol :: in Eq. (4.63) denotes normal ordering with respect to the mass p.
This means that the field ¢ is to be treated as a free field with mass parameter
w and the quantum operator, ¢, is expanded in terms of creation and annihilation
operators that create and destroy particles of this free field theory. A normal ordered
operator contains various products of creation and annihilation operators with the
annihilation operators always occurring on the right. It is understood that the in-
tegral in Eq. (4.65) is cut off at large £ by a factor exp(—e&). Note that normal
ordering is a symbol and should be treated carefully — normal ordering of strings
of operators should be done prior to commuting operators that occur within the

string.
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To check if Eq. (4.62) is satisfied for x # y, we use the identity (see Appendix D)?

A+B . o—[AYBT] . oA .. B . —[BTAT]. B .. oA (4.66)

. € € e =¢ € e

where A and B are any two operators that can be written as a linear sum of terms
involving only creation or annihilation operators

A=AT+ A", B=BT"+ B~ (4.67)

The commutators [AT, B~ ] and [BT, A~] are assumed to be c-numbers. Insertion

of Eq. (4.66) in Eq. (4.62) gives the commutation relation in Eq. (4.61) for x # y.
It is harder to check that the commutation relations in Eq. (4.61) hold when

x = y. Since products of quantum operators at the same point are singular, the

commutator must be evaluated at two different points in space, x and y, followed

by the coincidence limit y — x. We now outline the scheme employed in [108].
We want to check the anticommutation relation

Wa(), ) ()} = Z8(x — y) (4.68)

where the constant Z, possibly infinite, has been introduced in recognition of the
fact that the fields get renormalized. Rather than check Eq. (4.68), we can check
the equivalent commutation relation

"), ()] = (g(’” +f en? 5) Y (x)8(x —y) (4.69)

where the current j# has been regularized using point-splitting and is defined by

. . g
JHx) = }11_r)r)1€ {[3"0 =8 |lnx = W17 YOy Y () + Fx — )
(4.70)
where o is a regularizing parameter and F*(x — y) an unspecified c-valued func-
tion. The y-matrices are defined by the algebra

Yoy r=2¢"", ¥ =iy%' 4.71)

where g,, = diag(1, —1) is the two-dimensional Minkowski metric. An explicit
representation of the y-matrices is given in Eq. (5.15). In Eq. (4.69), €"” is the
totally antisymmetric tensor.

First the current j# is evaluated with v, as given in Eq. (4.63). The evaluation
requires

(7 (x,12), ¢~ (v, 1] = Al(x — y)* = (df +i€)’] (4.72)

3 In the literature it is sometimes incorrectly stated that the identity e+ = elB:Al/2¢AeB

is being used.

(no normal ordering)
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where dr = t, — #; and A is the propagator. For small x — y

1
Ay === =y = @+ + 0(x =) 473)

By differentiating Eq. (4.72) we can also obtain the commutators of time derivatives
of ¢ and ¢~. These appear in the evaluation of j* since v is defined in terms of
¢ in Eq. (4.63).

The result for j* is singular in the limit y — x except for a single choice of the
regularizing parameter, o, occurring in the definition of j#. This single choice is

2 47\
o= L 1—— (4.74)
8 B2
With this value of o, the commutator in Eq. (4.69) can be verified. Thus the
Y operator indeed satisfies the anticommutation relations of a fermionic field.
Furthermore, the current can be explicitly calculated, leading to
» B

= —ge“”auﬁ (4.75)

To summarize, given a quantum scalar field in 1 4 1 dimensions, it is possi-
ble to construct a fermionic field from it via the relation (4.63). Starting with a
fermionic field, a bosonic field may be constructed from it via Eq. (4.75). Note that
the transformations from bosons to fermions and vice versa hold at the quantum
operator level and not just at the level of expectation values. Further, they hold
for any choice of interactions in the bosonic or the fermionic model. However, in
the case when the bosonic model is the sine-Gordon model, the fermionic model
obtained by transforming to the fermionic variables is another well-known model,
namely the massive Thirring model as we now describe.

4.7 Equivalence of sine-Gordon and massive Thirring models

The sine-Gordon model is given by the Lagrangian (Eq. (1.51))

1 , o
L= 5(3;&5) e (1 —cos(B9)) (4.76)
while the massive Thirring model is
Lot =i 39 = miyr = S0y g Fyp @477

where V is a two-component fermionic field.
In [34] (also see [35]) it is shown that the sine-Gordon model does not have a
well-defined ground state for 8> > 8x. To clarify what this means, consider the
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simple example of a free field theory

Liree = l(a ¢) — §¢2 (4.78)
free — ) i ) .

This model has a well-defined ground state only in the range § > 0. The model does
not have a well-defined ground state for § < 0. Similarly the sine-Gordon model
only has a ground state for a definite range of parameters, though the reasons are
much more subtle.* The sine-Gordon only has a well-defined ground state if the
parameter A2 is restricted to lie in the interval (0, 877).

In the range, 0 < 8% < 87, there is a one-to-one mapping between vacuum
expectation values of a string of operators in the sine-Gordon model to those in
the massive Thirring model. This means that any vacuum expectation value in the
sine-Gordon model has a “corresponding” vacuum expectation value in the massive
Thirring model. This strongly suggests that the two models are equivalent, even at
the operator level [35].

As we have seen in the last section, there is indeed a two-component fermionic
field, v, that can be constructed from a bosonic field ¢ (Eq. (4.63)). In [108] it was
shown that i also obeys the equations of motion of the massive Thirring model
if the bosonic field ¢ obeys the equations for the sine-Gordon equation with the
coupling constant g written in terms of the coupling constant g as

L. (4.79)
b B?
Note that when the sine-Gordon model is weakly coupled (small g), the massive
Thirring model is strongly coupled and vice versa. Hence the sine-Gordon model
and the massive Thirring model are completely equivalent as quantum field theories
but one is a better description at small 8 (large g) and the other at large B (small g).
What has the equivalence of the sine-Gordon and massive Thirring models got
to do with kinks? Consider the commutation relations between ¢ and . Using
Eq. (4.63) and the identity (see Appendix D) [A,:ef : ] =:[A,e®]: with A =
¢(y) and : e® :=  we find

2
[6(y), v ()] = ?”w), (y<x) (4.80)

[6), ¥ ()] =0, (y>x) (4.81)

Now consider the action of 1/(x) on an eigenstate, |s) of the field operator ¢. Let
us choose this eigenstate to be such that

ols) =0 (4.82)

4 For example, in contrast to the model in Eq. (4.78), the classical sine-Gordon model has well-defined global
minima for all values of the coupling constant .
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If we write |s’) = ¥ (x)|s), the relation in Eq. (4.80) gives

/ 27[ /
d(s7) = Fls » o (y<x) (4.83)

and Eq. (4.81) gives

pMIs) =0, (¥ >x) (4.84)

Therefore the state obtained after action by 1 (x) is one where the value of ¢ is 27 /8
for y < x and O for y > x. In other words, the field 1/ (x) creates a step-change of ¢.
The step-function profile is viewed as a “bare kink” which gets dressed by quantum
effects that produce a smooth kink profile with some finite width. So the field v (x)
is the creation operator for a (bare) soliton at location x. In the Thirring model, the
field ¥ (x) is interpreted as the creation operator for a fermion located at x. Hence
the sine-Gordon kink is identified with the fermion in the massive Thirring model.
The topological charge on a sine-Gordon kink is

O = / dxjp = / dxjp (4.85)

where the fermionic current is defined in terms of the bosonic current in Eq. (4.75).
Therefore the fermion in the massive Thirring model carries the topological charge
of the sine-Gordon kink. In other words, the kink of the strongly coupled sine-
Gordon model is better described as a weakly coupled fermion of the massive
Thirring model. Here we see the duality between particles and solitons.

Can we also interpret the bosonic particles of the sine-Gordon model in terms of
“solitons” of the massive Thirring model? The massive Thirring model only contains
fermions, and classical solutions of the Dirac equation do not have the interpretation
of solitons. This is because the fermionic fields anticommute and fermions obey the
Pauli exclusion principle. Instead a classical solution of the Dirac equation is a state
that one (and only one) fermion can occupy. However, there can be bound states
of two or more fermions since the force between a fermion and an antifermion is
attractive for g > 0. A bound state of two fermions can be shown to correspond to
a particle of the sine-Gordon field ¢. If the fermions in the weakly coupled massive
Thirring model have mass m, then the bound state energy is approximately 2m
since it involves two fermions. However, the binding energy decreases (becomes
more negative) with increasing interaction strength, g, and eventually the bound
state becomes lighter than a single fermion. At this stage, a suitable description of
the system is in terms of the bound state being the fundamental degree of freedom
as in the sine-Gordon model.

The bound state of two massive Thirring fermions is also a bound state of
two sine-Gordon kinks i.e. a breather. Hence it should be possible to interpret
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the breather as a particle in the sine-Gordon model. This is seen to be true when the
breather is quantized [38—41, 35]. Then, to lowest order, the energy levels of
the quantized breather are equal to the mass of one, two, three, etc. particles of
the sine-Gordon particle.

4.8 Z, kinks on the lattice

Lattice field theory provides another tool to probe the quantum nature of solitons
and, in particular, the variation of mass with coupling constant.

The starting point is the action for the Z, model defined in Eq. (1.2). The action
is to be inserted in the Feynman path integral, which can then be used to find
expectation values for any quantum operator. In the Feynman path integral, it is
necessary to integrate over field configurations, and this is done numerically on a
discretized Euclidean space-time. The reader is referred to the lattice literature for
details [37, 112, 141]. Here we shall give the results relevant to the Z, kink.

The mass of a Z, kink is defined as the expectation value of a suitable operator
defined on the lattice in the limit that the lattice spacing, a, goes to zero. One
important issue is that there are several different candidate operators on the lattice
that all go to the correct limit as @ — 0 and, in practice, it is not possible to take the
limit all the way to a = 0. At best, the numerical analysis gives the expectation of
the operator on the lattice for several different values of a and then some scheme
must be found for extrapolating the results to a — 0. In [32], the authors evaluate
the mass of the Z; kink using two different lattice operators. The results are shown
in Fig. 4.2. We note that the kink mass decreases monotonically as the coupling
constant increases and remains bounded by the classical mass. At acertain coupling,
the kink mass goes to zero, and the kink, not the ¢ quanta, is the lightest degree of
freedom in the model.

The mass of the sine-Gordon kink has been calculated analytically for a range
of parameters in [156] (also see [35]).

4.9 Comments

Several researchers have taken alternate paths to studying quantized kinks. In
supersymmetric theories there is greater control over quantum corrections and the
mass can, in some cases, be evaluated exactly [51]. Alternate methods to quantize
supersymmetric kinks have also been developed in [66]. Variational methods to
study the A¢* theory have been developed in [49]. The scattering of kinks in classi-
cal and quantum theory has been studied in [153]. Kink masses and scattering have
also been calculated in [132] using the Hartree approximation.
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Figure 4.2 The figure shows how the mass of the Z, kink depends on the inverse
coupling constant, 8y = 1/A¢, where Ag = 61a? is the coupling constant in the
discrete theory on a 48 x 48 lattice and a is the lattice spacing. (The factor of 6
is due to our choice of 1/4 in the A term in Eq. (1.2) as opposed to 1/4! in [32].)
The lattice mass parameter, ro = —mZ2a?, is held fixed at ry = —2.2. From the
plot we see that the classical value of the kink mass is larger than the quantum
value. The one-loop corrected mass (see Section 4.2) and the mass found by using
two different choices of the lattice mass operator are also shown. The kink mass
vanishes at By = 0.0804. [Figure reprinted from [32].]

The construction of fermion operators from boson operators and vice versa has
been discussed and used extensively in condensed matter applications under the
name of bosonization. A review, in addition to an historical introduction, may be
found in [44]. Finally, the technique of bosonization has also been applied to thermal
systems in [69].

4.10 Open questions

1. The quantum corrections to the Z, and sine-Gordon kinks were calculated explicitly using
the phase shifts. However, the phase shift approach only works if the potential U (x) is
reflectionless. What are the conditions necessary for a potential to be reflectionless? Are
reflectionless potentials always in factorizable form (see Section 3.3)? (The example of
a step-function potential shows that the converse is not true.)
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. We have shown that the leading order quantum correction to the kink mass is always

negative. Can this statement be generalized to all orders? Can one show that the mass
of a kink goes to zero in the strong coupling limit? Or perhaps that it is monotonically
decreasing as a function of increasing coupling constant?

. If the Z, kink at strong coupling is to be viewed as a particle, then the particle must obey

unusual statistics because two kinks cannot be next to each other. Discuss this statistics
and its implications for the dual model.

. From the SU(5) x Z, example we learned that a classical kink may be embedded in

many different ways in “large” models. On quantization, do the different embeddings
correspond to distinct degrees of freedom?

. Does the addition of fermionic particles change the conclusion that quantum corrections

always reduce the energy of a kink?

. For the sine-Gordon model we have explicitly seen that there is a relation between kinks

and particles. It seems reasonable that the connection holds in other models too. In 3 + 1
dimensions, we could expect the connection to exist between magnetic monopoles and
observed particles (e.g. [162, 103]). Construct a model that has families of solitons,
similar to the electron, muon, and tau families observed in Nature (see [122]).

. In Section 3.1 we have discussed the existence of quasi-breather solutions called

“oscillons” in the Z, model. Can quantum oscillons have an interpretation that is similar
to quantized breathers as discussed at the end of Section 4.7?
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Condensates and zero modes on kinks

In this chapter we study the effect of a kink on other bosonic or fermionic fields that
may be present in the system. Under certain circumstances, it might be energetically
favorable for a bosonic field, denoted by yx, to become non-trivial within the kink.
Then we say that there is a “bosonic condensate” which is trapped on the kink.
On a domain wall, the condensate has dynamics that are restricted to lie on the
world-sheet of the wall.

The situation is similar for a fermionic field though there are subtleties. For a
fermionic field, denoted by v/, the Dirac equation is solved in the presence of a
kink background made up of bosonic fields. This determines the various quantum
modes that the fermionic excitations can occupy. In several cases, there can be
“zero modes” of fermions in the background of a kink and this leads to several
new considerations. (Fermionic zero modes were first discovered in [27, 84] in the
context of strings.) In addition to the zero mode, there may be fermionic bound
states. The high energy states that are not bound to the wall are called “scattering
(or continuum) states.”

A difference between bosonic and fermionic condensates is that bosonic solu-
tions can be treated classically but fermionic solutions can only be interpreted in
quantum theory. For example, while there may be a bosonic solution with x = 0,
the solution ¢ = 0 of the Dirac equation has no meaning because this solution
is not normalizable. Solutions of the Dirac equation are only meant to supply us
with the modes that fermionic particles or antiparticles can occupy, and as such
are required to be normalizable. It is a separate issue to decide if the modes are
occupied or not. A mode contributes to the energy of the soliton only if it is occu-
pied. This is quite different from the bosonic case in which there can be a classical
condensate, on top of which there are modes that may or may not be occupied
by bosonic particles. Fermions can form a classical condensate only after they
have paired up to form bosons (“Cooper pairs”), and this leads to superfluidity or
superconductivity.

73



74 Condensates and zero modes on kinks

Fermionic zero modes can lend solitons some novel properties such as fractional
quantum numbers (see Section 5.3).

5.1 Bosonic condensates

Consider the model

|
L = Lol + 5(3,,LX)2 U@, x) (5.1

where Li[¢] is the Lagrangian that leads to a kink solution in ¢. For example, Ly
can be the Lagrangian for the Z; or sine-Gordon models discussed in Chapter 1. x
is another scalar field that interacts with ¢ via some general interaction potential
U(¢, x). Note that U (¢, x) does not contain any terms that are independent of y —
those are included in the potential, V(¢), that occurs in Lg. As an example, we
could have

2

m A o
w¢m=—jﬁﬁvfﬂ+§wﬁ (5.2)

We are assuming that the parameters in the model are chosen so that the minimum
of the full potential, V 4 U, is at ¢ # 0 but x = 0. This requirement also excludes
terms that are linear in x (e.g. ¢ x).

In the fixed background of the kink, x satisfies the classical equation of motion

2% — 0%x + Uy(¢r(x), x) =0 (5.3)

where U, denotes the derivative of U with respect to x and ¢ is the kink solution.
Far from the wall, the lowest energy solution is x (+o00) = 0.

A solution to Eq. (5.3) is x(x) = 0 and the energy of this solution is equal to the
kink energy in the model Ly. However, the trivial solution may not be the one of
lowest energy. To show that a lower energy solution exists, we need only show that
the trivial solution, x = 0, is unstable. Then we consider linearized perturbations
of the form x = cos(wt) f(x) around the trivial solution. Inserting this form into
Eq. (5.3) leads to the Schrédinger equation

—32f + Uy () f = o f (5.4)

where U,, denotes the second derivative of V with respect to x. If this equa-
tion has solutions with @w? < 0, it implies that there are solutions for x on the
kink background that grow with time as cosh(+|w|t), denoting an instability of
the state with x = 0. This means that the solution with least energy must have a
non-trivial x configuration. The lowest energy x configuration is non-zero inside
the kink and vanishing outside and is called a “bosonic condensate” (or simply
“condensate™).
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5.1.1 Bosonic condensate: an example

A simple example in which there is a bosonic condensate on a Z; kink can be found
in the model of Eq. (5.1), or explicitly,

2

1 1 A m A o
L==(0,0%+ =0, %) — ~(@> =P + L2 - Lr,4 T y2,02 55
5 Ou®)” + 500" = 2@ =)+ X" — X — o (.5)
Ignoring the condensate field x, the kink solution is
X
¢x = ntanh (-) (5.6)
w
and the Schrodinger equation corresponding to Eq. (5.4) is
—0;f +[—m) +on*tanh’ X|f = o’ f (5.7

where X = x/w.

Withon? > mi , we see that the Schrodinger potential is asymptotically positive,
and hence f(+o00) = 0. This is consistent with the requirement that y not have a
vacuum expectation value. At the origin, U,, < 0, and hence the Schrodinger
potential is a well that is centered at the origin. Since a potential well in one
dimension always has a bound state [139], it follows that there is at least one bound
state for . For adeep enough well i.e. large enough mi , the bound state has negative
energy eigenvalue (w? < 0), and the trivial solution y = 0 is unstable. Hence there
is a range of parameters (mi) for which a x condensate exists.

To determine the range of mi for which there is an instability, consider the
critical case when there is a zero eigenvalue solution, fy, of Eq. (5.7). Then we can
write

o 2 o 2
—82fo + TnB tanh® X — 1] fp = [m§ - T”} fo (5.8)

This is exactly the same form as Eq. (3.8), together with the potential in Eq. (3.10),
provided we identify 3% with o, and w? with the term within square brackets on
the right-hand side. Since the lowest energy eigenvalue is zero for Eq. (3.8), there
is a zero eigenvalue for Eq. (5.7) if

m, = — 5.9)

For a larger value of mi , Eq. (5.7) has a negative eigenvalue, signaling an instability.
Therefore a condensate solution exists in the range
on? 5

= <m <an2 (5.10)
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The exact profile for the condensate can be found by solving the full coupled
equations of motion for ¢ and x. This includes the non-linear terms in x and the
back-reaction of the condensate on the kink, and, in most cases, has to be done
numerically. Let us denote the solution obtained in this way by (¢x(x), xo(x)).
Then

x(t,x,y,2) = xo(x)cos(wt —kyy —k.z+60), = /k2+k? (5.11)

where 6 is a constant, is also a solution. The reason is simply that
(97 — 07 — 92) cos(wt — kyy — k.24 60) =0 (5.12)

The trigonometric form of the solution in Eq. (5.11) was chosen so as to obtain
areal solution. An identical analysis in the case when yx is a complex field leads to

x(t, x,y,2) = Xo(x)eﬂ:i(wt—k,yfk;ﬁ@o) (5.13)

The solution represents waves propagating in the (k,, k;) direction in the plane of
the domain wall.

5.2 Fermionic zero modes

Fermionic fields may be coupled to the kink via terms that respect the discrete
symmetries in the bosonic sector that are responsible for the existence of the kink.
In the case of the Z, model, the coupling can be a Yukawa term and the Lagrangian
may be written as

L=Ly+iV¥ gy —gpvy (5.14)

where L4 denotes the scalar part of the Lagrangian, ¢ = y#9,,, g is the coupling
constant, ¥ is a four-component fermionic field, and y* are the Dirac matrices
that satisfy {y*, y"} = 2g"¥ with g,,, = diag(1, —1, —1, —1) being the space-time
metric. The explicit representation of the Dirac matrices that we adopt is

0 __ 01 i 0 Gi
y—<10, r=(_o % (5.15)

wherei = 1, 2, 3 (also sometimes written asi = x, y, z) and the Pauli spin matrices
are defined as

(0 1 > (0 —i s (1 O
o —<1 0), o _<i 0), o _<0 _1) (5.16)

The Yukawa interaction term in the model in Eq. (5.14) respects the ¢ — —¢
symmetry of the Z, model provided we also transform the fermion field by



5.2 Fermionic zero modes 77
¥ — ' =y where
. 10
Y =iylyly?y? = < 0 1) (5.17)

This can be seen by using the properties (y°)f = 33, {y°, y#} = 0and (y°)> = 1.!
If ¢ (x) denotes the kink solution, the Dirac equation in the kink background is

igy — gd()y =0 (5.18)

Let us first try and solve Eq. (5.18) explicitly. Recognizing that ¢ does not
depend on ¢, y, and z, we write the ansatz

Y= f(t,y,25x) (5.19)

where f(¢,y,z) is a function while £(x) is a four-component spinor. With this
ansatz, the Dirac equation separates

1y f = —vkaf (5.20)
ianxf - g¢k§ = +yaka§ (5.21)

where y“k, is the constant matrix of separation and the index a runs over ¢, y, z.
Requiring that the fermion be localized on the wall, we get the boundary conditions

E(£o0)=0 (5.22)

These boundary conditions are valid only for bound states. If we wish to consider the
scattering of fermions off a domain wall, we would choose incoming and reflected
plane waves at x = —oo.

The Dirac equations have an infinite number of solutions, corresponding to all
the fermion eigenmodes in the domain wall background. These include fermionic
bound states and scattering states. There is one state, however, which is novel
because it leads to some very interesting properties of the soliton, described in the
sections below. This state is the one with zero energy eigenvalue, also called the
“zero mode.”

Equation (5.20) can be solved

f = exp(ikox”) = exp(i(wt — kyy — k;2)) (5.23)

Zero energy is obtained by setting w = 0 = k, = k; and then f = 1. Let us first
look at this case (k, = 0).

Multiplying Eq. (5.21) by iy"* we see that iy*§ satisfies the same equation of
motion as &. Therefore if £ is a solution, then so is iy*£. Hence solutions to the

! The Yukawa term does not respect the ¢ — ¢ + 277/ symmetry of the sine-Gordon model and hence our
discussion of fermion zero modes cannot be used for that case. Nor do we consider the case of fermions with
Majorana mass terms [147].



78 Condensates and zero modes on kinks

Dirac equation come in distinct pairs unless £ is an eigenstate of iy ¥, in which case
the two solutions & and iy*£ are not distinct. The zero mode solution is found by
choosing & to be an eigenstate of iy*

iy*E = c& (5.24)
and, since (iy*)? = 1, we must have ¢ = £1. The £ equation now becomes

0§ = cgpié (5.25)

and the solution is
§(x) = §(0)exp [cg /0 ¢k(X’)dX’] (5.26)

Assuming ¢y (400) > 0 and g > 0, the boundary conditions in Eq. (5.22) are only
satisfied if ¢ = —1. (The boundary condition at x = —o0 is also satisfied provided
¢x(—00) < 0.) Therefore the zero mode solution is

£(x) =§£(0)exp [—8/0 ¢k(X’)dX’] . (>0 (5.27)

If ¢x(4+00) < 0 and g > O, the solution is obtained by choosing ¢ = +1.
To determine £(0), we solve the eigenvalue equation iy*£(0) = —&(0) and find

o

B
iB

(07

§00) = (5.28)

where «, B are any complex constants. Therefore there are two basis zero modes
(with coefficients & and f) and the general zero mode is a linear superposition
of these two modes. The constants, « and $, can be fixed by normalizing the
wavefunction.

Next consider the case with k, # 0. Then Eq. (5.27) is still a solution to Eq. (5.21)
provided k,y“£(0) = 0. By explicitly substituting the y“ matrices and &(0), this
leads to the two equations

kya +i(w+k)B =0 (5.29)
i(w—k)a —k,8=0 (5.30)

A solution for o and B exists only if

o=+ [k + k2 (5.31)
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which is the dispersion relation for a massless particle (see Fig. 5.1). With this
relation, the solutions fix the ratio of « and f to obtain

Jo +k;
” o Nei((ut—kyy—kzl)eigfox e sgn(k,)iv/o — k;
2w —sgn(ky)vo — k;
o +k;
where N is a normalization constant where sgn(k,) = k,/|k,|.
So far we have not specified the exact form of the kink profile ¢ and Eq. (5.32)
holds for any model in which the Yukawa interaction term respects the symmetries.

Next, as an example, we use the solution for the Z; kink (see Eq. (1.9)). Then the
integral over ¢y can be done explicitly to yield

(5.32)

Vo + k;

Nel@—ky—k2) x\1ev2x | sgn(ky)ivo —k;
Y= [sech (—)] , (>0
2w w —sgn(ky)vo — k.
ivo+k,
(5.33)

where w is the width of the kink as defined in Eq. (1.21). This is our final expression
for the zero mode on the Z, kink.

In the asymptotic vacuum, where ¢ is constant, the Dirac equation derived from
Eq. (5.14) yields four solutions all with the same momentum. These four states are
referred to as spin up and down states for the particle and hole (or antiparticle). On
the domain wall, however, there are only rwo zero mode solutions for fixed value
of the momentum (k,, k;). One of these has positive energy (w) and the other has
negative energy. Therefore the two states may be called particle and hole states but
the spin degree of freedom is not present. Consider the special case when k, = 0
and k, # 0. Then we have w = =k and the spinor is proportional to (1, 0, 0, )7 if
w = +k,, and to (0,1, —1, 0)7 if w = —k,. If we also take k, = 0, both these two
states have w = 0 and become degenerate in energy.

The two-fold degeneracy of the zero mode (w = 0) occurs since we are work-
ing in three spatial dimensions where the Dirac spinors have four components.
If we find the zero modes in one spatial dimension, the fermions are described
by two-component spinors, and then there is only a single zero mode. If we use
four-component spinors in one spatial dimension, it amounts to having two two-
component spinors that do not interact with each other. Hence the degrees of free-
dom are doubled.

Note that the boundary conditions in Eq. (5.22) can only be satisfied if ¢x changes
signin going fromx = —oo to 4-00. So the topological nature of the kink is essential
to the existence of the zero mode.
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X

Figure 5.1 The dispersion curve for fermions in the vacuum is shown on the left
and for fermion zero modes on the domain wall on the right.

In constructing the zero mode, we have postulated that £ be an eigenstate of
iy*. Therefore there is a possibility that there might be other zero mode solutions.
However, it is possible to prove that this is not the case and the zero mode(s) that
we have found are the only such solutions. The proof proceeds by choosing a set
of orthogonal basis spinors

(5.34)

X1 X4

O O
S == O
>~
(98]

Il
—_ o O =
S = = O

The first two spinors are eigenstates of iy* with eigenvalue — 1. These are the spinors
that occur in the general solution we have already found subject to the condition
that iy*€ = —£. Since the Dirac equation is linear, any new solution must be a
linear combination of x3 and x4. However, both these basis spinors are eigenstates
of iy* with eigenvalue 41 and we have seen that such states cannot be part of the
solution since the boundary conditions cannot be met. Therefore there are no other
zero mode solutions beside the ones that we have already constructed.

As mentioned in the introduction to this chapter, the interpretation of fermionic
zero modes is quite distinct from that of bosonic condensates. Fermionic modes
should be viewed as states in which the fermions can reside. A mode by itself
does not carry energy density or charge or some other physical quantity. Only if
the mode is occupied, can it contribute to the energy. However, the zero mode is
special in some ways since, even if it is occupied, the fermion occupying the zero
mode contributes zero energy. Likewise, if the zero mode is unoccupied, it also
contributes zero energy and so the system has a degenerate ground state. Indeed
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the occurrence of a zero mode leads to some novel and important quantum field
theoretic consequences that we shall outline in Section 5.3.

In the discussion of fermion zero modes above we have considered only a Yukawa
interaction between the fermion field and the field that makes up the domain wall.
More generally, there can also be Majorana interactions. Zero modes of Majorana
fermions on domain walls have been discussed in [147].

Just like scalar field condensates and fermionic zero modes on domain walls,
there can also be gauge field (or spin-1) condensates. These arise when the model
has broken gauge symmetries in addition to broken discrete symmetries. This is
precisely the situation in the SU(5) x Z, model discussed in Chapter 2 and the
kinks in the model have condensates of spin-1 fields as we describe in Section 5.5.

Finally we close this section by remarking that there are several mathematical
“index theorems” that can be used to obtain information on the number of zero
modes on a soliton [176]. In the case of domain walls that we have been discussing,
however, the index theorems do not lead to a useful result.

5.3 Fractional quantum numbers

To quantize a fermionic field we find all the modes (solutions of the Dirac equation)
and then associate creation and annhilation operators with each of the modes.? The
same procedure may be followed in the presence of zero modes [83]. As discussed
in the previous section, there is a single zero mode on the Z, kink (in one spatial
dimension), which is denoted by . Then the expansion of the field operator in
modes is

v =apo+ »_ [bp¥pr +divs ] (5.35)
p

The second term is the usual sum over the positive energy modes, ¥, and fermion-
number conjugates of the negative energy modes, /¢_.> There is no sum over spin
because there is no spin degree of freedom in one spatial dimension. The first term
in Eq. (5.35) contains the zero mode, ¥y, and ay is the operator associated with
this mode. The term may seem strange because the zero mode does not have a
corresponding conjugated term. This is because ;5 = v and so the mode func-
tions associated with ag and its conjugate operator are identical. However, one still
has the usual equal time anticommutation relations for the field and its canonical
momentum

{Ya(X), Y (¥)) = 8(X — ¥)8ap (5.36)

2 We work in one spatial dimension in this section and hence spinors have two components.
3 That is, ¥, is the wavefunction of a hole in the Dirac sea that has momentum p.
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while other anticommutators vanish. Using the expansion in terms of creation and
annihilation operators this gives

{ag. a0} = {a},aly =0,  {ap.al}y =1 (5.37)

Since the Dirac Lagrangian in Eq. (5.14) is invariant if the fermion fields are
rotated by a phase, the model has a conserved fermion number current. The Noether
current is given by ¥y (u = 0, 1). In the quantum theory the physical current
operator needs to be normal ordered. This is equivalent to defining the fermion
number operator as

1
@=/Maw:iﬁmm%-%m> (5.38)

We can act by this operator on any state to determine the fermion number of that
state. Let us denote the state with no positive energy particles and empty zero mode
by |0; —) and the state with no positive energy particles and filled zero mode by
|0; +). Then the fermion numbers of these two states are

1
&&ﬂ=5%@—%mMi>

1
— 5[2a$a0 — 17]0; &)

1
= £20: %) (5.39)

Therefore the kink carries a half-integer fermion number of either sign. If the
fermion carries electric charge, the electric charge on the kink is also half-integral.

It is critical to not think of the kink as being “kink plus fermion.” Instead the kink
is made of both the bosonic and fermionic fields. Then there are only two states for
the kink: one with filled zero mode and the second with the zero mode empty.

Surprising as the half-integer fermion number is, further work in [150, 68] ob-
tained different fractional charges in other systems (see Section 9.1). Indeed, [68]
shows that the charges can even be irrational.

5.4 Other consequences

If the bosonic condensate is electrically charged, the domain wall becomes super-
conducting. To see this in some more detail, consider the case of a complex, elec-
trically charged, scalar field, x, interacting with the field ¢ that forms a domain
wall

m? A o
Solxl? = xlt = S¢%x P (5.40)

1
Lzum+Lmu+;DMF— i



5.4 Other consequences 83

The first term is the Lagrangian for the Z, model and the second is the usual
Maxwell Lagrangian for the gauge field A . The covariant derivative is defined by

D, =0, —igA, (5.41)
The propagating modes of the condensate are
X = xo(x)el @ k¥ (5.42)

where xo(x) is the condensate profile and k is the wave-vector restricted to lie in
the plane of the wall, the yz-plane. Since x carries electric charge, g, the electric
current is

_ ig } ¥
Je=5U Vx—=xVxh (5.43)
Inserting Eq. (5.42) into (5.43), we find that the current is along the k direction
ix = alxol’k (5.44)

The simplest way to see that the wall with the condensate is superconducting is
to write

X = Xxo(x)e" (5.45)

where y( is the condensate solution and 6 is the phase variable. Then the low
energy Lagrangian for the 6 degree of freedom can be derived by integrating the
full Lagrangian density, Eq. (5.40), over x to get

L) = %(aue —eA,)? (5.46)

where we have omitted an overall constant factor. This effective Lagrangian is
the relativistic generalization of the Lagrangian in the Ginzburg-Landau theory of
superconductivity. Assuming that the relativistic generalization does not make any
qualitative difference, results from the Ginzburg-Landau theory can then be applied
directly to the present case. In particular, the domain wall with charged condensate
can be expected to carry persistent electric currents, have magnetic vortices, and
exhibit the Meissner effect (expulsion of magnetic fields) [61].

We now discuss fermionic superconductivity on domain walls. The relevant
modes are given in Eq. (5.33) and the (normal ordered) current is

v=q:yy (5.47)
Using the expansion of ¢ in terms of creation and annihilation operators
(Eq. (5.35)), the current in any Fock state of fermions can be evaluated. Similarly,
the electric charge on a domain wall can also be evaluated.

Fermions on domain walls can only make the wall superconducting if they form
Cooper pairs and condense. It is believed that the slightest attractive interaction
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between the fermions on the wall will lead to condensation below some critical
temperature. On a domain wall, there are possible channels for attractive inter-
actions. For example, the fermions interact with each other via exchange of ¢
quanta and this can lead to an attractive force. The problem of rigorously showing
fermionic superconductivity of domain walls has not been investigated. In partic-
ular, the Meissner effect, which is the hallmark of superconductivity, has not been
shown. Indeed, the response of non-interacting fermion zero modes to an external
magnetic field has been discussed with the conclusion that the walls are diamagnetic
[173] (also see [82, 172]).

In the particle-physics/cosmology literature, the existence of electrically charged
zero modes is simply assumed to imply superconductivity (though see [15]). A
reason for this assumption is that a current on a wall persists even without the
application of an external electric field. Once the current carrying fermionic zero
mode states have been populated there are very few processes by which these states
can be emptied [184]. Two such dissipative processes are the scattering of counter-
propagating fermion zero modes, and the scattering of fermion zero modes with
fluctuations of the domain wall field itself. Generally these processes occur at a very
slow rate, at least in astrophysical situations of interest. Hence, strictly speaking,
domain walls in particle physics/cosmology have only been shown to be excellent
conductors and not superconductors.

The equilibrium current on a domain wall in any setting depends on the balance
of the rates of current increase owing to an external electric field and decrease
owing to dissipation. Note that an external magnetic field in which a domain wall is
moving is, effectively, an electric field in the rest frame of the wall. Since magnetic
fields are ubiquitous in astrophysics, any cosmological domain walls with fermion
zero modes can be expected to be current carrying. Superconducting domain walls
in realistic grand unification models have been discussed in [98].

The fermion zero mode states that we have discussed above are single particle
eigenstates. The true states of the domain wall are also affected by fermion-fermion
interactions. The many-body problem falls in the class of two-dimensional systems
of interacting fermions. In the presence of a strong external magnetic field, so that
the Landau level spacing is large compared to other energy scales, the fermions on
the wall are similar to electrons in a quantum Hall system.

5.5 Condensates on SU(5) x Z, kinks

In Chapter 2 we have discussed kinks inan SU (5) x Z; model, which is the simplest
example of a Grand Unified Theory. Even though SU (5) grand unification is known
not to be phenomenologically viable, the model is still pedagogically useful.
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The Lagrangian for the model is
L= Lyp[®, x, X,]1+ Lilx, ¢, X,] (5.48)

where the SU(5) adjoint field, ®, does not couple directly to the fermionic fields
(denoted generically by ¥). Only an additional SU (5) fundamental field, x, couples
to the fermions. The vacuum expectation value of yx is responsible for electroweak
symmetry breaking and the masses of all the observed quarks and leptons arise
from this symmetry breaking. The SU(5) symmetry breaking has no consequences
for the fermionic sector, except via the y field. This indirect effect can be important
in the presence of kinks, since x can form a condensate on the kink, which can then
interact with some of the fermions. We will discuss this further below.
The bosonic part of the Lagrangian is

1
Ly = Te(D, ®)> + D, x|> — V(®, x) — S TH(X 0 X1 (5.49)

The covariant derivative is defined by D,, = 9,, — ig X, and its action on the scalar
fields is

D, ® =0, —ig[X,,®], Dyx =@, —igX,)x (5.50)

The potential is given by

V(®@, x) = V(@) + V() + Aa(TrdD) x T x + As(x %) (5.51)

with
V(®) = —m3(Trd?) + A(Trd?)? + A(Trd*) (5.52)
VO =—max'x + xa(x"x) (5.53)

Successful grand unification requires that the global minimum of the potential
leaves an SU(3) x U(1) symmetry unbroken.* As already described in Section 2.2,
the minimum of the potential with x set equal to zero, occurs at

n
24/15

(up to SU(5) x Z, transformations) in the parameter range

dy = diag(2, 2, 2, =3, =3) (5.54)

7
A >0, MV=h+-—1>0 5.55
> t300 2 (5.55)

The vacuum expectation value of @ breaks SU(5) x Z; to [SU3) x SU(2) x
U(1)]/Ze. If we assume that the back-reaction of a vacuum expectation value of x

4 Symmetry breaking patterns have been discussed quite generally in [99].
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on that of ® is small, we can write down a reduced potential for x alone
A
Viea(x; ®o) = (—m% + M Trdf + l—§n2> XdXa

34
+<—m§ + A4 Trd2 + 2—05772) Xixe + 2 0? (5.56)

where a = 1,2,3 and b = 4, 5. The symmetry is broken to [SU(3) x U(1)]/Z;
only if the vacuum expectation value of x is along the x4 or yxs directions. This
further restricts the range of parameters to

As 2 2 3hs 5
En > m; — A Tr®g > 2—0n , A3 >0 (5.57)
which also implies A5 < 0 and m? < A4Trd>(2). We assume that these conditions on

the parameters are satisfied. Then a minimum of the reduced potential occurs at

XT = new((), 07 07 17 O) (558)
where
1 35
2 2 2 2
= (m} - ryTro} - 22 5.59
New 2A3< 2 411y 20 n > ( )

is the electroweak symmetry breaking scale. The final [SU(3) x U(1)]/Z3 sym-
metry corresponds to the color and electromagnetic symmetries present today.

Next we describe the fermionic sector.’ There are two fermion fields: v, which
is in the fundamental (5-dimensional) representation of SU(5) and ¢, which is in
the antisymmetric 10-dimensional representation. The known quarks and leptons
fit within the components of these fields. With the choice of vacuum expectation
values in Eq. (5.58)

WL = (@', d?, d% e, v (5.60)
Wr = (di, da, ds, €™, —v5), (5.61)
0 uc3 _ML'2 u dl
1 _u03 0 ucl U, d2
Giw=—] u? —u' 0 us  ds (5.62)
V2 —uy  —Uy —U3 0 et

—d 1 —d2 —d3 —€+ 0 L
(see Eq. (14.9) in [30]). The numerical index on the u and d fields refers to color
charge, and the placement (subscript or superscript) depends on the representation

3 Actually we describe only one of the three families of the standard model fermionic sector, and then too the
neutrino is taken to be massless.
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(fundamental or fundamental conjugate) in which the field transforms under the
unbroken SU (3). The ¢ superscript denotes charge conjugation:

v =iy2y* (5.63)
The L and R subscripts refer to left- and right-handed spinors

1-— y5 1+ y5
YL = v, Yr = (4 (5.64)
2 2
The Dirac y matrices are defined in Eqs. (5.15) and (5.17).

Now we are ready to describe the interactions of the various fields with the
SU(5) x Z, kink, described as the ¢ = 2 kink in Chapter 2.

« In the presence of a (¢ = 2) kink, the vacuum expectation values are

n
2J15
x"(—00) = new(0, 0,0, 1, 0)

noo..
d(+00) = ———=diag(2, -3, -3,2,2)
24/15 s

x " (+00) = 7ew(0, 0, 1,0, 0)

d(—00) = +

diag(2, 2,2, -3, -3)

Note that the non-trivial entry of x has to coincide with one of the —3 entries of
® since this is what minimizes the potential V(®, x). Therefore x must rotate
through the kink. Inside the kink, the fields are not pure rotations of the asymptotic
values.

e The component ®;; goes from +2 to —2 as the wall is crossed. Hence it must
vanish in the wall. This is very similar to the Z, case, where the field vanishes
at the center of the wall. The field x interacts with @ as given by the potential
in Eq. (5.51). Note the interaction term AsTr(x ' ®2x), which directly couples x;
to ®y. (The other term couples all components of x to Tr®? only.) By explicit
construction it can be seen that x; can condense on the wall for a certain range
of parameters [146]. Hence the SU(5) x Z, model allows for scalar condensates
on the wall (see Section 5.1). In addition, since x; is a complex scalar field, the
condensate has an associated phase. The choice of phase on different parts of the
wall may be different, leading to vortices in x; that can only exist on the wall.
Since x; transforms non-trivially under the unbroken SU(3), the vortices carry
color magnetic field. This is similar to our discussion below Eq. (5.46).

» Next we consider fermion interactions with the wall [146]. The fermions do not
couple directly to ®. Hence the only coupling to the wall is due to the rotation of x
in passage through the wall and to the condensate in the x; component. Consider
the scattering of the fifth component, 15, which corresponds to a neutrino on the
left side of the wall but a d-quark on the right. This fifth component has non-zero
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reflection and transmission probability. If it reflects, the particle is still a neutrino.
If it transmits, it must change into a d-quark. If a neutrino becomes a d-quark in
passing through the wall, it must pick up electric and color charge from the wall.
Hence we are forced to conclude that there must be electric and color excitations
that live entirely on the wall. If a x; condensate is not present, the only available
excitations are the charged gauge field components. Hence charged gauge fields
must condense on the wall.

To see the presence of a charged gauge field condensate, it is most convenient
to go to a gauge where the scalar field vacuum expectation values are oriented in
the same directions on both sides of the wall, as we now discuss.

 Consider a very thin wall, so that

n .
D(x < 0) = +—1—_diag(2,2,2, 3. —3) = ®
Wit 0
N
d(x > 0) = — diag(2, —3, —3.2.2 5.65
( ) Wit a( ) (5.65)

Now we perform a local gauge transformation that rotates @ into the direction of
@, (up to a sign) everywhere. Such a gauge rotation is local since it is equal to the
identity transformation for x < O but is non-trivial for x > 0 since it exchanges
the 23- and 45-blocks of ®. In both regions, x < 0 and x > 0, the gauge rotation
is constant. The rotation is non-constant only at x = 0 i.e. on the wall. Hence the
gauge fields after the rotation vanish everywhere except on the wall itself and there
are gauge degrees of freedom residing on the wall. A more explicit calculation
shows that the gauge fields living on the wall carry electric and color charge.

5.6 Possibility of fermion bound states

In addition to fermionic zero modes on a kink, there may also be fermionic bound
states. Such bound states would have a non-vanishing energy eigenvalue @ with
0 < w < m. Since the energy eigenvalue is less than the asymptotic mass, the
fermion would be bound to the wall. We examine whether the model in Eq. (5.14)
leads to fermionic bound states on a Z, kink.

For convenience we work in one spatial dimension. Then spinors have two
components and there are only two gamma matrices, which can be taken to be

0 3 1 s 1
y =0 _< 1), Yy =10 —<1 > (‘;66)

Then the Dirac equation igyy — gy = 0 together with ¢ = exp(—iwt)& gives

&1 = —(w + gd)é>
0x&r = +Hw — gdé (5.67)
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where
&1(x) )
= 5.68
5 (&(x) (5.65)
and we are interested in solutions with
0<w<ms=gn (5.69)

The boundary conditions at the origin for & and &, may be determined by
noting that we are free to rescale both £, and &, by a constant factor. So we can
set £1(0) = +1. Further, using the symmetry ¢y(x) = —¢x(—x), we find that the
equations are invariant if we replace &;(x) by c&,(—x) and &,(x) by c&;(—x), where
¢ is a constant. Hence

§1(x) = c&r(—x), £2(x) = c&i(—x) (5.70)
This gives
£1(x) = ct(—x) = &1(x) (5.71)
Since &;(x) cannot vanish for all x, we get
c==1 (5.72)
Therefore there are two possible boundary conditions at the origin
£(0) = ££,(0) = £1 (5.73)

At infinity we require &, — 0 and & — 0.

A numerical search for a solution with non-zero w did not reveal any bound
states for the range of parameters 0.1 < msw < 20, where w is the width of the
kink. However this does not exclude the existence of fermion bound states (beside
the zero mode) on kinks in other systems, and it remains an open problem to find
systems where such bound states exist.

5.7 Open questions

1. Explore the classical and quantum physics of a domain wall with electrically charged
bosonic and fermionic zero modes placed in an external magnetic field. What happens
if the domain wall is moving?

2. Calculate the reflection of photons off a superconducting domain wall. Is the wall a good
mirror? (See [184].)

3. Construct a system in which the kink has both a zero mode and a fermionic bound state.
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Formation of kinks

In this chapter we study the formation of kinks and domain walls during a phase
transition. We start by describing the effective potential for a field theory at finite
temperature. This sets up a useful framework for discussing phase transitions and
defect formation.

6.1 Effective potential

The effective potential is a tool that is often used to study phase transitions in
field theory [89, 179, 90, 47, 100]. The idea is to consider the interaction of
a scalar degree of freedom (“order parameter”) with a thermal background of
particles. Such processes induce additional temperature dependent terms in the
potential for the order parameter, leading to an “effective potential.” The shape
of the effective potential varies as a function of temperature and new minima
might appear. The global minimum defines the vacuum of the model. If a new
global minimum appears at some temperature, it indicates that the system makes
a transition to a new expectation value of the order parameter and there is a
phase change. We now describe the (one loop) effective potential in a little more
detail.
We consider a field theory of scalar, spinor and vector fields

L=1Lg+Lr 6.1)

with the bosonic Lagrangian

1 1
Lg = E(D“ O)D*®; — V(D) — ZF,fVF“”“ (6.2)
where ®; are the components of the scalar fields,

D, = 9, — ieA%T* (6.3)

90
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the 7¢ are group generators, and
Fil, = 0, A% — 0,A% + e f* A A (6.4)

where A7 are the gauge fields.
The Lagrangian for a fermionic multiplet W is

Lg = i0y"D,W — U0, (6.5)

where I'; are the Yukawa coupling matrices. The quantity W denotes a collection of
fermionic fields and the Yukawa coupling term may be written more explicitly as
oo , W, ®; where a, B label the various fermionic fields, the superscripts o, p
on the fermion fields are spinor indices, and i labels the interaction term with the
scalar field ®;. I'; has spinor indices because it could contain the unit matrix (vector
coupling) and/or the y> matrix (axial coupling) defined in Eq. (5.17).

If the expectation values of the scalar fields are denoted by ®;, then the mass

matrices of the various fields are written as

5 CRA%
Wij = 7o , scalar fields (6.6)
0P;0D; |p_g,
m = I[';®y;, spinor fields (6.7)
Mﬁb = e*(T, 1)1 Poi Poj, vector fields (6.8)

where a, b are gauge field group indices.
Then the finite temperature, one loop effective potential is'

M? T’
(Do, T) = V(O T2 _NT* )
Verr(®o, T) = V(Pp) + o 90N (6.9)
where
7
N =Ng + gNF (6.10)

is the number of bosonic and fermionic spin states, and
1
M? = Tr(u?) + 3Tr(M?) + ETr(yorm/om) (6.11)

where y? is defined in Eq. (5.15). Note that M? depends on the expectation value
®, through the defining equations for the mass matrices given above. For example,
M? contains a term proportional to Tr(CD(Z)).

An important feature of the effective potential is that it can show the presence
of phase transitions. If there are scalar fields with negative mass squared terms in

! Radiative corrections and spontaneous symmetry breaking are discussed in [33, 178].
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Figure 6.1 Sketch of effective potential for first-order phase transition (left) and
second-order phase transition (right). In the first-order case, the global minimum of
the potential at high temperature (®¢ = O inillustration) becomes a local minimum
at low temperature. In the second-order case, the global minimum of the potential
at high temperature becomes a local maximum at low temperature. The effective
potential at @5 = 0 decreases with increasing temperature because of the last term
proportional to —NT* in Eq. (6.9).

V(®), the contributions from the M?T? term in the effective potential, Eq. (6.9),
can make the effective mass squared positive for these fields if the temperature
is high enough (see Fig. 6.1). Therefore when the system is at high temperature,
the effective mass squared can be positive and the minimum of the potential at
®y = 0. As the system is cooled, the effective mass squared becomes negative and
the minimum of the effective potential occurs at non-zero values of &, and the
lowest energy state has shifted from ®; = 0 to &y # 0. The order parameter, P,
acquires a non-zero ‘“vacuum expectation value” at some critical temperature. This
is the phenomenon of spontaneous symmetry breaking and manifests itself as a
phase transition. The phase at high temperature had a certain symmetry dictated by
the invariance of the field theory with ®; = 0 and at low temperature the symmetry
is changed because now ®¢ # 0.

As asimple example of an effective potential, consider the A¢* model of Eq. (1.2)
with

m? A )
V(g) = ——2¢% + ~¢* + -~ 6.12
) Rt ARy (6.12)
Then 12 of Eq. (6.6) is given by
n? = —mg + 3rpp (6.13)
and since there is only one scalar field in this model

M? = —md + 372 (6.14)
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Therefore, up to a term that is independent of ¢, the effective potential becomes

m o, Ay
Vett(¢o, T) = 7(150 + ZdJO (6.15)
with
2 2 Ao
i’ = —mb+ T (6.16)

Note that the masses of small excitations around the true vacuum are given by
Vii(¢o) with ¢ being the vacuum expectation value. By minimizing Ve (Eq. (6.15))
we get

Go.min(T) =0, m* >0 6.17)
— 2
=/, <0 (6.18)
A
leading to the mass squared for small excitations (particles) in the true vacuum
" A‘
Mz = Vii(@o.min) = Z(TZ -T2, T>T (6.19)
A
= §(T°2 ~-T?), T<T. (6.20)

where T is the critical temperature

2m0
= —— 6.21
i (021

In cosmology, since the universe is expanding, it is also cooling. Therefore
we can have one or many cosmological phase transitions and the particle-physics
symmetries at high temperatures (early universe) and low temperatures (recent
universe) are different. The symmetry after the phase transition can be smaller
or larger than the symmetry before the phase transition. In other words, lowering
the temperature can spontaneously break or restore a symmetry. We will mostly
consider symmetry breaking during the phase transition but examples of symmetry
restoration are also easy to construct. A system in which symmetry restoration is
observed is Rochelle salt [85, 179].

6.2 Phase dynamics

The effective potential Ve(Pg, T') is calculated for a system that is in thermal equi-
librium, assuming a homogeneous vacuum expectation value of the order parameter
®. Yet thermal equilibrium is not maintained during the phase transition and also
the phase change occurs in an inhomogeneous manner. The dynamics are clear
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Figure 6.2 A schematic diagram of bubbles nucleating in a first-order phase
transition. The two types of bubbles correspond to the two different values of the
order parameter. The bubbles grow and collide, and new bubbles nucleate as well.
Eventually the whole system is in the new phase.

for a first-order phase transition in which the high temperature phase becomes a
metastable state (see Fig. 6.1) at some critical temperature. Now the system can be
stuck in this metastable state even when the temperature drops significantly below
the critical temperature. An external perturbation can cause the system to transition
to the global vacuum. In the absence of an external perturbation, quantum tunneling
can trigger the transition. In either case, bubbles of a critical size of the true vacua
(®p # 0) nucleate in the false vacuum (®y = 0) background (see Fig. 6.2). These
bubbles grow and eventually merge thus filling space and completing the phase
transition. Clearly this process is not homogeneous and cannot be described by an
effective potential.

In a second-order transition, in contrast to a first-order transition, there is no
metastable state in which the system can be trapped. Thus © evolves continuously
(“spinodal decomposition”) from @y = 0 to &y # 0. However, different spatial
regions evolve at different rates owing to thermal and quantum fluctuations, and ®¢
is not spatially uniform. Once again, since the effective potential assumes constant
®y, it can indicate the existence of a second-order phase transition but cannot
be expected to accurately describe the dynamics of the transition. Since defect
formation crucially depends on the inhomogeneities of the order parameter during
the transition, new ideas have been needed to predict the statistical properties of
defects formed in a second-order phase transition.

In one spatial dimension, the distribution of kinks is described by the number
density of kinks, and correlators of kink locations. In higher dimensions, the prob-
lem becomes richer because domain walls are extended and can curve and have
complicated topology. In addition to the mass density in domain walls, we are
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interested in the statistical distribution of shapes and sizes of domain walls formed
at the phase transition.

6.3 Kibble mechanism: first-order phase transition

At a first-order phase transition, the order parameter has to change from ®y = 0 to
its non-zero vacuum expectation value. We are interested in the case when there is
more than one possible non-zero value for ®¢. Then the dynamics in a small spatial
region select a vacuum. However the vacuum selected in different spatial regions
can be different. For example, in the case of the Z, model, the field in a certain
region might relax into the ¢ = +n vacuum, whereas in another region it might
relax into ¢ = —n (see Fig. 6.2).

In a first-order phase transition, each bubble is filled with constant @ i.e. a
fixed vacuum is chosen within a bubble but it can be different for different bubbles.
With time, the bubbles grow and collide and fill up the volume. Let us denote by
& the characteristic size of a region where the same vacuum is selected, after the
phase transition is over. Then £ is the typical size of bubbles when they percolate.
If I denotes the bubble nucleation rate per unit volume and v is the velocity of
the growing bubble walls, then we can define a length scale and a time scale on
dimensional grounds (in D spatial dimensions) by

- v\ 1/(D+D ~ 1 \V/&erh
§= (F) , = (UD—F) (6.22)

The domain size £ is a numerical factor times £ and in practice we take & ~ &.
Similarly % is related to the time that it takes to complete the phase transition.?

The process of bubble percolation has been studied both analytically and nu-
merically [95]. Taking the centers of the bubbles as the vertices of a lattice and
connecting only the centers of bubbles that collide, we obtain a random lattice (see
Fig. 6.3). We would like to determine the characteristics of such a random lattice
since this plays a role in determining the network of defects that form. For example,
the typical number of bubbles with which any given bubble collides, also known
as the “coordination number” of the random lattice, plays a role in the fraction of
closed topological defects (closed domain walls, loops of string, or closely paired
monopole-antimonopole pair) that are formed.

In one spatial dimension, every bubble trivially collides with two other bubbles.
In two spatial dimensions the average number of collisions is the same as the
coordination number of a fully triangulated lattice of infinite extent. From purely

2 Equation (6.22) relates & to the nucleation rate T", but it is very hard to measure I in any experiment. In fact, it
may be easier to measure properties of the defect network, then &, and from it infer I".
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Figure 6.3 If two bubbles collide, their centers are joined by straight lines. The
figure then shows the “random bubble lattice” expected in a first-order phase
transition in two spatial dimensions.

geometrical constraints that we describe next, the coordination number is six (see,
for example, [129]).

The lattice is infinite in extent and by identifying the points at infinity we can
view the lattice as lying on a two-dimensional sphere. Then Euler’s formula relates
the number of vertices (V), edges (E) and faces (F') of the lattice

V—E+F=2 (6.23)

Let the coordination number be n. Therefore for every vertex there are n edges
but every edge is bounded by two vertices. This relates the number of edges to the
number of vertices: E = nV /2. Also, every face is a triangle, giving three edges
to every face. But an edge is shared by two faces. So E = 3F /2. Putting together
these relations in Euler’s formula gives

V—nV/2+4nV/3=2 (6.24)

In the limit of V — o0, this yields n = 6.

In three spatial dimensions, similar arguments have been given [95] to show
that the average coordination number is 13.4. This result is not completely fixed
by geometrical constraints as in two dimensions and the result can vary a little
depending on the details of the bubble size distribution.

Returning to the A¢* model, each bubble either has the phase ¢y = +n or ¢y =
—n within it. If bubbles of different phases collide, a domain wall forms between the
centers of those bubbles. If bubbles of the same phase collide, a wall does not form,
though it is possible that a closed domain wall or a wall-antiwall pair forms owing
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to the energetics of the bubble collision. We expect small closed walls and closely
separated walls and antiwalls to annihilate. Hence the distribution of domain walls
after the phase transition is simply described by the locations of bubble collisions
when the bubbles carry different phases. Since the phase in the bubbles is 7 with
equal probability, the phase transition is simulated by assigning £ to each of the
vertices of the random bubble lattice as in Fig. 6.3. We shall further discuss the
properties of the wall network at formation during a first-order phase transition in
Section 6.6.

As we have seen, a first-order phase transition is relatively simple to conceptual-
ize. A second-order phase transition is harder to understand. To discuss second-order
phase transitions, it is useful to first define an equilibrium correlation length.

6.4 Correlation length

The “equilibrium correlation length,” £, is defined as the distance over which field
correlations are significant. Generally the field correlations at two spatial points
fall off exponentially with increasing separation between the points, exp(—r/&),
and the exponent defines the equilibrium correlation length, €. Hence we need to
evaluate the correlation function

G(r) = (T|p(t, x)¢(z, YIT) (6.25)

where G only depends onr = |x — y| because the system is translationally invariant.
The thermal state is denoted by |T) and is defined as the state containing the
equilibrium number density distribution (Fermi-Dirac or Bose-Einstein) of particles

IT) = |{nk})r (6.26)
1

k= Chor 1 |

(6.27)
where 8 = 1/ T and wy is the energy of particles in the k mode.?

With the Z; model in mind, we have only one scalar field and the quantum field
operator can be expanded in modes about the true vacuum

ek 1
Cn)} 2wy
where ¢o(T') is the vacuum expectation value of the field at temperature 7', and ay
and a:{ are annihilation and creation operators. The dispersion relation is that for

a free particle with temperature dependent mass m(7T') (see Eq. (6.20) for the A¢*
model; we have dropped the subscript “eff” for convenience)

¢(1,x) = ¢o(T) +

[emienrtikong, 4 etion—ikxg ] (6.08)

wp =k +m? (6.29)

3 The chemical potential vanishes in the present case.
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The thermal state |T") contains a Bose-Einstein distribution of the particle exci-
tations and the number of scalar particles at momentum k is given by

1

ng =

where 8 = 1/T (Boltzmann constant has been set to 1).
By inserting the expansion in Eq (6 28) in the correlator, we find

G(r) ‘<‘”‘—P'y>(T|a,ﬁap|T> +K (6.31)

B ./ 2n) V2w ./ 2n) 2w
where K is a constant which is 1ndependent of temperature and proportional to
8@ (x —y). Then

d3k e—ik-(x—y)

Gry= [ 2L Lk
") Qnyieho —1 T

T
=—-e "I+ K (6.32)
drr

where, in doing the integral, we have assumed m(7T") < T . From the final expression
we get the equilibrium correlation length

- 1
6.33
§ = @) (6.33)
For the Z, model (Eq. (6.20))

A
m? = Z(T2 -T2, T>T. (6.34)

A
=l(@2-1), T, (635)

Therefore the equilibrium correlation length is

_ 4 1
.’E(T) = \/;\/ﬁ, T > T, (636)
— @4T21_ . T<T. (6.37)
or
E(T) o |IT — T|'/? (6.38)

The essential feature in £ is the singularity at 7 = T, that occurs at a time that
we denote #.. Assuming that the cooling (quench) occurs at a constant rate T,/ Tex
(in a range of temperature around 7;), we have

I
T-T.=——(t—1t) (6.39)

Text
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£

t

Figure 6.4  Sketch of equilibrium correlation length as a function of time as given
in Eq. (6.40).

hence we write
E~|T =T o |t —t]™" (6.40)

for T close to T.. The exponent v is called a “critical exponent” and the mean
field theory calculation described above gives v = 1/2. However, the mean field
theory ignores particle interactions and renormalization group methods give v =
2/3, which is closer to experiment. A sketch of the shape of £ (Eq. (6.40)) is shown
in Fig. 6.4.

One shortcoming of the mean field calculation of & is that we have quantized
the field ¢ in a fixed true vacuum so that ¢o(7T") in Eq. (6.28) is independent of x.
This assumes that the same vacuum is chosen everywhere below 7. On the other
hand, we are precisely interested in the spatial extent of a region in a single vacuum.
Hence a more suitable expansion of ¢ would be

¢(1, %) = ¢o(t, X, T)+/ ——[felt, Da + £, 0)al]  (6.41)

(2n)? \/—
instead of Eq. (6.28). The vacuum expectation value, ¢g, is now allowed to depend
on both ¢ and x since the background domain walls may be non-static. The second
term in the expansion describes small fluctuations (particles) with mode functions
fx in the classical background ¢o(¢, x, T') at x.

The expansion in Eq. (6.41) is not as obvious as might appear at first sight. We
have seen in Chapter 4 that a kink can itself be written in terms of particles via the
Mandelstam operator. This was done in the sine-Gordon model but it is conceivable
that such an operator also exists in other models. So the above expansion only makes
sense for a state in which there is a clear separation between the particle degrees
of freedom appearing in the sum and the soliton degrees of freedom included in
¢o. For example, if the walls are very close to each other the separation of the two
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terms may not be justified. Hence the phenomenon of defect formation is closely
tied to the separation of classical (soliton) and quantum (particle) variables.
We are interested in

o = (Tlgo(t, x, T)o(t, y, T)IT) (6.42)

However, we have no way of calculating this equal time “domain correlation func-
tion” since (i) the thermal state refers to a thermal distribution of particles, not of
domains, and (ii) the defects do not remain in thermal equilibrium with the par-
ticles. This impasse is made less severe by realizing that the calculation of & for
T > T, does not suffer from this problem since then ¢y = 0 is the unique vacuum.
We expect the correlations for 7 < T to be determined by those for 7 > T and so
it might be sufficient to know the correlation length for 7 > T.. (We discuss this
further in Section 6.5.) To emphasize this point, the two branches of the sketch in
Fig. 6.4 correspond to two different quantities — the equilibrium correlation length
for t < t, is for excitations in a different vacuum from that for # > f.. So, while
Eq. (6.40) describes the correlations of particle excitations in a given true vacuum
for T < T¢ (t > t.), we cannot expect that this has anything to do with the size of
domains of constant vacuum.

The next subtlety is that the divergence of the equilibrium correlation length at
T = T. should not be taken too literally. The reason is that there is an external
agency (refrigerator) driving the phase transition on a time scale given by Tey. As
the system gets closer to the critical temperature, it takes longer for equilibrium
to be established, while the external agency continues to cool the system at a rate
determined by external factors. At some temperature above the critical temperature
the time taken to maintain equilibrium becomes larger than the time scale at which
the external conditions are changing.

Assume that the external temperature is being lowered at a constant rate

T=T, (1 _ i) (6.43)

Text
where T is the critical temperature and we have chosen 7, = 0 for convenience.
The equilibrium correlation length has the form

E(T) = nle|™ (6.44)
where v is a critical exponent, 7 is some unspecified length scale, and
e=1-— r (6.45)
T,
The rate of change of & is
& _ EI o _ & (6.46)

dt €] Text Text€
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This equation shows that as € — 0—, & must change at an ever faster rate if equi-
librium is to be maintained.

The relaxation rate can be obtained by perturbing the system and finding
how long it takes for the perturbation (“sound”) to equilibrate. The result is the
“relaxation time”

Trel = ‘L'()lé | H (647)

where u is another critical exponent. Then the “speed of relaxation” is the sound
speed

Ty = 5 = Dy (6.48)
Trel To

Note that 7, diverges as T approaches 7. This is called “critical slowing down.”
When the system cannot keep up with the external changes, equilibrium is lost.
Denoting the temperature at which 7] becomes equal to 7.y by T, we find

Vo /(n+1)
T.=T. 1+ (—) (6.49)
Text

Vo 1/(u+1)
Iy = _Text<_> (650)
t

which occurs at

ex

So we expect the correlation length & for T > T to be equal to the equilibrium
correlation length £ until time ¢,, after which & departs from € and grows more
slowly (see Fig. 6.5). The behavior of & between ¢, and f. is not known and it
is generally assumed that £ does not change very much in this interval. After z.,
there are two distinct vacua, and we need to consider both the correlation scale of
chosen vacua (denoted by &) and the correlations of excitations within a chosen
vacuum, £. As time goes by, walls annihilate and the domain size with a given
vacuum grows. We discuss & in the next section.

6.5 Kibble-Zurek mechanism: second-order phase transition

The domain correlation length, &j, over which the same vacuum is chosen, is dif-
ferent from the equilibrium correlation length denoted by & (Eq. (6.40)). It is also
different from the correlation length & obtained for particle excitations, including
the phenomenon of critical slow down, since &y has nothing to do with particle
excitations. We now discuss different approaches to estimating &, (for a review see

[10D).
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t. tc t

Figure 6.5 The correlation length at high temperature (¢ < t.) increases as the
critical temperature is approached, departing from the equilibrium correlation
length when critical slowing down becomes important at z,. Below the critical
temperature, there are two correlation length scales of interest. The domain cor-
relation length, &, relates to the extent of the spatial domains that are in the same
vacuum. This is precisely the spacing of domain walls. Wall-antiwall annihilations
cause &, to grow with time. The particle correlation length, £, however, decreases
with time since the mass of the particles grows, and eventually approaches the zero
temperature value. The dynamics of how &q separates from & are not understood
and are denoted by the shaded region.

To estimate &) in the case of a second-order phase transition, Kibble [87] used
two different criteria. First, he obtained an upper bound to &; in the cosmological
context based on causality considerations. If the phase transition takes place at a
certain cosmic time t, then the vacua at points separated by more than ct, where ¢
is the speed of light, must have been selected independently since ct is the size of
the cosmic horizon. Hence £ < ct. This is the “causality bound.”

The second estimate is based on finding the Ginzburg length. This is the length
over which the choice of vacuum cannot change owing to thermal fluctuations. For
concreteness, let us imagine that there is a domain of size / in which ¢ = +¢o(T)
(T < T) in the Z, model. In one spatial dimension this corresponds to a wall-
antiwall separated by a distance /, and in three dimensions it corresponds to a
closed domain wall of characteristic size [. The idea is that, if / is small, thermal
fluctuations can spontaneously change the phase within the domain from ¢ = +¢g
to ¢ = —¢y. However, if [ is large, the phase in the domain is frozen, and the
distribution of defects does not change spontaneously owing to thermal fluctuations.
The smallest length / for which a domain is frozen defines the distance between
closest defects and hence predicts the number density of defects.

The energy required to change the phase in a volume R? is given by R*AV(T)
where AV is the free energy density difference between the minimum and maximum
of the potential at a temperature 7. The thermal fluctuation energy available per
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excitation mode is 7 according to equipartition. Equating the required and the
available energies gives

RAV(T)~ T (6.51)

Therefore, at temperature T < T¢, a region that is smaller than

T 1/3
R~ (AV(T)) (6.52)

will have enough thermal energy to fluctuate from one vacuum to the other. For
example, in the Z, model (see Eq. (6.15))

’,h4

AV(T) = — = —(T> = T?)’ 6.53
1) 4 64( C) (6.53)
Therefore, at temperature 7 < T, the length scale below which regions are still

fluctuating are

R(T) = 4 T " il 1 T (6.54)
YE (Tc2 _ TZ)2 ABT, T. '

where the last approximation holds for 7 ~ T.

For a region to fluctuate from one vacuum to another, not only does it need
the energy to jump over the barrier, but all different parts of the region need to
jump together. This means that all the particles in the domain should be activated
coherently. The particle coherence scale is described by the correlation length,
which is approximated by the equilibrium correlation length, €. Therefore, at a
temperature 7', regions of size less than Iy = min(R(7T'), £(T')) (subscript “f”” stands
for “fluctuating”) can actively change vacua. The Ginzburg temperature, 7g, is
defined by the condition R(Tg) = £(Tg), and the Ginzburg length is defined by
lg = &(T). For the Z, model, this gives

T, — Tg ~ AT, (6.55)

. 1
g =&(Tg) ~ — 6.56
c = §&(1c) T (6.56)

Early estimates took the Ginzburg temperature to be the epoch when domain walls
are formed. The number density of walls then follows by dimensional analysis as
~1/18.

The relevance of the Ginzburg temperature for defect formation is not clear. As
discussed in the previous section, the correlation length & is calculated for particle
excitations in a given vacuum, whereas we are interested in the correlation length
of the vacuum domains denoted by &;. In fact, experiments in He-3 find that defects
are produced at a temperature below 7; but above 7, implying that the Ginzburg
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criterion is not a necessary condition for defect formation. A discussion of the
relevance of the Ginzburg criterion in the context of vortex formation in He-3 and
He-4 may be found in [86].

Zurek estimated the domain size, &z, by considering the time scales involved
during the phase transition [ 187, 188, 93]. As discussed at the end of Section 6.4, the
system cannot keep up with external changes at r = ¢, (Fig. 6.5). Zurek postulated
that the correlation length at the instant when the system can no longer keep up
with the external changes determines the size of the domains that get frozen. This
in turn determines the number of defects.

To estimate & at #. we know £ at the time critical slowing down becomes im-
portant. To this we add the distance that a perturbation can propagate from the
slow-down time, ,, to the phase transition time, #. (see Fig. 6.5). That gives us

Ic
o(tc) = &(t,) + / dz (1) (6.57)
[
1 y v/(14p)
= ni E (658)
1+u—v\vy
The crucial part of this relation is
Text v/(1+p)
§o(tc) o (T_o) (6.59)

This relation gives the dependence of the number density of domain walls in D
spatial dimensions on the external time

T VP00
n « <—) (6.60)

To

We can control . in experiments and hence this is a testable prediction.

The above analysis can be improved yet further. For example, we have calculated
& att = t.. Yet thermal fluctuations after r = ¢. (i.e. T < T.) may be important and
the domain structure may freeze out at yet lower temperatures, as in the discussion
of the Ginzburg length scale above. So the relevant time at which & is stable to
thermal fluctuations is somewhat after 7., in agreement with the analysis of [8].

There is yet another view of defect formation at a phase transition first proposed
in [5]. In numerical simulations of a U(1) field theory, the authors found that
there is a distribution of vortices even at temperatures above the phase transition.
However, these vortices are small, closed structures. At the critical temperature,
the vortices link up and form infinite, open structures. Thus the phase transition is
coincident with a percolation transition of the vortices. If this feature is generally
true, we expect a population of small, closed domain walls to exist above the critical
temperature. As the temperature is lowered, the walls connect and grow larger and
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Table 6.1  Size distribution of black clusters found by simulations
on a cubic lattice.

Cluster size 1 2 3 4 6 10 31082

Number 462 84 14 13 1 1 1

at the critical temperature, the walls percolate, giving walls of infinite extent. The
percolation picture has not been checked by simulating the domain wall forming
phase transition. However, we can still study the statistical properties of the network
of walls formed after a phase transition using some simple arguments that we now
describe.

The topic of defect formation and, more generally, phase transition dynamics is
still under active investigation.

6.6 Domain wall network formation

The previous sections focused on the density of domain walls that can be expected
to form during a suitable phase transition. In this section we focus on a somewhat
different aspect of the problem: what are the statistical properties of the domain
walls formed at a phase transition? Are the domain walls formed as little closed
spherical structures? Or are they infinite and planar? First we discuss the simple
case of a network of Z; walls and then the more complicated case of SU(5) x Z;
walls.

6.6.1 Z, network

The properties of the network of Z, domain walls at formation have been determined
by numerical simulations implementing the “Kibble mechanism.” The vacuum in
any correlated region of space is determined at random. Then, if there are only two
degenerate vacua (call them black and white), there are spatial regions that are in the
black phase with 50% probability and others in the white phase. The boundaries
between these regions of different phases are the locations of the domain walls
(see Fig. 6.6).

Numerical simulations of the Kibble mechanism on a cubic lattice gave the
statistics shown in Table 6.1 [74, 159]. The data show that there is essentially one
giant connected black cluster. By symmetry there is one connected white cluster.
In the infinite volume limit, these clusters are also infinite and their surface areas
are infinite. Therefore the topological domain wall formed at the phase transition
is infinite.
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Figure 6.6 The distribution of two phases (black and white) on a square lattice
in two spatial dimensions. Domain walls lie at the interface of the black and white
regions.

6.6.2 SU(5) network

What does the Kibble mechanism predict for SU(5) x Z, domain walls? Just as in
the Z, case, we have to throw down values of the Higgs field on a lattice, assuming
that every point on the vacuum manifold is equally likely, and then examine the
walls that would form at the interface. In Section 2.2 we have found that there are
three kinds of wall solutions in this model and we have labeled the walls by the
index g, which can take values 0, 1, or 2. Each kind of wall has the same topology
but they have different masses. Each wall type is formed with some probability.
Based on the Kibble mechanism, the probability that a certain wall forms is directly
related to the number of boundary values that result in the formation of that kind of
wall. So we need to evaluate all the boundary conditions that lead to domain walls
with a certain value of g.

The space of boundary conditions leading to a given type of domain wall is
discussed in Section 2.4. However, similar considerations occur in simpler models
and it is helpful to think of the problem in a discrete case, for example the S5 x Z,
kinks described in Section 2.5. Take a fixed (discrete) vacuum in one domain. The
neighboring domain can be in any other vacuum state with equal probability.
There are ten possible states for the neighboring domain. Only one of these gives
the ¢ = 0 wall, six give the ¢ = 1 wall, and three give the ¢ = 2 wall. Then the
Kibble mechanism implies that the network contains ¢ = 0, 1, 2 walls and their
number densities are in the ratio 1 : 6 : 3. This means that the network is domi-
nantly composed of the g = 1 wall. However, since the ¢ = 2 wall is the lightest
wall, the ¢ = 1 walls formed by the Kibble mechanism during the phase transi-
tion subsequently decay into ¢ = 2 walls. We will show some evidence for this
two-stage process in Section 6.7.
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Similarly we can identify the space of boundary conditions that lead to a particular
kind of kink in the SU(5) x Z, model. We considered this problem in Section 2.4
and listed the spaces in Table 2.1. From the table we read off that the space of
boundary conditions leading to the ¢ = 0 kink is zero dimensional, for the ¢ = 1
kink it is six dimensional, and is four dimensional for the ¢ = 2 kink. Since a six-
dimensional space is infinitely bigger than a 0- or a four-dimensional space, the
probability of a kink being of the ¢ = 0 or ¢ = 2 variety is zero, and the probability
of the kink being of the ¢ = 1 variety is 1.

A subtlety that has not been discussed above is that there is also the possibility
that if we lay down Higgs fields randomly, we may get [®_, @, ] # O (see theorem
in Section 2.2). In this case, as described in Section 2.2, there is no static solution
to the equations. Then the field configuration evolves toward a static configuration.
Our discussion above assumes that such a configuration has been reached, and
neighboring domains always have values of ® that commute. This is not completely
satisfactory since there are time scales that are associated with the relaxation and
these must be compared to other time scales characterizing the phase transition.
This is why a numerical study, such as that in Section 6.7, is needed.

To summarize, the Kibble mechanism predicts that only ¢ = 1 domain walls
are formed at the SU(5) x Z, phase transition. However, we know that the stable
variety of walls have ¢ = 2, and hence the ¢ = 1 walls decay into them. The
formation of walls and the conversion of ¢ = 1 walls into ¢ = 2 walls during
a phase transformation in the SU(5) x Z, model has not been studied. However,
these questions have been addressed in the related S5 x Z, model as we now discuss.

6.7 Formation of S5 x Z, domain wall network

As discussed in the last section, the ¢ = 1 domain wall of the S5 x Z, model
occupies the largest volume in the space of boundary conditions but the ¢ = 2 wall
has least energy. Hence there is a tension between “entropy” (number of states) and
“energy” (mass of wall). In a phase transition, based on the Kibble argument, we
might expect the entropy to be more important. However, the higher energy walls
g = 1 cannot survive indefinitely and eventually decay into the g = 2 walls. One
way to study these processes is by direct simulation of the fields as a function of
temperature [123, 6, 7].

The simulations are based on a Langevin equation where thermal effects are
treated as a noise term in the classical equations of motion together with a damping
term. For the S5 x Z, model (Eq. (2.30)) with its four scalar fields, the equations
are

(0 =V) fi+Vi+Ad f; =T, (6.61)



108 Formation of kinks

o

E, t=350.
>
T

o o
o

=595.
a~

E t
[N
T

& o
o

E, t= 700.
~
T

&~ o
o

E, t=2800.
n
T

0 50 100 150 200 250

Figure 6.7 Energy density distribution in space at an early time at high temper-
ature (top panel) and then at various times after the phase transition in the lower
panels. The last panel shows that the system has relaxed into a stable lattice of
kinks.

where i = 1, ..., 4 and V; denotes the derivative of V with respect to f;. If A =
0 =T, these equations are simply the classical equations of motion for the f;.
In a thermal system, we imagine that the fields are in contact with a heat bath at
temperature 7' with which energy can be exchanged. Then there can be dissipation
which is represented by the A term and thermal noise which is represented by the
I'; term. The dissipation constant A is taken to be independent of the temperature
but the I'; are stochastic and taken to be Gaussian distributed with the following
correlation functions

(Fix, 1)) =0,
(Ci(x, OT(y, 1)) = 2A T 8;;8(x — y)8(t — 1) (6.62)

The procedure is to solve Eq. (6.61) with any initial condition. The noise and
dissipation eventually drive the system to a thermal distribution at temperature 7.
To mimic the phase transition, the noise is then set to zero. All of a sudden the
system has to find a new equilibrium state. This equilibrium state has domain walls
and these are located and tracked in the subsequent evolution.

In one spatial dimension, the results are shown in Fig. 6.7. At high temperature
the energy distribution is very noisy. After the phase transition, the presence of
kinks is clear. During the evolution, some of these kinks annihilate. In the end we
are left with a kink lattice.
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Figure 6.8 Length in walls (denoted by N) in two spatial dimensions against time
for the g = 2 wallsinthe S5 x Z, model (upper solid curve) and the single field Z,
case (lower solid curve). The dashed curve corresponds to the total S5 x Z, wall
length measured by counting zeros of the diagonal elements of ®(x) and hence
includes walls with any value of ¢g. The difference between the solid and dashed
curves shows that the initial network consists of a large fraction of ¢ # 2 walls but
then later all the walls decay into the g = 2 walls. Comparison with the Z, case
shows that the Ss x Z, network decays more slowly. (The upturn at the very end
in the Z, case is due to the finite simulation box.)

Similar numerical simulations have also been done in two spatial dimensions.
The total energy in all kinds of walls is plotted as a function of time in Fig. 6.8. The
figure also shows the energy in only the ¢ = 2 walls as a function of time. The
difference of these curves shows that not all walls are of the ¢ = 2 variety at
formation. Other kinds of walls are present immediately after the phase transition
but they must then decay into the least massive ¢ = 2 wall.

As discussed in Section 2.8, the Ss x Z, kinks can have nodes in two spatial
dimensions (see Fig. 2.6). So we expect a network of domain walls to form after a
phase transition in which six or more domain walls are joined at junctions. This is
exactly what is seen in simulations (Fig. 6.9). Another feature that is apparent on a
closer look at the network is that there are many pairs of walls that are very close
to each other. These pairs occur because the unstable ¢ = 1 walls eventually decay
into two ¢ = 2 walls. The forces separating the ¢ = 2 walls are exponentially small
and so they stay close-by during further evolution.

We have seen that the final state of the S5 x Z; phase transition in one spatial
dimension is a lattice of domain walls (Fig. 6.7). In one dimension, it can be argued
that a lattice forms with unit probability provided the size of the simulation box is
much larger than the wall thickness. In two dimensions, if the spatial extent in one
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Figure 6.9 Network of S5 x Z, walls in two spatial dimensions soon after the
phase transition. The picture looks very similar to the network of (one-dimensional)
walls connected to a network of (point-like) strings studied in [130].

direction is smaller than that in the other direction, so that the simulation box is
rectangular with periodic boundary conditions, the evolution is very much like in
one dimension and a lattice forms once again (see Fig. 6.10). Even on a square two-
dimensional simulation box, a domain wall lattice is seen to form with a probability
~0.05 [7].

6.8 Biased phase transitions

The existence of domain walls relies only on the existence of discrete vacua. Then
it is possible to imagine situations where the degeneracy of the discrete vacua
is slightly broken (see Fig. 6.11).* Now the probability that the higher energy
vacuum is selected during the phase transition in some region is less than 1/2
and the probability that the lower energy vacuum is selected is larger than 1/2.
This process can again be simulated on a square lattice by throwing down black
squares with probability p < 1/2. If p is very small, there are only a few black
squares and these are disconnected from each other. So the domain walls are small

4 Or perhaps the vacua are exactly degenerate but the likelihood of being in one particular vacuum is slightly
larger because of the way in which the system was prepared.
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Figure 6.10 Three stages for the domain wall network evolution in a toroidal do-
main, with dimensions L, = 500 and L, = 150. The different shades correspond
to the five possible charges of the domain walls (see Section 2.7). Note that in the
bottom figure there is a pair of neighboring wall and antiwall of the same type (the
walls just before and after the 300 mark). These later annihilate, leading to a final
stable lattice consisting of ten walls.

Figure 6.11 An asymmetric well in which the degeneracy of the vacua is slightly
broken.
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and closed. At a critical value of p, call it p, the black squares connect and the
distribution is dominated by one infinite cluster of black squares. Then the black
squares are said to percolate. Therefore the domain wall formation problem reduces
to the classic problem of “percolation theory” [143, 96, 36] where we are interested
in the critical probability and also the critical exponents that appear in various
correlation functions as the critical point is approached. On a triangular lattice in
two dimensions, the critical probability is known to be 0.5 and on a cubic lattice in
three dimensions it is 0.31. The problem may even be studied on a random lattice
as discussed in [95].

The analysis for biased domain walls implies that even if the potential is slightly
asymmetric, infinite domain walls can form. For the SU (5) x Z, potential described
in Eq. (2.5), the asymmetry is due to the cubic term with coupling constant, y. For
small but non-zero values of y, infinite domain walls form.

6.9 Open questions

1. What is the number density of domain walls formed in a second-order phase transition?
The question may need to be sharpened since the density keeps changing with time.
Also, while the number density is important in cosmology, condensed matter physicists
are mainly concerned with scaling laws (critical exponents) since these are expected to
be universal. So a sharper question would be in terms of a critical exponent related to
the number density (e.g. Eq. (6.60)).

2. Is there a condensed matter system which gives a domain wall lattice?

. Is there any role for domain wall lattices in (higher dimensional) cosmology?

4. If a domain wall lattice can be generalized to strings and monopoles, do string and
monopole lattices form during a phase transition?

W
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Dynamics of domain walls

In this chapter we discuss the dynamics of kinks and domain walls first in the zero
thickness approximation, and then briefly in the full field theory. The zero thickness
approximation can be expected to be valid in the case when all other length scales,
such as the radii of curvature of a domain wall, are much larger than the wall
thickness.! We start by deriving the action for a kink in 1 + 1 dimensions as this
is the simplest case and contains the essential features of the higher dimensional
cases. Then we derive the action for a domain wall in 3 + 1 dimensions and some
consequences. In this chapter we ignore gravitational effects which can be quite
important in certain situations (see Chapter 8).

7.1 Kinks in 1 + 1 dimensions

In 1 4 1 dimensions, if we ignore the structure of the kink, then we expect the kink
to behave simply as a massive point particle. Its dynamics are then given by the
usual action for a massive point particle

St = —M / dr (7.1

where M is the mass of the kink and dt is the line element which may also be
written as

dxr dxv\?
) (7.2)

dr dt
where g,,, is the metric of the space-time background and X*(¢) is the location of
the kink at time 7.
While the action in Eq. (7.1) seems reasonable on physical grounds, there should
be a systematic way to derive it starting from the original field theory action of which

dr =dr (guU

! This expectation is not completely correct since the wall velocity is also important [183, 73].

113
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t (t, x)
T
¢
Xo

Figure 7.1 The world-line of the kink is represented by the curve. The kink frame
coordinates y* = (, &) are defined in the instantaneous rest frame of the kink and
are functions of the background coordinates x* = (t, x).

the kink is a solution. Such a derivation should lead to Eq. (7.1) plus corrections
that depend on the internal structure of the kink.

To derive the effective action (Eq. (7.1)), the key assumption is that the field
profile of the kink is well-approximated by that of the known static kink solution in
the instantaneous rest frame of the kink. To proceed with the derivation, we work in
“kink frame coordinates” which are denoted by y* = (7, £),a = 0, 1, as illustrated
in Fig. 7.1 (7 is also called the kink world-line coordinate). These coordinates are
functions of the background coordinates that are denoted by x* = (¢, x), u = 0, 1.

The kink world-line is given by the position 2-vector X* = (¢, X(¢)). Therefore
the vector tangent to the world-lineis T#* = N7 (1, 9, X) where N7 is anormalization
factor chosen to enforce

guTHT" =1 (7.3)
The unit vector, N*(t), orthogonal to the world-line is found by solving
guwT!'N" =0 (7.4)
together with the normalization condition
guwN!'NY = —1 (7.5)

In the special case of a Minkowski background, g,, = 1,, = diag(1, —1), we find
TH =y, V)where V =9,X,and N* = y(V,1) where y = 1/+/1 — V2,

The coordinate 7 is along 7" and & is along N*. Therefore, in the neighborhood
of some fixed point on the world-line, any space-time point can be written as

=Xy + Ty +ENY = X)) + ENM(10) (7.6)
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where the subscript O refers to the fixed point on the world-line. Since the energy
density in the fields vanishes far from the kink, only the neighborhood of the world-
line is relevant for deriving the effective action. Hence & is small and to lowest order
we can replace 1 in the last term by 7 to get

x*=X"(r)+EN"(T) 7.7)

With the coordinate transformation in Eq. (7.7), the world-line metric can be
written in the y* coordinate system

hab = g/tvaaxuabxv (78)
Therefore

hoo = guv(3: X" +§3: N")(0: X" + 3. N")
= g X" 9: X" + O(§)

hor = g3 X" + &0, N*)N” = O(§)

hi = guwN'N" = —1

where we have used the orthogonality of 9, X* o« T* and N*, and the normalization
of N*. So the determinant of 4, is

h = —gu(X")3: X*0: X" + 0(§) (7.9)

where we have also expanded the background metric around the kink location.
Next we write,

P(x") = do(y") + ¥ () (7.10)

where ¢ is the static kink profile function in the kink frame coordinates. For
example, in the case of the Z, kink, ¢ = ntanh(y/A/2 7€) (see Eq. (1.9)). The
field ¢ is the departure of the true field configuration from the static kink profile
¢o. The assumption is that the contribution of i to the action is small and hence
can be used as a parameter for a perturbative expansion.

Now the field theory action is

S = /dzxx/—gL[fb,dﬁ;g,w] (7.11)

in terms of the Lagrangian density L and g = Det(g,,,). The metric is taken to be
a fixed background and the gravitational effects of the wall are ignored. The full
problem of gravitating domain walls is significantly more complicated at a technical
level [21].

Now we write this action in the kink frame coordinates to get

S=S+0E¢,¥) (7.12)
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with
0= [ drde VTl Ligu&). du(e): s
— [ eVl [ dé Lignte). 0:hs)
_ —M/dt\/m (7.13)

where M is the mass of the kink. The last equality follows since the solution is
static and hence the Lagrangian density equals the energy density up to a sign.
The integration of the Lagrangian density then gives the —M factor. The effective
action is therefore the action for a point particle, simply given by the length of the
world-line. This result can easily be extended to walls (and strings) propagating in
higher dimensions, and the leading term in the effective action is proportional to the
world volume. Such geometric effective actions are often referred to as “Nambu-
Goto actions.” Even if the self-gravity of the domain wall is taken into account, the
dominant contribution to the effective action is still the Nambu-Goto action [21].

The next-to-leading order terms in the effective action, denoted by O(&, ) in
Eq. (7.12), have been discussed for domain walls in [138, 21, 73, 28], building on
the earlier analysis for strings [57, 105, 72]. The first-order corrections in both
and £ vanish because the field ¢ is a solution of the equation of motion and hence
the action is an extremum at ¢y. The lowest non-trivial corrections come at second
order in £ and . An alternative approach to studying domain wall dynamics has
been developed in [9].

Finally we remark that the parameter t can be chosen arbitrarily. Any other
world-line coordinate, t/(t), leaves the effective action invariant. This fact is called
“reparametrization invariance” of the action.

7.2 Walls in 3 + 1 dimensions

The location of a domain wall, X*(z, ¢, x), is described by three world-volume
coordinates y* = (t, ¢, x). Any point, x*, can now be written in terms of the “wall
frame coordinates” (see Eq. (7.6) and Fig. 7.2)

X=X, 8, )+ EN(T. 8 0) (7.14)

where N* is the normal to the wall.
The derivation of the Nambu-Goto action proceeds exactly as in the kink case
of the last section and we get

So = —a/d3p |h| (7.15)
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Figure 7.2 A curved section of a domain wall is shown. The world-sheet coordi-
nates are (7, ¢, x, &) while those in the ambient space (“bulk”) are (¢, x, y, 2).

where o is the energy per unit area (tension) of the wall, the integral is over the
wall world volume, 4 = Det(h,;), and the world-volume metric is

hap = 8uv(X”)06 X" 0, X" (7.16)

where a, b = 7, , x. Note that the determinant of %, is positive for the kink in
1 + 1 dimensions and also the domain wall in 3 + 1 dimensions.

The major difference between the kink in 1 + 1 dimensions and the domain wall
is that the wall can be curved, and so the profile ¢y, which only applies to planar
walls, does not solve the equation of motion. For example, as the wall moves, it
accelerates and emits radiation. The radiation part must be treated as a perturbation.
However, the analysis is conceptually the same as for the kink and the derivation
may be found in [138, 21, 73, 28].

From the Nambu-Goto action for the domain wall, we can derive the equations
of motion. The variation of Sy involves the variation of 4 = Det(hg). This follows
from the identity (see Appendix E)

SInDetM = Tr(M~'§M) (7.17)
valid for any invertible matrix M. Applying this identity to the matrix A,, we get
8h = hh*Shgp (7.18)
where h“? is the inverse of h,;, so that
hhy, = 8¢ (7.19)

Therefore the variation of Sy is

350 = 2 / & p/ThIASh (7.20)
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We obtain the wall equation of motion by requiring 65y = 0 together with the
definition of 4, in Eq. (7.16)

1
NG

where the Christoffel symbol is defined by the background metric g,

9,/ |hh3,X°) =T° h*9,X"9,X" (7.21)

v

g’
FZU = T(avgﬂu + 0,800 — 3pgu) (7.22)

In the special case of a Minkowski background metric, the Christoffel symbol
vanishes and

1
VIh|
Using Eq. (7.17), the determinant 4 can be eliminated and the equation of motion
can be written as

3.(v/1h1h*9,X7) = 0 (7.23)

1
0, (h3,X%) + 5h“faahcd h9,X° =0 (7.24)

The equation of motion for a wall is highly non-linear because h,, itself is
defined as a quadratic in derivatives of X*. One way to simplify the equations is to
choose convenient coordinates. This is possible because the equations of motion
of the wall are reparametrization invariant, i.e. we are free to choose any world-
volume coordinates (t, ¢, x). A similar situation occurs for strings thathavea 1 4 1
dimensional world sheet. There, by a choice of coordinates, the equation of motion
can be converted to a simple wave equation in 1 4 1 dimensions together with some
quadratic constraints that can be solved quite generally. In the case of the domain
wall, however, no such convenient choice of coordinates is known and the equations
have not been solved in general. Only a few special solutions are known. Of these,
static solutions subject to suitable boundary conditions have minimal surface area,
and these have been extensively studied in the mathematics literature e.g. [115].

In a realistic setting, the dynamics of the walls are affected by inter-kink forces,
by the interaction of any surrounding particles, the gravitational field of the wall, and
the evolution of the background space-time. In addition, there are collisions between
different walls, leading to intercommuting (Section 3.8), and annihilation of walls
and antiwalls. If there are zero modes on the walls as described in Chapter 5, they
could also carry charges and currents and this would introduce other interactions.

7.3 Some solutions

In 1 4 1 dimensions the kink moves like a point particle of mass M. The dynamics
are richer in 3 4 1 dimensions where a closed domain wall can oscillate and move
in complicated ways. The Nambu-Goto action is valid when the radii of curvature of
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the wall and the separation of different sections of wall are both large compared to
the thickness of the wall. In addition, the velocity of the wall (in the center of mass
frame) should be small. (See Section 7.3.3 for the criterion in the case of collapsing
spherical domain walls.) When these conditions are not met, the only way to proceed
is to consider the dynamics using the underlying field theory. In this section, we
ignore field theory effects and describe some solutions to the Nambu-Goto action.

7.3.1 Planar solutions: traveling waves

A planar domain wall in the z = 0 plane is given by

X6, x0)=(¢x.0 (7.25)
Next consider a planar domain wall with some ripples
X', 60 =, 8 x 2T, 8, X)) (7.26)

The function z describes the ripples and we would like solutions for z.
For the wall in Eq. (7.26), the world-volume metric is

hap = Nap — 04202 (7.27)
where
nap = diag(l, —1, —1) (7.28)

Inverting A, is not simple, but inverting 17, is. So consider the “trial” inverse
metric

hP = nP¢ 4+ P8,z n°d,z (7.29)

Then by evaluating /.2, it can be seen that /°¢ is the correct inverse metric
provided

n* 9,29,z =0 (7.30)

Now we can use Eq. (7.24) and the constraint (7.30) to get the equation of motion
for the function z(z, ¢, x)

090,z =0 (7.31)

Hence any function that satisfies Egs. (7.31) and (7.30) extremizes the Nambu-Goto
action for a domain wall.

Solutions of Eqgs. (7.31) and (7.30) have been discussed in [58]. The constraint
condition implies that the solution must necessarily be time-dependent. A class of
solutions is obtained by noting, for example, that z = f(t — ¢) solves the equation
of motion and also the constraint for any choice of function f. This corresponds
to a pulse of arbitrary shape on a planar domain wall that propagates in the +x
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Figure 7.3 Sketch of a traveling wave on a planar domain wall. The pulse propa-
gates at the speed of light along the wall.

direction at the speed of light. Similarly
2= frxmi+ny), ni+n=1 (7.32)

is a solution for any unit vector (n1, n,). These solutions are known as “traveling
waves” (see Fig. 7.3).

Other solutions of the wave equation (Eq. (7.31)) are also known — for exam-
ple, circular waves — but these do not satisfy the constraint equation and/or have
singularities.

7.3.2 Axially symmetric walls

Here we look for a static wall solution in a Minkowski background. The (Cartesian)
coordinates of the wall take the form

X*(t,0,)) = (r, R(\) cos B, R(A)sinb, 1) (7.33)
with 7, = diag(1, —1, —1, —1). The wall metric is seen to be
ha, = diag(1, —R?, —(1 + R'™®)) (7.34)

where R’ is the derivative of R with respect to A. The equation of motion, Eq. (7.21),
then leads to

d R d RR’
= | =o, — =) =V1+R? (7.35)
da ( /1 +R/2) dr ( /1 +R/2>

with the solution

R() = écosh(oz)») (7.36)
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Figure 7.4 Sketch of a catenoid solution.

where o is a parameter, T = f, A = z and 0 is the angle in cylindrical coordinates.
Equation (7.36) describes a one-parameter family of static, axially symmetric, do-
main wall solutions (see Fig. 7.4).

The solution in Eq. (7.36) is a catenoid that is seen in soap films which, like
domain walls, also minimize their surface area [23]. Experiments with soap films
are done with two parallel circular rings, each of diameter D, placed a certain
distance, d, apart. Then the soap film forms a catenoid for d/D < 0.66 [117].
Actually there are two catenoid solutions for d/D < 0.66 since the relation « D =
cosh(ad/2) has two solutions for « for fixed values of D and d in this regime. A
third solution, which consists of two disconnected disks circumscribed by each of
the circular rings also exists. For larger values of the separation-to-diameter ratio,
d/ D, the two-disk solution has less surface area than the catenoid solutions, and
the catenoid can pinch off and minimize its area by transforming to the two disks.
It seems reasonable to assume that the soap film analysis also applies to the domain
wall.

The catenoid is a static solution of the Nambu-Goto equations of motion. It
could happen that the catenoid is not a solution of the field equations. A simple
example of a solution to the Nambu-Goto equations that does not solve the field
equations can be constructed quite easily. Two parallel planar walls (a wall and
an antiwall) form a solution to the Nambu-Goto equations but, since these walls
have an exponentially small attractive force, they do not form a solution to the
field equations. However, by fixing the boundary conditions (as in the soap film
case by the rings), the catenoid solution for domain walls has been constructed
numerically by solving the equations of motion for the scalar field in the Z, model
(Sutcliffe, P., 2005, private communication). The stability of the catenoid solution
to the Nambu-Goto equations is an open question (Section 7.7).
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Quite complicated static domain wall solutions have also been studied in the
context of quasicrystals [137] and microemulsions [70].

In addition to static solutions, we could seek time-dependent solutions with axial
symmetry. The simplest such case would be a cylindrical domain wall whose radius
is a function of time. The radius would contract, pass through zero, and then grow
again. A similar solution is obtained for spherical walls which we discuss more
explicitly in the next section.

To obtain the cylindrical solution, we note that energy is conserved during col-
lapse. The energy per unit length of a cylindrical wall is

027 R
A = ——— = constant (7.37)

JI- R

where o is the energy per unit area of the wall, R is the radius of the cylinder at
time ¢, and an overdot denotes differentiation with respect to z. The square root
factor in the denominator takes care of the Lorentz boost.

The conservation of energy (i.e. constancy of A), immediately leads to the
solution

R(t) = Rycos <RL0> (7.38)

where Ry = A/o2n is the radius when the wall is at rest.

7.3.3 Spherical walls

Our final example of domain wall solutions is with a spherical ansatz
XH(t,0,¢) = (7, R(T)E) (7.39)
where
T=t, = (sinfcosg,sinbsing, cosh) (7.40)

and 60, ¢ are spherical angular coordinates. The space-time metric is 71, =
diag(1, —1, —1, —1).
We now find

ha, = diag(1 — R?, —R?, —R”sin’0) (7.41)

where overdots denote derivatives with respect to 7. After some algebra, from
Eq. (7.21) we obtain the equation of motion

R = 21 R? 7.42
__E(_ ) (7.42)
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Figure 7.5 Radius of a collapsing spherical domain wall against time in the thin
wall approximation. The coordinates in the plot are in units of the maximum radius
of the wall.

For R # 0, R? # 0, 1 this can also be written as

d K =0 (7.43)
de \ /1 _ k2] ’
which implies
RZ
T = M
v1—R?

where M is a constant of motion, to be identified with the mass of the spherical
domain wall (o is the mass per unit area of the wall).
The solution can be written in terms of the elliptic integral of the first kind

dro (7.44)

/x S (7.45)
X WV 1— x4 RO ’
where
, M R
Ry=—, xX=— (7.46)
dro Ry

Ry has the interpretation of being the radius when the wall is at rest and x, is the
value of x at some initial time 7y. The sign in Eq. (7.45) is chosen according to
whether one is interested in the expanding or contracting solution. The radius of a
collapsing spherical domain wall is plotted in Fig. 7.5.

The behavior of perturbations on the spherical domain wall has been studied in
[182]. The result is that at late times the ratio of the perturbation amplitude divided
by the radius of the spherical wall, grows as 1/R as the wall collapses.
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In the Nambu-Goto description, the spherical domain wall oscillates about the
center. However, the solution is only valid as long as the thin wall approximation
holds. By comparing various terms in the field equations of motion, the thin wall
approximation is seen to break down when [183, 73]

R w\1/3
L (_> (7.47)
Ro Ro

where w is the wall thickness. This relation is also confirmed by numerically solving
the equation of motion in the field theory [183]. In [73], the leading order corrections
owing to the thickness and gravity of the spherical domain wall are included, with the
conclusion that both these effects tend to slow down the dynamics. The Nambu-Goto
action also becomes inadequate owing to radiative losses. As the wall collapses, we
expect energy losses owing to radiation and eventually annihilation of the domain
wall into radiation. We discuss these processes further in Section 7.5.

The collapse of a zero thickness spherical domain wall is prevented if the back-
ground space-time is expanding. Static solutions are obtained if the background is
expanding at a constant rate, as in de Sitter space. In a particular coordinate system,
the line element for de Sitter space becomes time independent

ds? = f(r)dr* — f71(r)dr? — r}(de? + sin 6dg?) (7.48)

where f(r) =1 — H?r? and H is a constant corresponding to the expansion rate.
Following the analysis of [ 16] for a circular string, the action for a spherical domain
wall in the zero thickness limit is

2
S = —4no / dtR? | f — R7 (7.49)

where R(¢) is the radius of the spherical wall and f = f(R). Extremization of this
action leads to the first integral

R— P4+ e R fFP=RP+V(R) =0 (7.50)

where € = E /4w o and E is a constant (the first integral). For a static solution we
need both V(R) = 0 and V'(R) = 0 where prime denotes derivative with respect
to R. These conditions give the static solution

R = H—I\E (7.51)
3

_4710 2
= 5

with

(7.52)
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The potential V(R) is a maximum at the location of this solution and therefore
the solution is unstable. The instability can be understood without calculation. If the
radius of the wall is perturbed to be a little smaller than the value at the solution,
the effects of Hubble expansion are weaker while the force owing to curvature is
stronger, and so the wall collapses. On the other hand, if the radius is perturbed to
be a little larger than the solution value, the expansion effect is stronger while the
curvature force is weaker, and the wall expands to yet greater radii.

Planar and spherical domain walls in de Sitter space have been considered in the
full field theory in [17, 18]. It is found [17] that instanton solutions describing the
nucleation of spherical domain walls exist only when the thickness of the wall is
less than H~'/+/2. This result is also relevant to the problem of finding static thick
spherical domain walls in de Sitter space, since an instanton solution can exist only
if the static domain wall solution exists (though the converse may not hold). Hence
spherical domain wall solutions of the field theory in de Sitter space exist if the
domain wall thickness is less than H ! / ﬁ

7.4 Solutions in field theory: traveling waves

The traveling wave solutions discussed in Section 7.3.1 in the zero thick-
ness approximation are also exact solutions to the field equations of motion
[160, 161].

Consider the field

¢(t. %) = ¢o(z — 20(t, X, y)) (7.53)

where ¢(z) is the classical solution for a domain wall in the z = 0 plane. We now
insert this ansatz in the field theory equation of motion. A little algebra shows that
the ansatz is a solution provided

8,020 =0, (8420)° =0 (7.54)

where a = t, x, y. These are the same equations obtained above for planar solu-
tions to the Nambu-Goto equations (Egs. (7.31) and (7.30)). As discussed there,
the only non-singular solutions to these equations have the form of traveling
waves e.g.

2, x,y) = fr£x,y) (7.55)
Hence traveling waves are solutions to the field equations and do not dissipate

owing to radiation.?

2 1t can be shown that traveling waves do not dissipate even when they are considered in quantum field theory
[46].
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Figure 7.6 Collapse of a spherical sine-Gordon domain wall. The curves in the
left-hand plots show the field as a function of radial distance for several different
times. The right-hand plot shows the corresponding energy density distributions.
[Figure reprinted from [183].]

7.5 Spherical domain walls: field theory

We have seen in Section 3.7 that the collision of a kink and an antikink in 1 + 1
dimensions leads to chaotic dynamics. The kinks bounce back for certain velocities
while for other velocities, both smaller and larger, they annihilate. So we might
expect the dynamics of a collapsing spherical domain wall to show similar features.
Numerical simulations of the sine-Gordon model show that a collapsing spherical
domain wall does not radiate very much energy until it becomes very small (of order
the thickness of the wall), then emits a large amount of radiation, then bounces back
to form an expanding spherical domain wall (though with less energy than the initial
configuration), which then reverses and collapses again (see Fig. 7.6). Simulations
of a A¢* spherical domain wall, however, do not show any bounce back [183].

7.6 Kink lattice dynamics (Toda lattice)

In Section 6.6.2 we have seen that a phase transition can lead to the formation of a
lattice of kinks (Fig. 6.7). What happens if one of the kinks in a lattice collides with
a neighboring kink? The interaction potential between neighboring kinks decays
exponentially with distance and energy conservation implies that the collision is
perfectly elastic. The momentum of the incoming kink is transferred to the target
kink [123]. These properties are exactly those assumed for a chain of masses in
what is called a “Toda lattice” [155]. The many beautiful properties of a Toda
lattice apply to the (one-dimensional) lattice of kinks as well. For example, there
are soliton solutions that run along the Toda lattice. So there are also solitons in the
dynamical modes of the kink lattice i.e. solitons in the dynamics of solitons!
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7.7 Open questions

. Are there closed domain walls in three dimensions that do not self-intersect as they
oscillate? What happens in higher dimensions?

. Can one show analytically that walls must intercommute on intersection?

. When traveling waves on domain walls collide, they dissipate some of their energy. Find
the energy radiated. Find the energy that goes into excitations of the bound state in the
case of the Z, wall.

. Analyze the catenoid domain wall solution and its stability.



8

Gravity and cosmology of domain walls

Domain walls resulting from a symmetry breaking in the early universe could have
novel and dramatic gravitational and cosmological consequences.

We first derive the gravitational effects of a planar domain wall, describing the
different ways to view the system. Then we discuss spherical walls as an example
of curved domain walls. To discuss the cosmological consequences, it is necessary
to have a picture of domain wall formation in the cosmological context. With
the background of Chapter 6 we discuss the formation of the wall network in
cosmology, then the evolution and cosmological implications. We end by reviewing
the cosmological constraints on domain walls and the few possible ways around
the constraints.

8.1 Energy-momentum of domain walls

The energy-momentum tensor for a scalar field with potential V(¢) is given in
Eq. (1.39)

1
Ty = 0,90,¢ — guu{z(aa(p)z - V(¢)} (8.1)

In the thin-wall limit, varying the Nambu-Goto action (Eq. (7.15)) gives the energy-
momentum tensor

" &Ep/|h| k9, X" 9, X" §P(x* — XM (8.2)

__C /
NG V&
where X* is the location of the wall. For a planar wall located at x = 0 in flat
space-time, this gives

T —o(1,0, =1, —1)8(x) (8.3)

NG, plane

128
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For a planar wall, including self-gravity, the energy-momentum tensor can be ex-
plicitly written once we have chosen a suitable ansatz for the metric (see Eq. (8.4)
below).

8.2 Gravity: thin planar domain walls

The gravitational effects of a planar domain wall have been found in the thin-wall
limit in [167, 169, 80] using the vacuum solutions found in [154]. The thin-wall
limit simplifies the analysis because then there is no need to solve the field equations
of motion. All the energy-momentum is localized on the thin domain wall and so
only the vacuum Einstein equations need to be solved on either side of the wall.
The presence of the wall shows up in matching the vacuum solutions on the two
sides of the wall i.e. implementing the “junction conditions.” Such a matching is
facilitated by using the Gauss-Codazzi formalism [81] and this has been done in
[80]. Here we derive the metric of a domain wall without going through the general
Gauss-Codazzi formalism, following the derivation in [169] instead.

A planar domain wall located in the x = O plane has rotational symmetry in
this plane. Further we expect space-time symmetry under x — —x. Under these
conditions the form of the line element can be taken to be [154]

ds? = e®(+dr? — dx?) — e*¥(dy?* + dz?) (8.4)

where 1 and v are functions of # and |x|. Note that the possibility that the metric is
time-dependent has been retained.

In the thin-wall limit, there is no energy-momentum off the wall and so the
energy-momentum tensor, 7},,, vanishes everywhere except on the wall. Therefore
only the vacuum Einstein equations, R, = 0, where R,,, is the Ricci tensor, need
be solved. The solution for x > 0 is

e = f(t+x)+g(x —1) (8.5)
u=—%ln(f+g)+h(x+t)+k(x—t) (8.6)

where the functions f, g, h, and k satisfy

f// _ g// _ 2f/h/ + 2g/k/ — O (8.7)
f// + g// _ 2f/h/ _ 2g/k/ — O (8.8)

where primes denote derivatives with respect to x. The solution for x < 0 can be
obtained by symmetry since u# and v are functions of |x|.
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Next we solve the Einstein equations, 7}, = G,,/87 G, where G, is the
Einstein tensor calculated for the metric in Eq. (8.4). This leads to

1
7y vpe 2108 (x)

O " 4nG

T'=0

T2 =T} = —L(u’ + v))e 2 08(x) (8.9)
2 3 871G 0 0 .

where ug = u(t, x = 04), vo = v(t, x = 04).

In general, uo, u;, and v, are time-dependent, and so these expressions for 7/ are
also time-dependent. However, the energy-momentum tensor for the wall should
be time-independent. This gives us the constraint that the functions f, g, s, and k
must be chosen so that u, u;, and v, are time-independent. Then the only possible
choice for the functions (for x > 0) that also satisfy Eq. (8.8) is

f — O, g — eK(tfx)
h K(t+ ) k K(t ) (8.10)
=—— Xx), =—@{F—x .
4 2
where
K =4nGo (8.11)
The corresponding functions for x < 0 are
f — CK(H_X), g = 0
h—K(t-i- ) k= K(t ) (8.12)
=3 x), =-7 X .
Then the domain wall line element is
ds? = e KFI[dr? — dx? — eX(dy* + dz?)] (8.13)
which can also be put in the commonly encountered form
ds? = (1 — k| X)2dr? — dX? — (1 — k| X )% (dy* + dz?) (8.14)
where k = 2w Go via the coordinate transformation

IX| = l(1 — e~y (8.15)
K

8.3 Gravitational properties of the thin planar wall

On spatial slices of constant X (X = X) the metric of Eq. (8.14) takes the form

ds? = d7* — e*'(dy* + dz?) (8.16)
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where overbars denote that the coordinates have been rescaled by the factor
(I —k|Xo|) and ¥ =«/(1 —k|Xp|). The three-dimensional line element of
Eq. (8.16) shows that space-like slices of constant X are expanding exponentially
fast, just as in an inflationary space-time.

The inflationary nature of the metric can be understood from the viewpoint of
an observer living on the wall who is blind to the coordinate normal to the wall.
From such an observer’s perspective, the space-time is filled with vacuum energy,
as given by the energy-momentum tensor of Eq. (8.3), and hence is inflating.

Next we examine the metric on spatial slices obtained by setting y = vy, 2 = 29

ds? = (1 — k| X|)*dr?* — dx? (8.17)

This is the metric of 1 4+ 1 dimensional Rindler space-time, which is Minkowski
space-time written in the rest frame coordinates of a uniformly accelerated observer
with acceleration a = 1/k away from the wall which is located at X = 0. To see
this, use the coordinate transformation

7 — (1— K|X|)(ekt _ e—Kt)
2k
_ (1 _K|X|) Kt —Kt
§=—"——(€"+e ") (8.18)
2K

In these coordinates the Rindler line element is of Minkowski form
ds? = dr? — dg? (8.19)

Now note that

1 2
£ o (_ - |X|> (8.20)
K

Therefore the world line of a particle at fixed X is a hyperboloid in Minkowski space-
time, which describes a particle moving at constant acceleration. In particular, the
wall located at X = 0 has acceleration 1/x. Therefore an inertial observer sees the
wall accelerating away with acceleration 1/«. From the perspective of an observer
on the wall, all particles are repelled from the wall.

In the Rindler space metric there is a horizon at | X| = 1/k. It is clear from the
coordinate transformation given above, this is a coordinate singularity since the
space-time is equivalent to Minkowski space-time.

As discussed in [80] the full domain wall metric in Eq. (8.14) can also be brought
to Minkowski form. This shows explicitly that the domain wall space-time is flat
everywhere except on the wall itself. As in the reduced metric of Eq. (8.17), in the
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Minkowski coordinates (ty, XM, YM, 2m) the wall is located at (see Eq. (8.20))

Xyt VM I =ty % (8.21)
Hence, in the coordinates where the metric is Minkowski, the wall is spherical with
time-dependent radius that decreases (for fyy < 0) until it gets to 1/« at #py = 0 and
then bounces back. This behavior does not depend on which side of the wall the
observer is located. Both see the wall accelerating away from them with constant
acceleration 1/«k.

There is an intuitive way to see that the wall’s gravity must be repulsive. In the
weak field approximation, the gravitational potential of the wall is proportional to
0 + p1 + p2 + p3 where p is the energy density of the wall and p; are the pressure
components of the energy-momentum tensor. From the energy-momentum tensor
in Eq. (8.3) we have p, = p3 = —p and p; = 0. Therefore p + p; + p2 + p3 =
—p < Oinstead of the positive value obtained for matter without pressure. Therefore
the gravitational potential is repulsive instead of being attractive.

Since the metric is Minkowski in the (f\, XM, YM, 2m) coordinates, geodesics are
given by

xpp(tm) = x§ + u (b — to) (8.22)
where, x(‘f is the position of the particle at time #\ = #(, and u* is the (constant)
velocity vector.

8.4 Gravity: thick planar wall

Here we consider the gravitational field of a thick domain wall i.e. taking both the
scalar field and Einstein equations into account.
The Einstein equations are

Gy =8nGT,,
= SHG[Bmam - guv{%(aa¢)2 - V(¢)” (8.23)
where we have used 7}, from Eq. (8.1). The scalar field equation is
V.,V +V'(p)=0 (8.24)

where V,, is the covariant derivative.

These equations have been solved in [181] for the case when 167Gn? < 1
where 7 is the vacuum expectation value of the field ¢. The line element outside
the thick wall is still given by Eq. (8.14) and there are no qualitative new effects.
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The case when 167 Gn? > 1, however, does lead to new effects as first discussed
in [170, 101, 102] and as summarized in the next section.

8.5 Topological inflation

If 16w Gn? > 1, the gravitational forces within the wall are stronger than the forces
associated with the self-interaction of the scalar field. This can be seen by the
following heuristic argument [170].

Consider the Z, model with the quartic potential

A
V(g) = 1(¢2 — ) (8.25)

The thickness of the domain wall can be estimated by equating gradient and potential
energies, which also agrees with the Bogomolnyi equation (see Eq. (1.31)), in the
case when gravitational effects are ignored. The field ¢ gets an expectation value
n and so, in the interior of the domain wall,

e
A
—(Vo)? ~ V(0 8.26
( 97 =355 ~ VO = (8.26)
and the thickness, §, is
) 2 (8.27)
AN ’

This is an estimate of the length scale on which the scalar field interactions are
working.

Next, the length scale associated with gravitational effects is found from the
Friedman-Robertson-Walker equation, which relates the space-time expansion rate,

H, to the energy density
81 G
H? ~ ”T P (8.28)

which, when used inside the wall with p ~ An*/2, gives

1 3 1 )
B~ 4JTG)LF (8:29)

Hence scalar field forces dominate over gravitational forces inside the domain wall
if H=' > §, or the order of magnitude condition,

167Gn* < 1 (8.30)

Therefore when 167 Gn?> < 1 we can expect that gravitational effects are small
in the interior of the domain wall. If, however, H~! < §, the field is approximately
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smooth over a region where gravitational effects are strong. The field inside the
domain wall has potential energy ~ An* and this is what drives the gravitational
effects. Therefore, we expect that the space-time inside the domain wall inflates
in the direction normal to the wall, in addition to the inflation parallel to the wall
that we have already seen in the thin-wall case (Eq. (8.14)). Furthermore, the field
inside the wall is stuck on top of the potential owing to the topology that led to
the existence of the wall. So the inflation goes on forever for topological reasons.
Hence this inflation is called “topological inflation.”

This picture has been confirmed by numerical solution of the coupled scalar
field and Einstein equations in [131, 31, 94] with the conclusion that topological
inflation inside the Z, domain wall occurs for n > 0.33mp where mp is the Planck
mass defined by G = l/mI%.

Domain walls that are undergoing topological inflation cannot however form in
the usual way during a cosmological phase transition as we discuss in Section 8.9
below.

8.6 Spherical domain wall

The metric of a thin spherical domain wall has been discussed in the thin-wall limit
in [80]. Inside the wall the metric is flat using Birkhoff’s theorem (e.g. see [177])

ds? = dT? — dr? — r2(d6? + sin? 6d¢?), r < R(1) (8.31)
where R(¢) is the radius of the spherical wall and
T =(1+R»H (8.32)

with overdots denoting derivatives with respect to the proper time of an observer
moving with the domain wall. The proper time is related to the time coordinate ¢

via the relation
2GM 26M .\
1-—)i=(1-"——+R? 8.33
(5= (-5 ) 63
Outside the sphere, the metric is Schwarzschild with mass parameter M

2GM 2GM\ !
ds* = (1 — >dt2 — (1 — ) dr? — r3(d6? + sin® 0d¢?), r > R(1)

r r
(8.34)

The mass is related to the maximum radius of the spherical wall, Ry, by

M =4noR2(1 — 27 Go Ry) (8.35)
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Figure 8.1 Energy in a large volume enclosing a collapsing spherical domain
wall in the sine-Gordon and Z, models [183] as a function of time. The energy is
roughly conserved until the radius becomes comparable to the wall thickness and
then decreases sharply. The step-like features in the sine-Gordon models occur
because the sphere bounces several times before annihilating. The spherical wall
in the Z, model annihilates without bouncing. [Figure reprinted from [183].]

provided Ry, < 1/4nGo. If Ry, > 1/4nGo, it means that the spherical domain
wall is a black hole even at the maximum value of its radius and the analysis breaks
down.

8.7 Scalar and gravitational radiation from domain walls

A collapsing spherical domain wall emits scalar radiation and loses energy. It may
be possible to extend the formalism in Section 3.5 to calculate this energy loss.
However, such an analysis is not currently available. Instead the energy emission
rate has been found numerically and is shown in Fig. 8.1 for spherical walls in the
sine-Gordon and Z, models [183].

A collapsing spherical domain wall does not emit gravitational radiation since
the spherical symmetry implies a vanishing quadrupole moment of the energy-
momentum distribution. However, colliding domain walls can lead to gravitational
[157] and scalar radiation [175]. A dimensional analysis based on the quadrupole
approximation for the gravitational power emitted when two relativistic spherical
walls collide gives [157]

GM;
R2

P, ~ (8.36)
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where Mg ~ 4o R? is the mass of the bubble and R is the radius upon collision.
Numerical analyses of bubble collisions (during first-order phase transitions) found
that the quadrupole approximation overestimates the power radiated in gravitational
radiation by about a factor of 50 [91].

8.8 Collapse into black holes

If the radius, R(#) of a collapsing spherical domain wall remains larger than the
Schwarzschild radius, Rs = 2G M, where M is the mass of the domain wall, then
the domain wall does not become a black hole. As the wall collapses, it emits
scalar radiation and, if this is rapid enough, M decreases sufficiently rapidly so
that Rs < R at all times. Whether this happens can be checked explicitly by nu-
merical evolution of the scalar field plus Einstein equations. We expect that if the
Schwarzschild radius of the spherical domain wall is smaller than the width of the
wall, black holes are not formed since rapid wall annihilation and radiation precede
collapse to within the Schwarzschild radius.

The converse case of black hole formation in the case when the scalar radiation
is not too rapid is harder to demonstrate convincingly. The reason is that the time
evolution of the fields gets slower as the black hole event horizon is about to form. By
simply evolving the fields, it is impossible to see the formation of the event horizon
and hence conclude that the domain wall collapses to form a black hole. However, it
is hard to imagine any other outcome, especially since the scalar radiation rate only
becomes significant once the spherical domain wall collapses to a size comparable
to the thickness of the wall.

The collapse of a slightly perturbed spherical domain wall has been studied
numerically in [182] with the result that the amplitude of perturbations stays con-
stant during the collapse. This means that the ratio of the perturbation amplitude
to the radius grows during collapse as 1/R(¢) and the shape of the wall deviates
increasingly from being spherical.

8.9 Cosmological domain walls: formation

The formation of domain walls in a phase transition in flat non-expanding space-
time has been discussed in Chapter 6. Since the universe is expanding and cooling,
cosmic phase transitions can occur, just as in the laboratory, and domain walls can
also form. If the phase transition proceeds quickly on cosmological time scales, the
structure of these domain wall networks is similar to those formed in the laboratory
and described in Chapter 6. The network is dominated by one infinite domain wall
with very complicated topology. However, if the phase transition occurs slowly
on cosmological time scales, the expansion can prevent the phase transition from
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completion. For example, in a first-order phase transition, if the bubble nucleation
rate is very slow, the bubbles will not be able to percolate because the expansion
increases the separation of the bubbles that have already nucleated. These consid-
erations are important for inflationary cosmology but here we will assume that the
phase transition completes since otherwise domain walls would not be formed.

In a model with 167 Gn? > 1 (5 is the vacuum expectation value of the scalar
field), domain wall formation requires some new considerations [22, 166]. The
reason is that the energy density inside the domain walls is larger than that outside.
Hence if such inflating domain walls (see Section 8.5) were to form, the space-time
expansion rate within them would be greater than that of the ambient cosmological
expansion rate in which they were created. It is possible to show that a faster
expanding region within a horizon of a slower expanding region can be created
only if the null energy condition' is violated. The formation of defects proceeds
according to the classical dynamics of a scalar field with energy-momentum tensor
given by Eq. (8.1). Contracting the energy-momentum tensor twice with a null
vector, N*, and using g,,N*N" = 0 gives

N“N'T,, = (N"*3,4)*> > 0 (8.37)

Hence the null energy condition is satisfied during defect formation and there is an
obstruction to the formation of topologically inflating domain walls. The exception
is if the faster expanding region has an extent that is larger than the cosmological
horizon. In this situation, the domain wall is fatter than the horizon during the
phase transition. Then the particle interaction rate is also slower than the Hubble
expansion rate and the particles are not in a thermal state unless they were set up
in that state as an initial condition at the Big Bang. The domain wall network that
is produced will depend on the initial state of the particles.

8.10 Cosmological domain walls: evolution

If we assume that there is a dense network of walls within our cosmological horizon
and that the network does not lose a significant amount of energy to radiation, we
can work out the expansion rate of the universe and the scaling of the density of
walls.

The energy-momentum of the scalar field that forms the domain walls is given
in Eq. (8.1). If we denote an average over a large volume by (-) we have

1
(T} = (0u93,¢) — <guv{§(aa¢)2 - V(¢>)}> (8.38)

! The null energy condition is N*NV T,y > 0 where N* is any null vector and 7}, is the energy-momentum
tensor. For fluids with energy density p and isotropic pressure p, the null energy condition is p + p > 0.
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We assume that g,,, is a background metric and only dependent on time. Also the
field distribution is assumed to be isotropic so that

((3:0)%) = ((3y9)*) = ((3.0)%) (8.39)
and
(9:09;0) =0, i#j (8.40)
Define
1
@ﬂ>=§«&¢f+wa¢f+wm¢f> (8.41)

If we further assume that the field is dominantly in the form of domain walls that
satisfy Eq. (1.31) to a good approximation, we get

72 2
@% =3(V) (8.42)
which leads to
(To) = 267 = 2(T) (8.43)
XX - 6 ¢ 3 tt .

For slowly varying fields this leads to the effective equation of state p = —2p/3
where p is the (isotropic) pressure and p the energy density [186]. If we assume
that the time dependence of ¢ is only due to a boost of the domain walls, we can
use ¢ = vydx¢ = vy/2V(¢) and d,¢ = ydx¢p, where X = y(x — vt) and y is
the Lorentz factor (see Eq. (1.10)). This leads to

2
(Tex) = ((vz) - §><T1t> (8.44)

Following Appendix F and treating the wall network as a fluid with equation
of state p = —2p/3, we can write down the solutions for the scale factor and the
scaling of the energy density in walls. If the initial conditions are such that the wall
density is pp when the scale factor is ag, the solution is

aop t 2
Pwalls(@) = po—, a(t) = aol| — (8.45)
a to

Note that this derivation ignores processes by which the wall network could lose
energy into scalar and gravitational radiation. In addition, the walls interact with
surrounding matter and experience friction. These effects make the problem of
understanding the evolution of the wall network much more challenging. We now
describe some numerical [125, 36, 97, 59] and analytical [77, 78] efforts to under-
stand the evolution of the network.
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8.11 Evolution: numerical results

There are two numerical schemes for evolving a network of domain walls. The
first is to use the zero thickness approximation for walls. In this approximation, it
is hard to treat the collision of walls and the loss of energy from the network into
radiation. The second approach is to solve the field theory equations of motion. In
this approach, all the degrees of freedom of the system are retained. In fact, a lot
of degrees of freedom that are evolved are inessential to the domain wall network
and this additional baggage slows down the simulations. In an expanding universe
the problem is even more severe because the overall length scales grow larger with
time while the domain wall thickness remains the same. Thus the simulation needs
to handle very disparate length scales.

In [125, 36, 97, 59], the authors get around these problems by solving the field
theory equations of motion but by letting the domain walls expand with the universe.

More specifically, consider the Z; model in an expanding space-time with metric

guv = a* (DN (8.46)

where 7, = diag(1, —1, —1, —1) and 7 is the conformal time. The equation of
motion is

32 + 238@ — V% +MP* —ad*nHp =0 (8.47)

In the approach pioneered in [125] the a®n? in the last term is replaced by a constant,
effectively decreasing the vacuum expectation value, n, with Hubble expansion.
Since the width of the domain wall is proportional to 1/1, this amounts to letting
the thickness of the walls grow in proportion to the scale factor.

The result of this numerical study shows that the areal density, A, i.e. area of
walls in a given region divided by the volume of the region, scales inversely as the
first power of conformal time

A=A (%)p L prl (8.48)

where the subscript O refers to some initial time. This result holds in Minkowski
space-time (a o t°), radiation-dominated (a o< t!/?), and matter-dominated
(a o '/3) cosmologies.

The domain wall network has also been studied by a combination of numerical
and analytical techniques that use scaling arguments [13, 14].

8.12 Evolution: analytical work

An analytic technique to study the evolution of non-relativistic interfaces in the
condensed matter context was developed in [116] (also see [24, 65, 111]). The
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technique has been extended to relativistic systems in [77, 78] and we now sum-
marize the main features of this analysis.

The starting point is to define a fictitious scalar field #(x*) such that it vanishes
on the domain wall network

u(X*(0") =0, a=0,1,2 (8.49)

where the domain wall network is located at X*(0¢) and o denote world-volume
coordinates. While u(x*) could have been taken to be the scalar field in the original
field theory (say for the Z, model), this is not suitable since u« is later assumed to be
arandom field with a Gaussian distribution. The next step is to derive an equation
of motion for u.

We define the domain wall world-volume metric as in Eq. (7.16)

hap = (X)X 9 X" (8.50)

where g, is the ambient space-time metric and the indices a, b refer to world-
volume coordinates. Two derivatives of Eq. (8.49) lead to

1

ﬁaa(\/Wh“ba,,Xﬂ)auu + h* 9, X" 3, X", 0,u = 0 (8.51)
As long as the thin-wall limit is valid and, in particular, walls do not intersect,
X* satisfies the Nambu-Goto equation. When walls do intersect, the Nambu-Goto
formalism breaks down. The formalism can continue to be valid provided we impose
additional boundary conditions by hand at the intersection point. Depending on
the boundary conditions that one imposes at the intersection point, the Nambu-
Goto equation can describe intercommuting walls or walls that pass through each
other. In the present formalism, the boundary conditions automatically arise from
the evolution of the u field. The dynamics of the u field are such that they always
describe walls that intercommute [77]. Using the Nambu-Goto equations of motion,
Eq. (7.21), then leads to the equation of motion for the fictitious field u

[(Bu)* g’ — 8“143”14](8#8.,14 — rgua,,u) =0 (8.52)

where I'f},, is the Christoffel symbol defined in Eq. (7.22).

To solve Eq. (8.52) we must find a way to handle the non-linear terms. The key
point now is that the domain wall network contains a random distribution of walls
and hence u is a statistical field. One approach to treat the non-linear terms is to
use the mean field approximation. In this approach non-linear terms are replaced
by averages of non-linear terms multiplied by a single power of u. For example

ud — (uu (8.53)

Further, the distribution of u is assumed to be Gaussian.
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After defining the correlators that enter the mean field theory version of
Eq. (8.52), the field u satisfies the equation of motion
p(z)

3u + —9,u —v*Viu=0 (8.54)
T

where, as in the previous section, 7 is the conformal time, The functions p and
v? are defined in terms of the assumed two-point correlation functions of u (for
details see [77, 78]). Once the solution for u is obtained from the linear differential
equation, Eq. (8.54), the average areal density, .4, and other quantities may be
calculated. The results agree with the scaling in Eq. (8.48).

8.13 Cosmological constraints

The cosmological constraint on domain walls is remarkably robust, being almost
independent of the field theory, details of the phase transition, and cosmology [186].
At any time after the domain wall forming phase transition, the vacua in different
cosmological horizons are uncorrelated. This means that there is at least one domain
wall per horizon. The minimum area of a horizon size domain wall is ~ H~2 where
H~! is the horizon size. Therefore the domain wall energy density averaged over
a horizon volume is Py, ~ 0 H. Comparing this to the critical density of the
universe,” we get

4 G
Quate = 224 7" ~ Got (8.55)

C
where ¢ is the cosmic time. (We have taken H ~ 1/¢ which is true in a Friedman-
Robertson-Walker cosmology in which a(#) o t* with 0 < o < 1.) Hence, as time
proceeds, there comes an epoch when the domain walls are the dominant form of
energy in the universe. This happens at time ¢, given by

1

te ~ o (8.56)
Now o ~ n* (e.g. Eq. (1.20)) up to factors of coupling constants which we assume
are order unity. We also know particle physics fairly well up to an energy scale of
about 100 GeV (approximately the electroweak scale) and have not seen any scalar
fields yet. So the minimum value of o is about (100 GeV)>. Walls of this tension
would have started dominating the universe at (see Appendix A for numerical
values)

2
n] ~MB o8 (8.57)
773

min

2 The critical density of the universe is defined as p. = 3H2/8nG, where H(t) = a/a is the Hubble expansion
rate defined in terms of the scale factor a(t) and its time derivative, a.



142 Gravity and cosmology of domain walls

or approximately 10 years after the Big Bang. Once the walls dominate, the universal
expansion becomes a o< 2 (Eq. (F.5)). This is unacceptable for several reasons. For
example, since the domain wall dominated universe accelerates (@ > 0), density
perturbations that are larger than the horizon keep getting stretched and stay larger
than the horizon. This means that super-horizon density perturbations can never re-
enter the horizon, which is an essential condition for them to start growing to form
the galaxies, clusters, and large-scale structures that we currently observe. Even
the growth of sub-horizon density perturbations is suppressed owing to cosmic
acceleration.

A second constraint on a network of cosmic domain walls acting as a fluid
with equation of state p = —2p/3 comes from the measured expansion rate of the
universe using supernovae data [127, 118]. These surveys find that the equation
of state parameter, w = p/p, for our universe is less than about —0.8 [11, 128].
However, a universe dominated by a network of static (“frustrated””) domain walls
[25] would have w =~ —0.67.

Another possibility that has been considered is that perhaps there are some
features that are missing in the standard model of particle physics, and that there
indeed are very light domain walls in the universe [76]. Such light walls, if light
enough, would be benign and could potentially play a role in cosmology. If we
require that the domain walls not dominate the universe until the present time
(~ 10'7 5), Eq. (8.57), gives n < 100 MeV. Other cosmological constraints, such
as arising from the isotropy of the cosmic microwave background can be used to
put similar or somewhat stronger bounds on 7 [144, 158].

8.14 Constraints on and implications for particle physics

Let us summarize the picture that has emerged in this chapter.

« If a field theory has discrete symmetries that are spontaneously broken in the
ground state, it must contain domain wall solutions.

« If high-energy particle physics is described by such a field theory and the discrete
symmetry gets spontaneously broken in the early universe, cosmic domain walls
are produced.

« If the standard model is complete at energies below 100 GeV, then there can be no
domain walls in the universe and no spontaneously broken discrete symmetries
in particle physics.

A closer examination of this sequence of arguments reveals a few loopholes that
allow for spontaneously broken discrete symmetries in particle physics. First, there
is the possibility that the discrete symmetry was broken right from the moment of
the Big Bang. Then the whole universe could have been in one of the many discrete
vacua at its very creation and no domain walls would be formed even though the
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Figure 8.2  Sketch of the potential in the model of Eq. (8.58). Domain walls arise
owing to a 27 change in the angular field variable and the location of the field
inside the wall is marked by D. Such domain walls can terminate on strings, and
the field within the string is located at ¢ = 0.

underlying particle-physics theory could have broken discrete symmetries. This
kind of scenario has been studied for magnetic monopoles in [50]. A related possi-
bility is that, if the universe went through a period of superluminal expansion (“in-
flation™),? then correlations extend to scales that are vastly larger than our current
horizon and our region of the universe is very likely to be free of any domain walls
[97]. In another variant, domain walls are formed but subsequently inflated away.

All the above loopholes only apply to very high-energy domain walls where
quantum gravity and/or inflation effects are relevant. If a particle-physics model
has spontaneously broken discrete symmetries at lower energy scales (but still larger
than ~ 100 MeV) no loopholes are known and the model is ruled out based on the
“cosmological domain wall catastrophe.” However, there is still the possibility that
metastable or biased domain walls (see Section 6.8) can exist for some time in the
universe. We now describe these two possibilities.

8.15 Metastable domain walls

In certain field theories, it is possible for domain walls to get punctured. To see how
this can happen, consider the potential for a complex scalar field ¢

_& 2 o2 9n 3
V(g) = 4(|¢| n°) 32(¢ +¢7) (8.58)

where we assume 0 < o << A. The shape of this potential is shown in Fig. 8.2. The
first term is minimized when |¢| = 1 and, restricting ¢ to the submanifold |¢| = 7,

3 Inflation occurs when the universe is dominated by a field that has an equation of state with —p < p < —p/3.
Then the expansion rate of the universe is superluminal and volumes that are larger than the horizon can get
correlated.
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Figure 8.3 Cross-section of a wall that terminates on a string is shown on the
left, and a wall with a puncture bordered by a string is shown on the right.

the second term is minimized when ¢ 4 ¢* = +27. Another way of writing the
potential is by setting ¢ = ¥ exp(ix) and then ¥, x are real fields. Then

A on
V(@)= 7" ") — =y cos’ (8.59)
The extrema of V are at ¢ = 0 and at

30 4+ V92 + 6412
Y =n o , X =nw

(8.60)

where n is an integer. The true vacua occur when n is an even integer. For ex-
ample, domain wall solutions exist with the boundary condition x(x = —o0) = 0,
x(x = 4o00) =2m.

Now consider a domain wall in the model in 3 4 1 dimensions. Such a domain
wall can terminate as shown in Fig. 8.3 since the path from y = 0to x = 27 can
be contracted by lifting it over the top (i = 0) of the potential. While we have
not described cosmic strings here, in models such as Eq. (8.58), we can have finite
sections of open walls that are bordered by strings. Walls can also get punctured
by holes that are bounded by strings. For further discussion of walls bounded by
strings, we refer the reader to [88, 168, 171].

The evolution of a network of walls that can have punctures is very different
from that of stable walls because a puncture can grow and eat up the wall. This
provides a very efficient way for the wall network to lose energy and so the network
never dominates the universe [168].

Another scheme that allows for the universe to have a finite period of time with
domain walls is if a discrete symmetry is broken and then restored (see Section 6.1).
Walls would be formed at the first phase transition and then they would dissolve at
the second phase transition when the symmetry is restored. However, this scheme
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would imply an unbroken discrete symmetry in the low-energy particle physics.
We do not know of such a discrete symmetry although the possibility cannot be
excluded.

Finally, domain walls could have existed for some time in the early universe
if there is an approximate discrete symmetry in the high-energy particle-physics
model [60]. We have already seen an example of an approximate discrete symmetry
inthe SU(5) Grand Unification model discussed in Section 2.1. If the cubic coupling
in the potential in Eq. (2.5) is small, it can be ignored and the resulting model has
SU(S) x Z, symmetry, with all the domain wall solutions discussed in Section 2.2.
A simpler example is that of the A¢* together with a small cubic term. The potential
is

2
V) = _msz +yme + %qﬁ“ 8.61)

Now the model still has two local minima but they are not exactly degenerate if y
is very small (see Fig. 6.11). At the phase transition, a network of domain walls is
formed and the typical separation and curvature scale of the domain walls is given
by the correlation length &). With time the curvature scale grows and is denoted by
R(?). So the force per unit area on the wall owing to tension is ~ ¢/ R(t) where o is
the energy density of the wall. There is also a pressure difference pushing the wall
toward the vacuum with the lowest energy. This pressure is given by the energy
difference between the vacua and hence is proportional to y

p ~ ymy’ (8.62)

where 7 is the vacuum expectation value of the field. Therefore the tension is much
larger than the pressure, and the dynamics of the wall network are unaffected by
the pressure difference coming from the cubic term as long as

o
R(t) < —— ~ — (8.63)

Once the network has evolved to a point where this condition is not met, the pressure
becomes important and drives the domain wall network such that the whole system
reaches the true vacuum. From the area scaling law in Eq. (8.48), it follows that
R(t) grows linearly with conformal time.* Therefore, in a radiation dominated
universe,

T t 1/2
R=Ry— = Ro(—> (8.64)
To o

4 The scaling law holds at late times after friction becomes unimportant. At earlier times, R grows as a different
power of conformal time [87].
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where R can be taken to be the correlation length at the time of the phase transition
fo. Inserting this relation in Eq. (8.63) and using Ry ~ 1/n, we get that the walls
survive for a duration

Twalls ™~ t_02 (8.65)

14

If y is small, the walls can survive for many Hubble expansions. In fact, if the walls
survive for a long time, they might start dominating the density of the universe
before they disappear.

Even if domain walls are present in the universe for a relatively short time, they
can still have important implications for cosmology. As the wall network evolves,
the ambient matter interacts with the walls. Magnetic monopoles can get trapped on
domain walls, leading to faster annihilation. This is the sweeping scenario discussed
in [52]. In addition, the eventual collapse of domain walls can lead to black hole
formation. These issues have received some attention but have yet to be studied in
detail.

8.16 Open questions

1. What happens when a black hole collides with a domain wall? Does it get stuck on the
wall? Or does it pass through? For a discussion from the gravitational point of view, see
[29, 148].

2. Develop an analytical formulation (perhaps along the lines of Section 3.5) to calculate
the scalar radiation rate from collapsing domain walls.

3. Discuss the cosmology of superconducting domain walls.

4. Whatis the outcome of the SU (5) Grand Unified phase transition when the cubic coupling
is small? Are domain walls formed? How does the network evolve?



9
Kinks in the laboratory

In this chapter we discuss two laboratory systems where kinks are known to exist.
The first system is trans polyacetylene which has a broken Z, symmetry as in the
A¢* model. The second system is a Josephson junction transmission line, which is
a laboratory realization of the sine-Gordon system. Helium-3 is another laboratory
system that contains a wide variety of topological defects and the reader is referred to
[174] for a discussion. In the third section of this chapter we describe Scott Russell’s
solitons in water. These solitons are not topological like the others discussed in this
book but we include the discussion anyway since the reader’s curiosity may have
been aroused by the story in the Preface.

9.1 Polyacetylene

Polyacetylene consists of a linear chain of CH bonds. A sequence of x units is
written as (CH), .. In the ground state of polyacetylene, the carbon atom forms three
o bonds, one of them is to the H in the CH unit, one to the unit on the left and one
to the right. In addition, there is one more electron orbital that can cause bonding.
This is called the & electron, and the = bond can form to the left or to the right.
Then there are two possible sequences — first when the double (¢ and 7) bond is
to the carbon on the right and the single to the left, the second when the double
bond is to the left and the single to the right. These two possibilities are illustrated
in Fig. 9.1 [149] in the trans configuration of polyacetylene.!

The average bond lengtha ~ 1.22 A but the CH units are displaced so as to make
double bonds (slightly) shorter than the single bonds. The physical displacements u,,
along the horizontal axis in the two structures are depicted in Fig. 9.1. Qualitatively,
the essential point is that the 7 electrons have to choose to either form the double

! In the cis configuration, there are also two states related by the left-right transformation but they are not degenerate
in energy.
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Figure 9.1 Structure of the two degenerate ground states of frans polyacetylene.
The upper structure is denoted by A and the lower by B. Double bonds are denoted
by heavy lines.
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Figure 9.2 If the B state occurs on the left side of a chain and the A on the
right, there is a kink in between where the simple alternating structure cannot be
maintained. The kink is the region where the alternate single-double bonds do not
exist.

bond to the left or to the right. Hence there is a Z, symmetry which is broken in the
(“dimerized”) ground state. Kinks form if different ground states are chosen at dif-
ferent locations (Fig. 9.2). The center of the kink is located at the CH unit where the
7 electron wavefunction is equally shared between the CH units to the left and right.

The Hamiltonian of the system depends on the displacement variables, u,, and
on the locations of the 7 electrons

K M
H== (tns1aCh 1 Cns +hec)+ Y = Gtnst = ) + Z 7,-4,3 9.1)

n,s n

where

tn+l,n =1y — a(un+1 - I/t”) (92)
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is the hopping integral to leading order in displacements. The operators c;ﬂ,s and

cn.s are creation and annihilation operators for electrons of spin s on the nth CH
group. The parameter K is the effective spring constant of the o bonds and M is
the mass of the CH group.

To connect with the discussion of Chapter 1, the displacement variable

¢ = (=1D"u, 9.3)

can be viewed as a scalar field defined on a lattice interacting with a fermion (the &
electron). The last two terms in Eq. (9.1) correspond to gradient and time derivative
terms of a continuum field ¢(x) that corresponds to the discrete variables, ¢,. The
first term describes interactions between ¢ and the electrons. The effective interac-
tion for the ¢ field, after integrating out the fermionic variables, must respect the
Z, symmetry, and hence corresponds to a ¢* interaction to lowest order. Therefore
a non-relativistic version of the Z, model of Eq. (1.2) captures some of the gross
features of polyacetylene.

The properties of kinks in polyacetylene (Fig. 9.2) have been studied in [150]
using the Hamiltonian in Eq. (9.1) with the result that the kink width is approxi-
mately 14 lattice spacings and the mass is approximately six electron masses [152]
in good agreement with experiments [75].

The quantum properties of polyacetylene kinks have also been studied. In Sec-
tion 5.3 we discussed how kinks can carry fractional quantum numbers [83]. Poly-
acetylene kinks also carry fractional quantum numbers and electric charge, namely
“half a bond” or £=(2¢)/2 charge since each bond consists of two electrons (one
from each atom at either end of a bond) [150]. Indeed, in a chain where two single
bonds are followed by a double bond (instead of the alternating single and double
bonds in trans polyacetylene) the fractional charge can be shown to be one-third of
a bond [151]. Reference [68] generalizes these ideas much further and shows that
solitons may even carry irrational charges.

9.2 Josephson junction transmission line

We follow [134] in deriving the sine-Gordon equation for the Josephson transmis-
sion line.

Let us recall the basics of a transmission line, schematically shown in Fig. 9.3
[54]. A potential difference is applied to the ends of two elements of a transmission
line e.g. the two cables of a coaxial cable. The potential, V, and current, 7, in
each of the wires are functions of the location on the transmission line, namely
the x coordinate, and also of time. There is also a potential difference between the
wires, and the current in the two wires can be different, but this is not shown in
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Figure 9.3 Schematics of a transmission line with inductance L and capacitance
Cy per unit length. The symbols marked J represent a second coupling between the
two transmission components. This coupling is absent in an ordinary transmission
line but represents the tunneling current in the Josephson transmission line.

the figure. We will only be considering the potential and current distribution along
a single wire. Let Ly denote the inductance per unit length of the line, and Cy
the capacitance per unit length. Then Faraday’s law of induction tells us that the
induced e.m.f. between points x + dx and x is proportional to the rate of change
of the current in the segment within those points

I
Vit.x+dx) = V(t.x) = ~(Lodx) (9.4)
or
vV I
w_ g 95
dx erY ©-5)

Charge accumulates on the segment from x to x 4+ dx in time df owing to the
different entering and exiting currents. The charge on the segment is also given by
the capacitance times the potential. Hence

A%
I(t,x +dx)—I(t,x) = —(Codx)g (9.6)
or
ol v
— =—Cyp— 9.7
dx ot ©7

Equations (9.5) and (9.7) can be combined to obtain wave equations for the current
and the potential.

A Josephson junction transmission line differs from the ordinary transmission
line described above in that the two “wires” are superconductors and they are
separated by a thin insulator. This set-up is shown in Fig. 9.4. Current can tunnel
through the insulator and jump from one wire to the other. Hence the charge on a
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Figure 9.4 A Josephson junction transmission line is constructed by separating
two superconducting plates by a thin layer of an insulating material.

segment also changes owing to the Josephson current and Eq. (9.7) gets modified

al v
Pyl _COE — Ji(x, 1) 9.8)
where jj is the Josephson current per unit length.
The charge carriers (Cooper pairs) in either superconductor are described by

macroscopic wavefunctions

Y1 = /pre?, Yr = /P2 9.9
where p; and p, are the charge carrier number densities in the superconductors.
The tunneling Josephson current per unit area is [55]

Jy=Josing (9.10)
where jj is the maximum Josephson current and is proportional to ,/p; oz, and
d=¢1— 9.11)
The Schrédinger equations for vy and ¥, imply
¢ g
— ==V 9.12
it h ©.12)

where V is the potential difference across the junction and g = 2e is the electric
charge of a Cooper pair.
From Egs. (9.5) and (9.12) we obtain
_ —h g
N qLo ox
Now we can insert this expression for /, and V as found from Eq. (9.12), in Eq. (9.8)
to get

(9.13)

3¢ 1 3% Jjog
L 90 I s 9.14
0 LoCoox® T cn ¢ ©.14)
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Rescaling ¢ and x by the Josephson time and length scales

hCa\ 172 A 1,2
T = (—°> R - < ) 9.15)
qJo qJoLo

gives the sine-Gordon equation as derived from Eq. (1.51) witho = 1 = B.

9.3 Solitons in shallow water

The solitons discussed in this book have all had a topological origin. In contrast,
the solitons first discovered by Scott Russell in a water channel, and mentioned in
the Preface, have their origin in the non-linearities of hydrodynamics and do not
have a topological origin.

The first step to show the existence of the water solitons is to derive the Korteweg-
deVries (KdV) equation for waves of long wavelength moving in one direction in
shallow water. We do not give this derivation here and instead refer the reader to,
for example, Section 13.11 of [180].

The KdV equation is

—tu—+8 =0 9.16)

where u is related to the height of the fluid surface and § is a parameter. The soliton
solution is [185]

o[ X — Xo

U = Us + (g — Uso)Sech A 9.17)

where X = x — vt, X is a constant, v is the velocity of the soliton,

T e
A=§ L= 9.18)
12
The velocity of the soliton is given by

V= U + @ (9.19)

in terms of the arbitrary constants u( and u,. Note that the amplitude of the soliton
and the velocity are related.

9.4 Concluding remarks

There are a number of situations where solitons have been discussed in the par-
ticle physics literature. Most of these discussions, such as of domain walls in the
SU(5) x Z; model in Chapter 2, have been in the framework of Grand Unified
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Theories. The attention has mostly focused on magnetic monopoles and strings
because monopoles seem inevitable in this class of theories and strings are less
constrained by cosmology. Similar topological structures also exist in the standard
model of electroweak interactions but the monopoles are confined and the strings
are unstable [2]. Domain wall and string solutions also exist in QCD in various
external conditions, for example in high density matter such as might be present
in the interiors of neutron stars [142]. Unlike solitons in the laboratory, however,
solitons in particle physics and cosmology have not yet been discovered experi-
mentally. Given the very similar underpinnings of laboratory and particle physics
systems, there is hope that this situation will soon change.

9.5 Open questions

1. Is there a condensed matter system with spontaneously broken permutation symmetry?
Discuss the domain walls in that system and whether a lattice can exist. Can the walls
be observed experimentally?

2. If there are QCD domain walls in neutron stars, how might they be observed from Earth?



Appendix A

Units, numbers and conventions

We will work in natural units in which /2 = ¢ = 1. In these units, all dimensionful
quantities have dimensions of mass to some power. One way to convert from mass (g) to
length (cm) and time (s), is to remember the values for the Planck mass, time, and length:
mp=12x10YGeV, tp =54 x 107 s, lp = 1.6 x 10733 cm. Also, mptp = 1 = mplp
in natural units. Tt is also useful to remember mp = 2.2 x 107> g and, when dealing with
magnetic fields, the conversion: 1 Gauss = 1.95 x 1072 GeV?2. In addition, for
cosmological estimates it is convenient to know that 1 pc = 3.1 x 10'® cm.

The metric signature is taken to be (+, —, —, —).
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Appendix B
SU(N) generators

SU(N) is the group of special (unit determinant), unitary, N x N complex matrices.! By
considering the various constraints on the 2N? real components of the matrix owing to the
special and unitary conditions, we can see that the matrix has N2 — 1 independent degrees
of freedom. Then, if g € SU(N), we can write

g = explic, T) (B.1)

where asumovera =1,..., N2 —1is implicit, «, are real constants, and 7¢ are the
“generators” of the group. The T satisfy the SU(N) Lie algebra and can be represented
by matrices of various dimensions. In the N = 2 (SU(2)) case, the two-dimensional
representation is in terms of Pauli spin matrices, T¢ = o“/2, or explicitly

r=3(t o) =300 9) r=iG ) e

The Lie algebra is
[T%, T = ie®T* (B.3)

abc

where €“¢ is the totally antisymmetric tensor. One can also easily construct the higher
dimensional representations. It is conventional to normalize the generators to satisty

1
T(T°T?) = Eaab (B.4)

where 89 is the Kronecker delta.

To get a set of generators for SU(N), it is simplest to build on the SU(2) generators in
Eq. (B.2). First, one puts the Pauli spin matrices in the upper left-hand corner and obtains
three SU(N) generators

a I /069 0
=3 ( 0 0
Then one puts the off-diagonal Pauli spin matrices in the off-diagonal positions. Since
there are N(N — 1)/2 off-diagonal positions of which two have already been filled by the
a = 1, 2 generators, we can construct N(N — 1) — 2 more generators by filling each

), a=1,2,3 (B.5)
7)

! For a review of group theory in particle physics, see [62].
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remaining position by either 1 (as in ¢'!) or by =i (as in '2). These look like

0 0 ... ... .. 0 0

o oo oo o o oo

-1 . g . g (B.6)
2o ... 1y 2o ...y

..0

where the subscripts j, k denote the position in the matrix.

Finally we construct the diagonal generators. These are written by putting a series of 1s
in say, n, successive diagonal positions, and then entering —» in the nn entry of the
matrix. This scheme ensures that the generator is traceless and the resulting matrix is

diag(1,...,1,,—n,0,...,0) B.7)

where 1, denotes 1 in the nn entry. The normalization is then fixed using the convention in
Eq. (B.4) to get the generator

1

—————diag(1,...,1,,—n,0,...,0 B.8

T ) B8
In this way we construct N — 1 diagonal generators, one for each value of n. The third
Pauli matrix is already included as the a = 3 generator.

As a check, we find that the total number of generators constructed is
34+ (N(N —1)—=2)+ (N —2) = N2 — 1 and this agrees with the degrees of freedom in
SU(N).

In the SU(5) Grand Unified model discussed in Chapter 2 an alternate set of diagonal
generators is useful.

1
A = Ediag(l, —-1,0,0,0)

1
Ay = ——=diag(1, 1, —-2,0,0)
8 23 g

1
T3 = Ediag(O, 0,0,1,—1)

1
Y = ——=diag(2, 2, 2, -3, -3)

2+/15

After the SU(5) symmetry is broken by the canonical vacuum expectation value of ®
(Eq. (2.6)), A3 and Xg are generators of the unbroken SU(3), 73 of SU(2), and Y of U(1).



Appendix C

Solution to a common differential equation

We have often encountered a differential equation of the type

d>y

Cdx?

+ [e —vcosh2u — vsinh2u tanhx + v cosh? p sechzx] Y =0

(C.1)

where v, 1 are parameters and € is the eigenvalue. This differential equation has been
solved in Section 12.3 of [113] where the Schrodinger problem has also been extensively

studied. Here we reproduce the solution.
The solution is given in terms of new parameters a and b

1 1 1 1
a:E\/vezﬂ—e—z\/ve—zﬂ—eE S+ = k-

1 1 1 1
b= E\/ve2/‘ —e+ 5\/1)6*2/‘ —e=ky + k-

Then, with
¥ = e “sech’x F(x)
the equation for F becomes
F” —2[a + btanhx]F" + [vcosh? u — b(b + 1)]sech’x F =0

where primes denote derivatives with respect to x. Defining
1
U= 5[1 — tanh x]

we get the hypergeometric equation

d’F

dF
ml—majw{a+b+1—mb+nua—+hwwﬁu—bw+ﬂnF:0
u u

The general solution may be found in [71]
F = AF, + BF,
where A and B are constants of integration and

Fi = F(a, B5y;u)
F2=u17”F(oc—y+1,/3—)/+1;2—y;u)
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bt \/ veosh? +1
o= — —,/vcos -
2 KTy
1 ) 1
B =b+§+ vcosh M+Z (C.11)

y=a+b+1 (C.12)

and y is assumed to not be an integer.

The general analysis can be taken further by considering the solution at x = o0. A
solution that is regular at x — oo (i.e. u = 0) is obtained by setting B = 0 in Eq. (C.8).
Regularity at x = —oo (u = 1) is only obtained for certain values of €, and thus the
energy levels are quantized. The details of the general analysis may be found in
Section 12.3 of [113].

In this book, we have often encountered the special case with 4 = 0. Then, bound
states are obtained for the following discrete values of b > 0

bn=‘/v+%—(n+%> (C.13)

wheren =0, 1,2, ..., N with N determined by by; < 0. The discrete eigenvalues of €
follow from the definition in Eq. (C.3)

where

1 1
€ =0Cn+1) U+Z—<n2+n+5> (C.14)



Appendix D

Useful operator identities

Identity 1

We wish to prove!

A+B A B_C/2 (D.l)

€ =¢ c¢c

where C = [B, A] is assumed to commute with A and B.

Let
S(x) = eA+Bx (D.2)
where x is a parameter. Write
S(x) = e U(x) (D.3)
where U is an unknown matrix-valued function. Then
ds ) dU
(A+ B)S(x) = — = Ae™U(x) + e — (D.4)
dx dx
which leads to
dU —Ax
— =e M BetMU D5
o = e (x) (D.5)
Now
A (Ax)' < (Ax)" [B, A"]x"
Be _BZH: - _Xn: - B—i—Zn:T (D.6)
Also,
[B,A"] = A" '[B,A]+[B, A" 1A =... = [B, AlnA""! (D.7)
provided C = [B, A] commutes with A. Therefore
Be' = e B + [B, Alxe* (D.8)
and
dU
T =(B+[B, Alx)U(x) (D.9)

! Several of the proofs in this Appendix were provided by Harsh Mathur, private communication (2005).
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This equation can be solved to get
U(x) = exp(Bx + [B, Alx?/2) (D.10)

This solution satisfies the boundary condition U(0) = 1.
Hence

S(x) = eA+BXx _ eAxeBxe[B,A]x2/2 (D.11)

With x = 1, we get the desired result.

Identity 2

Here we outline a proof of the identity
ceAtB = et i eB el (D.12)

where D = [A", B™] is assumed to be a c-number. Also, a linear decomposition of A and
Bisassumed A = AT + A, B = BT + B~ and the superscripts = refer to terms
proportional to creation (+) and annihilation (—) operators. Expressions sandwiched
between : : are normal ordered, and so annihilation operators are placed to the right of
creation operators.

The first step is the identity

ceti=etet (D.13)
This can be proved by explicit expansion of the exponentials.
Then
cet el i=et e B B (D.14)
and
ceATB = oA B e el (D.15)

since[A~,B"]=0=[AT, BT].

Now we use the identity, Eq. (D.1) proved in the previous section to exchange the order
of the middle two factors in Eq. (D.14) and together with Eq. (D.15) gives the identity in
Eq. (D.12).

Identity 3
Here we wish to show
A:ef = {A+[AT, B ]}e" : (D.16)
. B._OO(A++A_)n n! —k pyn—k
A:e ._; p ;k!(n_k)!(B Y{(B™) (D.17)
= fj L Z M {(BFAT (A, (B
—n! = k!(n —k)! ’

+A By (BT (D.18)



Useful operator identities 161

Now use
[AT, (B 1=k(B)'[AT, B7] (D.19)

provided that [A*, B™] is a c-number. Therefore

o0 1 n

!
Arel = ; —~ ; h{w—)’wﬁ k(BTYU[AT, B
+AT (B (BT (D.20)
=:(A+[A", B el : (D.21)
Similarly we can show
cef i A=efA+[B,AT): (D.22)
Putting this together with Eq. (D.16) we get
[A,:ef]=[4,e8]:+(AT, B =[BT, A7) :e": (D.23)
In the case of interest for deriving Eq. (4.80) we have
AT =D, BT =—(B) (D.24)
then
[AY,BT]—[BT, A ]=[A", B ]+[A", B (D.25)

With A = ¢(y) and : e? := y(x), [A*, B~] is purely imaginary and the right-hand side
vanishes. Then Eq. (D.23) gives the identity

[A,:ef:]1=:[4,¢e]: (D.26)



Appendix E

Variation of the determinant

If M is a matrix function and § M is a small variation of M, we wish to find the variation
of the determinant of M (we follow Section 4.7 of [177]).
Consider

S[In(DetM (x))] = In(Det(M + §M)) — In(Det(M))

., |:Det(M—|—8M):|
= T DM

= In(DetM ~'Det(M + SM))
= In(Det{M (M + sM)})
= In(Det{1 + M~'sM})
=In(1 + Te{M~'sM}) + O((6M)?)
=Tr{M~'sM} + O((8M)?) (E.1)
Hence
S8[(DetM (x))] = Tr[M " (x)8 M (x)]DetM (x) (E.2)

which is the desired result.
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Appendix F

Summary of cosmological equations

Assuming an isotropic and homogeneous universe, the cosmological line element is the
Friedman-Robertson-Walker line element, and can be written as:

2

ds? = dr? — az(t)l:l drk S +r7(d6” + sin’ 9d¢2)] (F.1)
r

The function a(t) is known as the scale factor. k is a parameter that is —1 for a hyperbolic
or negatively curved universe, O for a flat universe, and +1 for a positively curved
universe.

The equations of motion for a are derived from Einstein’s equations assuming that the
universe is filled with one or more fluids' with total energy density p and pressure p.

Then:
H? = a ’ - @ _ i (E2)
“\a) T3 T2 '
B A G
a = —T(p + 3[7)(1 (F3)

and energy-momentum conservation gives:
d 3 2
—(pa’) = —3pa (F4)
da

In addition, we need the equation of state for the fluid to connect p and p. Some examples
of equations of state are: p = —p (cosmological constant), p = 0 (dust), p = p/3
(radiation), and p = —2p/3 (slowly evolving wall network). Note that p may contain
contributions from a large variety of forms of matter and then the corresponding energy
densities and pressures must be added together.

! The fluid approximation means that the relaxation time of the various components — which in our case may
be plasma, gas, stars, galaxies, walls, fundamental particles — is much shorter than the characteristic time for
changes in the scale factor.
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164 Summary of cosmological equations

Assuming a single dominant component of energy density in a flat universe (k = 0),
Egs. (F.2) and (F.4) can be solved to obtain:

p=—p—o>axe’ poxd
1

p=0—aocr?? p X —
a

0 1

_ 12
=——>axt’” px—
p 3 p at

2 ) 1
p:—gp—>a<xt,,oo<g (E.5)

2/3(w+1)

p=wp —>axt p oca 3w+ (F.6)
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