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Reviews:

•Solitons and Instantons, R. Rajaraman, 1982.


•Solitons and Particles, C. Rebbi & G. Soliani, 1985.


•Aspects of Symmetry: Classical Lumps and Their Quantum Descendants, S. Coleman, 1985.


•Cosmic Strings and Other Topological Defects, A. Vilenkin & E.P.S. Shellard, 2000.


•Kinks and Domain Walls, T. Vachaspati, 2006.

(Please see Reviews for further references.)



•Kinks and Domain Walls, T. Vachaspati, 2006.

Most of the lecture drawn from:

Focus — topics related to cosmology.

Missing — quantum properties.

Lectures intended for younger audiences but hope there will be something new for everyone.



Kinks in elementary models
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Fig. 1.1. Shape of the λφ4 potential.
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where µ = 0, 1, and λ and η are parameters. The Lagrangian is invariant
under the transformation φ → −φ and hence possesses a “reflectional”
Z2 symmetry. The potential for φ (see Fig. 1.1) is
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where m2 ≡ λη2. The potential has two minima: φ = ±η, that are related
by the reflectional symmetry. The “vacuum manifold”, labeled by the
classical field configurations with lowest energy, has two-fold degeneracy
since V (φ) = V (−φ).

The equations of motion can be derived from the action

∂2
t φ− ∂2

xφ+ λ(φ2 − η2)φ = 0 (1.4)

where ∂t ≡ ∂/∂t and similarly for ∂x. A solution is φ(t, x) = +η, and
another is, φ(t, x) = −η. 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,
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Fig. 1.2. The curve ranging from −1 to +1 as x goes from −∞ to +∞ shows
the Z2 kink profile for λ = 2 and η = 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.

be an eigenmode with ω = 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

φk(x; a) = φk(x; a = 0) + a
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Comparing Eqs. (1.17) and (1.13), the zero mode solution is

f0(x) =
dφk

dx

∣

∣

∣

∣

a=0
= η2

√

λ

2
sech2

(

√

λ

2
ηx
)

(1.18)

The solution in Eq. (1.9) can be used to calculate the energy density of
the kink
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where the second line is written to explicitly show that (∂xφ)2 = 2V (φ).
The kink profile and the energy density are shown in Fig. 1.2. The total
energy is
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∫
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(1.20)
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Other models: e.g. sine-Gordon
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Bogomolnyi method
<latexit sha1_base64="vPj2r8jmy8ZfwILVI8dNehMoYSY="></latexit>

E =

Z
dx [

1

2
(@t�)

2 +
1

2
(@x�)

2 + V (�)]

=

Z
dx [

1

2
(@t�)

2 +
1

2
(@x�⌥

p
2V (�) )2 ±

p
2V (�)@x�]

=

Z
dx [

1

2
(@t�)

2 +
1

2
(@x�⌥

p
2V (�) )2]±

Z �(+1)

�(�1)
d�0

p
2V (�0)

<latexit sha1_base64="beXSAcQ6Q438pMlBqTOWl4HuPuw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi1Y1QdOOygn1AE8JkOmmHTiZh5kYspb/ixoUibv0Rd/6NkzYLbT1w4XDOvTP3njAVXIPjfFultfWNza3ydmVnd2//wD6sdnSSKcraNBGJ6oVEM8ElawMHwXqpYiQOBeuG49vc7z4ypXkiH2CSMj8mQ8kjTgkYKbCrXkoUcCICwF464vjaCeyaU3fmwKvELUgNFWgF9pc3SGgWMwlUEK37rpOCP83fpYLNKl6mWUromAxZ31BJYqb96Xz3GT41ygBHiTIlAc/V3xNTEms9iUPTGRMY6WUvF//z+hlEV/6UyzQDJunioygTGBKcB4EHXDEKYmIIoYqbXTEdEUUomLgqJgR3+eRV0jmvu4164/6i1rwp4iijY3SCzpCLLlET3aEWaiOKntAzekVv1sx6sd6tj0VrySpmjtAfWJ8/D02T0A==</latexit>

@t� = 0
<latexit sha1_base64="43+Sg+7clCjTNFeTvkMv4bJbz+s=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqpUliqpUGFBqmBhLBJ9SE0UOa7TWrWTYDuIKuoXsPArLAwgxMrMxt/gtBmg5UiWj865V/fe48eMSmVZ30ZhZXVtfaO4Wdra3tndM/cPOjJKBCZtHLFI9HwkCaMhaSuqGOnFgiDuM9L1x1eZ370nQtIovFWTmLgcDUMaUIyUljyz4sRIKIqY9wCdeEThhf44dOSdUGm9U820k6lnlq2aNQNcJnZOyiBHyzO/nEGEE05ChRmSsm9bsXLTbBRmZFpyEklihMdoSPqahogT6aazc6awopUBDCKhX6jgTP3dkSIu5YT7upIjNZKLXib+5/UTFZy7KQ3jRJEQzwcFCYMqglk2cEAFwYpNNEFYUL0rxCMkEFY6wZIOwV48eZl06jW7UWvcnJabl3kcRXAEjkEV2OAMNME1aIE2wOARPINX8GY8GS/Gu/ExLy0Yec8h+APj8wf4FJtv</latexit>

@x� = ±
p

2V (�)

<latexit sha1_base64="95eFNJqEa25s9cjA9RzhNUFO9ow="></latexit>

Emin = ±
Z �(+1)

�(�1)
d�0

p
2V (�0) =

2
p
2

3

m3

�



General considerations
2 1 Classical kinks
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Fig. 1.1. Shape of the λφ4 potential.
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where µ = 0, 1, and λ and η are parameters. The Lagrangian is invariant
under the transformation φ → −φ and hence possesses a “reflectional”
Z2 symmetry. The potential for φ (see Fig. 1.1) is
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where m2 ≡ λη2. The potential has two minima: φ = ±η, that are related
by the reflectional symmetry. The “vacuum manifold”, labeled by the
classical field configurations with lowest energy, has two-fold degeneracy
since V (φ) = V (−φ).

The equations of motion can be derived from the action

∂2
t φ− ∂2

xφ+ λ(φ2 − η2)φ = 0 (1.4)

where ∂t ≡ ∂/∂t and similarly for ∂x. A solution is φ(t, x) = +η, and
another is, φ(t, x) = −η. 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,

Domain wall solutions exist if the model has multiple disconnected

degenerate vacua.

Generically, “degeneracy” is due to a discrete symmetry.

Spontaneously broken discrete symmetry may imply domain wall solution.

E.g. 
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Approximate symmetries
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No static kink solution exists but approximate kink-like objects, “biased kinks”, are

still present in the model and can be relevant in cosmology (discussed later).

More generally, any potential with several disconnected minima (that need not be 
degenerate) will have biased kinks that may play a cosmological role.

(Biased) domain walls should be very common in unified models of particle physics.



Kinks in more complicated models (SU(5))
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𝚽 is in the adjoint representation of SU(5): 5x5 traceless Hermitian matrix.
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Assume cubic term is absent (𝛄=0).

Then there is an additional Z2 symmetry (𝚽 to -𝚽) that gets broken.
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Simplest example of kink boundary conditions:

(Relevant to Grand Unified Theories.)
Pogosian & TV, 2000 & follow-up.
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More kink solutions
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Form of kink solutions
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Three classes of solutions:
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�(q)
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+ (x)M(q)
+ + F (q)
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� + g(q)(x)M(q) ,
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�(q)
+ � �(q)

�
2
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F (q)
� (⌥1) = ⌥1 , F (q)

+ (⌥1) = +1 , g(q)(⌥1) = 0
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Fig. 2.2. The profile functions F (1)
+ (x) (nearly 1 throughout), F (1)

− (x) (shaped
like a tanh function), and g(1)(x) (nearly zero) for the q = 1 topological kink
with parameters h = −3/70, λ = 1 and η = 1.

q = 2 kink is lighter than the q = 0, 1 kinks for all values of p. Eq. (2.24)
shows the q = 2 kink is lighter than the q = 0 kink for a large range of
parameters. This can be understood qualitatively by noting that only one
component of Φ changes sign in the q = 2 kink, while 3 and 5 components
change sign in the q = 1 and q = 0 kinks respectively.

2.3 Non-topological SU(5) × Z2 kinks

An interesting point to note is that the ansatz in Eq. (2.13) is valid even

if Φ(q)
± are not in distinct topological sectors. These imply the existence of

non-topological kink solutions in the model [119]. If we include a subscript
NT to denote “non-topological” and T to denote “topological”, we have

Φ(q)
NTk = F (q)

+ (x)M(q)
NT+ + F (q)

− (x)M(q)
NT− + g(q)(x)M(q)

NT . (2.25)

where the MNT± matrices are still defined by Eq. (2.14) with the non-
topological values of Φ±. MNT is still given by Eq. (2.18). To consider
a non-topological domain wall, we simply want to consider Φ+ to be in
the same discrete sector as Φ−. If ΦT+ denotes a boundary condition for
a topological kink, a possible boundary condition for a non-topological
kink is: ΦNT+ = −ΦT+. Then we find

M(q)
NT+ = M(q)

T− , M(q)
NT− = M(q)

T+ , M(q)
NT = M(q)

T . (2.26)
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Non-topological kink solutions
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Three classes of solutions:
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M(q)= (as before)
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�(q)
NTk = F (q)

� (x)M(q)
+ + F (q)

+ (x)M(q)
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F (q)
+ (⌥1) = ⌥1 , F (q)

� (⌥1) = +1 , g(q)(⌥1) = 0

These non-topological solutions are generally unstable.

(Note signs compared to topological solutions.)



Space of (topological) kink solutions

q=2 solution has least energy.

q=1 wall most likely to form but should decay into a q=2 wall.

q=1 solution results from a 6 dimensional set of boundary conditions.

q=2 solution results from a 4 dimensional set of boundary conditions.



General picture
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S5/S3 × S2

Z2

Fig. 2.3. The vacuum manifold for the S5 × Z2 model contains two sets of 10
points related by the Z2 symmetry. Kink solutions exist that interpolate between
vacua related by Z2 transformations and also between vacua within one set of
10 points. The former correspond to the topological kinks in SU(5) × Z2 and
the latter to the non-topological kinks in that model.

H− H+

Kink

Fig. 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.

Topological kink

“Non-topological” kink
“discretized

symmetries”

restrict Phi

to diagonal entries
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Kink lattices
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Lattice is stable in Sn model but not in gauged SU(5).
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Z2

S5/S3 × S2

Fig. 2.5. In the 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 (Z2) sectors.

The instability in the SU(5)×Z2 model occurs because a kink of a given
charge, say Q(3), can rotate with no energy cost into a kink of some other
charge, for example Q(1). Then, in the sequence of Eq. (2.35), the third
kink rotates into Q(1), then annihilates with the antikink with charge Q̄(1)

on its right. In this way the lattice can relax into the vacuum. In the
S5 × Z2 case, however, the rotational 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 dimen-
sion. 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 curves5.

We shall discuss kink lattices further in Ch. 6.

2.9 Open questions

1. Discuss all topological and non-topological kink solutions in an
SU(N)×Z2 model where N is even. In Ref. [162] the case with odd
N is discussed6.

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.

6 However, it is incorrectly stated that the Z2 symmetry is included in SU(N) when
N is even, as can be seen from the Tr(Φ3) argument of Sec. 2.1.

x

Kink-antikink can repel,

depending on internal

space orientation.



Kink nodes

Kink lattice on a circle.



Dynamics of domain walls
Full dynamics — wall motion plus excitations plus radiation — is given 

by the field theory. This may to too detailed for certain applications and 

an effective description might suffice. 
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xµ = Xµ(⌧, ⇣,�) + ⇠Nµ(⌧, ⇣,�) Nµ=normal to wall
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Z
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�g Lfields ! ��

Z
d3⇢

p
|h|+ ...

“Nambu-Goto action”

σ = wall tension

<latexit sha1_base64="eU9JYfxOEVVY97+r3UG3axQeYEg=">AAACJ3icbZDLSgMxFIYzXmu9VV26CZaCbsqMSHWjFN24VLBa6NThTJq2wSQz5CKUoW/jxldxI6iILn0TM7XgpR4I/Hwn5yT/H6ecaeP7797U9Mzs3Hxhobi4tLyyWlpbv9SJVYQ2SMIT1YxBU84kbRhmOG2mioKIOb2Kb07y/tUtVZol8sIMUtoW0JOsywgYh6LSUT/KIB7iQ9yLslDYUNoh3m5eh6qf7OAwBWUY8AiwQ8J+gzgH0kalsl/1R4UnRTAWZTSus6j0FHYSYgWVhnDQuhX4qWln+VbC6bAYWk1TIDfQoy0nJQiq29nI5xBXHOngbqLckQaP6M+JDITWA+HsVASYvv7by+F/vZY13YN2xmRqDZXk66Gu5dgkOA8Nd5iixPCBE0AUc3/FpA8KiHHRFl0IwV/Lk+JytxrUqrXzvXL9eBxHAW2iLbSNArSP6ugUnaEGIugOPaBn9OLde4/eq/f2dXXKG89soF/lfXwCU6ylpA==</latexit>

hab = gµ⌫(X
⇢)@aX

µ@bX
⌫ “induced metric”
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τ

0 x

Xµ
0

ξ

(t, x)t

Fig. 7.1. The world-line of the kink is represented by the curve. The kink frame
coordinates ya = (τ, ξ) are defined in the instantaneous rest frame of the kink
and are functions of the background coordinates xµ = (t, x).

Therefore

h00 = gµν(∂τX
µ + ξ∂τN

µ)(∂τX
ν + ξ∂τN

ν)

= gµν∂τX
µ∂τX

ν + O(ξ)

h01 = gµν(∂τX
µ + ξ∂τN

µ)Nν = O(ξ)

h11 = gµνN
µNν = −1

where, we have used the orthogonality of ∂τXµ ∝ T µ and Nµ and the
normalization of Nµ. So the determinant of hab is

h = −gµν(X
µ)∂τX

µ∂τX
ν + O(ξ) (7.9)

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

Next we write,
φ(xµ) = φ0(y

a) + ψ(ya) (7.10)

where, φ0 is the static kink profile function in the kink frame coordinates.
For example, in the case of the Z2 kink, φ0 = η tanh(

√

λ/2 ηξ) (see
Eq. (1.9)). The field ψ is the departure of the true field configuration
from the static kink profile φ0. The assumption is that the contribution
of ψ to the action is small and hence ψ can be used as a parameter for a
perturbative expansion.

Now the field theory action is

S =
∫

d2x
√
−gL[φ, φ̇; gµν ] (7.11)



Equations of motion
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(@⌫g⇢µ + @µg⇢⌫ � @⇢gµ⌫)

In Minkowski background (𝛤 = 0):
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@a(h
ab@bX

�) +
1

2
hcd@ahcd hab@bX

� = 0

…but equation fails when there are self-intersections or regions of intense

radiation (e.g. from singular points — kinks, cusps, on the wall).



Reconnections



Some solutions of the Nambu-Goto equations7.3 Some solutions 125

c

Fig. 7.3. Sketch of a traveling wave on a planar domain wall. The pulse prop-
agates at the speed of light along the wall.

Then by evaluating habh̃bc, it can be seen that h̃bc is the correct inverse
metric provided

ηab∂az∂bz = 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(τ, ζ,χ)

∂a∂az = 0 (7.31)

Hence any function that satisfies Eqs. (7.31) and (7.30) extremizes the
Nambu-Goto action for a domain wall.

Solutions of Eqs. (7.31) and (7.30) have been discussed in Ref. [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(τ−ζ) 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 direction at the speed
of light. Similarly

z = f(τ ± (n1ζ + n2χ)) , n2
1 + n2

2 = 1 (7.32)

is a solution for any unit vector (n1, n2). These solutions are known as
“traveling waves” (see Fig. 7.3).

Other solutions of the wave equation (Eq. (7.31)) are also known – for
example, circular waves – but these do not satisfy the constraint equation
and/or have singularities.
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z = f(⌧ ± (n1⇣ + n2�)) , n2
1 + n2

2 = 1

Solution even in field theory (probably with gravity

included).
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α−1

d

D

Fig. 7.4. Sketch of a catenoid solution.

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

Xµ(τ, θ,λ) = (τ, R(λ) cos θ, R(λ) sin θ,λ) (7.33)

with ηµν = diag(1,−1,−1,−1). The wall metric is seen to be

hab = diag(1,−R2,−(1 + R′2)) (7.34)

where R′ is the derivative of R with respect to λ. The equation of motion,
Eq. (7.21), then leads to

d

dλ

(

R
√

1 + R′2

)

= 0 ,
d

dλ

(

RR′
√

1 + R′2

)

=
√

1 + R′2 (7.35)

with the solution

R(λ) =
1

α
cosh(αλ) (7.36)

where α is a parameter, τ = t, λ = z and θ is the angle in cylindrical
coordinates. Eq. (7.36) describes a one-parameter family of static, axially
symmetric, domain 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 [116]. Actually there are two catenoid solutions for d/D <
0.66 since the relation αD = cosh(αd/2) has two solutions for α for fixed
values of D and d in this regime. A third solution which consists of two

“catenoid”
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R(z) =
1

↵
cosh(↵z)

Cylinder:

Sphere:

<latexit sha1_base64="SlyBvScqjEBUQlYBh6Z8okKXgv8=">AAACF3icbVDLSsNAFJ34rPVVdelmsAjtJiQi1Y1QdOOyFvuAppTJdNIOnWTCzI1QQv7Cjb/ixoUibnXn3zh9LLT1wIXDOfdy7z1+LLgGx/m2VlbX1jc2c1v57Z3dvf3CwWFTy0RR1qBSSNX2iWaCR6wBHARrx4qR0Bes5Y9uJn7rgSnNZXQP45h1QzKIeMApASP1Cna9BGV8hes9B3tUauwJFgAuYS9QhKaQpcbJsKf4YAi43CsUHduZAi8Td06KaI5ar/Dl9SVNQhYBFUTrjuvE0E2JAk4Fy/JeollM6IgMWMfQiIRMd9PpXxk+NUofB1KZigBP1d8TKQm1Hoe+6QwJDPWiNxH/8zoJBJfdlEdxAiyis0VBIjBIPAkJ97liFMTYEEIVN7diOiQmEDBR5k0I7uLLy6R5ZrsVu3J3Xqxez+PIoWN0gkrIRReoim5RDTUQRY/oGb2iN+vJerHerY9Z64o1nzlCf2B9/gAD051n</latexit>

R(t) = R0 cos

✓
t

R0

◆

<latexit sha1_base64="9Yrr/97k18QMGv/IxOl1zJWyfMk="></latexit>Z x

x⇤

dxp
1� x4

= ±⌧ � ⌧0
R0

7.3 Some solutions 129

Fig. 7.5. Radius of a collapsing spherical domain wall versus time in the thin
wall approximation. The coordinates in the plot are in units of the maximum
radius of the wall.

perturbation amplitude divided by the radius of the spherical wall, grows
as 1/R as the wall collapses.

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 equa-
tions of motion, the thin wall approximation is seen to break down when
[182, 72]

R

R0
∼
(

w

R0

)1/3

(7.47)

where w is the wall thickness. This relation is also confirmed by numeri-
cally solving the equation of motion in the field theory [182]. In Ref. [72],
the leading order corrections due to the thickness and gravity of the spher-
ical domain wall are included, with the conclusion that both these effects
tend to slow down the dynamics. The Nambu-Goto action also becomes
inadequate due to radiative losses. As the wall collapses, we expect en-
ergy losses due to radiation and eventually annihilation of the domain
wall into radiation. We discuss these processes further in Sec. 7.5.

The collapse of a zero thickness spherical domain wall is prevented if
the background spacetime 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

ds2 = f(r)dt2 − f−1(r)dr2 − r2(dθ2 + sin2 θdφ2) (7.48)

Sphere in de Sitter background:
<latexit sha1_base64="Xpbg7bO/pQIZFN+X2PqHfeMfbzI=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBxrAbJdoIQZuUUcwDsmuYncwmQ2YfzswKYdjKxl+xsVDE1m+w82+cJFto4oELh3Pu5d57vJhRIS3r28gtLC4tr+RXC2vrG5tb5vZOU0QJx6SBIxbxtocEYTQkDUklI+2YExR4jLS84dXYbz0QLmgU3spRTNwA9UPqU4yklrrm/g28gLU7dWyn0BH3XCrH5wircqpO0rRrFq2SNQGcJ3ZGiiBDvWt+Ob0IJwEJJWZIiI5txdJViEuKGUkLTiJIjPAQ9UlH0xAFRLhq8kYKD7XSg37EdYUSTtTfEwoFQowCT3cGSA7ErDcW//M6ifTPXUXDOJEkxNNFfsKgjOA4E9ijnGDJRpogzKm+FeIB0jFInVxBh2DPvjxPmuWSXSlVrk+L1cssjjzYAwfgCNjgDFRBDdRBA2DwCJ7BK3gznowX4934mLbmjGxmF/yB8fkD5taYLg==</latexit>

R = H
�1

r
2

3



Gravity - thin planar wall
<latexit sha1_base64="gxMCs1n4AHfuQkohTUCJP1q9G6M="></latexit>

Tµ⌫

����
NG,plane

= �(1, 0,�1,�1)�(x)

<latexit sha1_base64="x0RK4Zj8hpWug796y0DSSugAan4="></latexit>

ds2 = (1� |X|)2dt2 � dX2 � (1� |X|)2e2t(dy2 + dz2)

<latexit sha1_base64="JxyT9Yn6jsbmQJBMOrqrwxxlCTA=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0Woi4ZEpLoRim5cVrAPaGKZTCft0MmDmYlYkvyFG3/FjQtF3OrOv3HaZqGtBy4czrmXe+9xI0aFNM1vrbC0vLK6VlwvbWxube/ou3stEcYckyYOWcg7LhKE0YA0JZWMdCJOkO8y0nZHVxO/fU+4oGFwK8cRcXw0CKhHMZJK6ulG2knhBbQ9jnBiZYk9QlGEMliBFqxCcpdUZwpMH9IMHvf0smmYU8BFYuWkDHI0evqX3Q9x7JNAYoaE6FpmJJ0EcUkxI1nJjgWJEB6hAekqGiCfCCeZ/pXBI6X0oRdyVYGEU/X3RIJ8Ica+qzp9JIdi3puI/3ndWHrnTkKDKJYkwLNFXsygDOEkJNinnGDJxoogzKm6FeIhUhFJFWVJhWDNv7xIWieGVTNqN6fl+mUeRxEcgENQARY4A3VwDRqgCTB4BM/gFbxpT9qL9q59zFoLWj6zD/5A+/wBEtieAQ==</latexit>

|X| = 1


(1� e�|x|)

de Sitter in constant x slices.

Rindler for constant y, z:
<latexit sha1_base64="iMrDSagO4KmfmZBDF/lKOTjAABg="></latexit>

⌧ =
(1� |X|)

2
(et � e�t)

⇠ =
(1� |X|)

2
(et + e�t)

<latexit sha1_base64="d/Br8QnGXFMm/jE2i9R4C/hteQY=">AAACAHicbZC7SgNBFIZnvcZ4W7WwsBkMgo1hN0i0EYI2lhHMBZJNmJ2dTYbMzi4zZ8UQ0vgqNhaK2PoYdr6Nk2QLTfxh4OM/53Dm/H4iuAbH+baWlldW19ZzG/nNre2dXXtvv67jVFFWo7GIVdMnmgkuWQ04CNZMFCORL1jDH9xM6o0HpjSP5T0ME+ZFpCd5yCkBY3Xtw0B3SvgKB20gqaEzQ4+8U+raBafoTIUXwc2ggDJVu/ZXO4hpGjEJVBCtW66TgDciCjgVbJxvp5olhA5Ij7UMShIx7Y2mB4zxiXECHMbKPAl46v6eGJFI62Hkm86IQF/P1ybmf7VWCuGlN+IySYFJOlsUpgJDjCdp4IArRkEMDRCquPkrpn2iCAWTWd6E4M6fvAj1UtEtF8t354XKdRZHDh2hY3SKXHSBKugWVVENUTRGz+gVvVlP1ov1bn3MWpesbOYA/ZH1+QPvYpS4</latexit>

ds2 = d⌧2 � d⇠2

<latexit sha1_base64="wCRflDswzFGGofXoLCxhxDDvWD4="></latexit>

⇠2 � ⌧2 =

✓
1


� |X|

◆2

Constant acceleration for particle fixed at constant X.

Particles are repelled from the wall with constant acceleration 𝛋.

<latexit sha1_base64="OhlBrcC/vBL2xOOQ0nSAP205Fzg=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJWkSPUiFD3osYL9gCaUyXbTLt0ky+5GKKHgX/HiQRGv/g5v/hu3bQ7a+mDg8d4MM/MCwZnSjvNtFVZW19Y3ipulre2d3T17/6ClklQS2iQJT2QnAEU5i2lTM81pR0gKUcBpOxjdTP32I5WKJfGDHgvqRzCIWcgIaCP17CNvBEIAvsJVTzB86yk2iKBnl52KMwNeJm5OyihHo2d/ef2EpBGNNeGgVNd1hPYzkJoRTiclL1VUABnBgHYNjSGiys9m50/wqVH6OEykqVjjmfp7IoNIqXEUmM4I9FAtelPxP6+b6vDSz1gsUk1jMl8UphzrBE+zwH0mKdF8bAgQycytmAxBAtEmsZIJwV18eZm0qhW3Vqndn5fr13kcRXSMTtAZctEFqqM71EBNRFCGntErerOerBfr3fqYtxasfOYQ/YH1+QOkdZSp</latexit>

 = 2⇡G�

(typo in book — 𝛋, not 1/𝛋)

Vilenkin, 1983; Ipser & Sikivie, 1984



Gravity - thin planar wall (bouncing sphere)
<latexit sha1_base64="x0RK4Zj8hpWug796y0DSSugAan4="></latexit>

ds2 = (1� |X|)2dt2 � dX2 � (1� |X|)2e2t(dy2 + dz2)

<latexit sha1_base64="JxyT9Yn6jsbmQJBMOrqrwxxlCTA=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0Woi4ZEpLoRim5cVrAPaGKZTCft0MmDmYlYkvyFG3/FjQtF3OrOv3HaZqGtBy4czrmXe+9xI0aFNM1vrbC0vLK6VlwvbWxube/ou3stEcYckyYOWcg7LhKE0YA0JZWMdCJOkO8y0nZHVxO/fU+4oGFwK8cRcXw0CKhHMZJK6ulG2knhBbQ9jnBiZYk9QlGEMliBFqxCcpdUZwpMH9IMHvf0smmYU8BFYuWkDHI0evqX3Q9x7JNAYoaE6FpmJJ0EcUkxI1nJjgWJEB6hAekqGiCfCCeZ/pXBI6X0oRdyVYGEU/X3RIJ8Ica+qzp9JIdi3puI/3ndWHrnTkKDKJYkwLNFXsygDOEkJNinnGDJxoogzKm6FeIhUhFJFWVJhWDNv7xIWieGVTNqN6fl+mUeRxEcgENQARY4A3VwDRqgCTB4BM/gFbxpT9qL9q59zFoLWj6zD/5A+/wBEtieAQ==</latexit>

|X| = 1


(1� e�|x|)

A coordinate transformation exists such that
<latexit sha1_base64="vejOI4HYdTd6/zsbjdxbOrKyKhE=">AAACEHicbZDLSsNAFIYnXmu9RV26GSyiG0tSpLoRim7cCBXsBdo0TCaTdujkwsxEjKGP4MZXceNCEbcu3fk2TtoI2npgmI//P4eZ8zsRo0Iaxpc2N7+wuLRcWCmurq1vbOpb200RxhyTBg5ZyNsOEoTRgDQklYy0I06Q7zDScoYXmd+6JVzQMLiRSUQsH/UD6lGMpJJs/cAVvQo8g660r3qVI+jeZTdUkPzAfQa2XjLKxrjgLJg5lEBedVv/7Lohjn0SSMyQEB3TiKSVIi4pZmRU7MaCRAgPUZ90FAbIJ8JKxwuN4L5SXOiFXJ1AwrH6eyJFvhCJ76hOH8mBmPYy8T+vE0vv1EppEMWSBHjykBczKEOYpQNdygmWLFGAMKfqrxAPEEdYqgyLKgRzeuVZaFbKZrVcvT4u1c7zOApgF+yBQ2CCE1ADl6AOGgCDB/AEXsCr9qg9a2/a+6R1TstndsCf0j6+AVb5maY=</latexit>

ds2 = dt2M � dx2
M � dy2M � dz2M

but then the wall is located at
<latexit sha1_base64="ABu/PNdKdSbe+dsqJoxJRRRYsZE=">AAACG3icbVDLSsNAFJ34rPUVdelmsAiCUJIi1Y1QdONGqGAf0KRhMp20QycPZiZiDPkPN/6KGxeKuBJc+DdO0yy09cBwz5xzLzP3uBGjQhrGt7awuLS8slpaK69vbG5t6zu7bRHGHJMWDlnIuy4ShNGAtCSVjHQjTpDvMtJxx5cTv3NHuKBhcCuTiNg+GgbUoxhJJTl67d657tfgMUyK+pDXcyiLu+VxhFMzS60xiiLUr2WOXjGqRg44T8yCVECBpqN/WoMQxz4JJGZIiJ5pRNJOEZcUM5KVrViQCOExGpKeogHyibDTfLcMHiplAL2QqxNImKu/J1LkC5H4rur0kRyJWW8i/uf1Yumd2SkNoliSAE8f8mIGZQgnQcEB5QRLliiCMKfqrxCPkApDqjjLKgRzduV50q5VzXq1fnNSaVwUcZTAPjgAR8AEp6ABrkATtAAGj+AZvII37Ul70d61j2nrglbM7IE/0L5+ANqZnkk=</latexit>

x2
M + y2M + z2M = t2M +

1

2

(Minkowski metric)

which describes a bouncing spherical wall, i.e. one undergoing constant

acceleration.



Gravity - thick walls

Topological inflation if
<latexit sha1_base64="2guUZkhO7DfDB4SnnCW4qYHl3tc=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi1ZMUPeixgv2AJpbNdtMu3WzC7kQIpf4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0gE1+A439bK6tr6xmZhq7i9s7u3bx8ctnScKsqaNBax6gREM8ElawIHwTqJYiQKBGsHo+up335kSvNY3kOWMD8iA8lDTgkYqWeX3Br2Eo5vsMeAPFTxJXZ7dtmpODPgZeLmpIxyNHr2l9ePaRoxCVQQrbuuk4A/Jgo4FWxS9FLNEkJHZMC6hkoSMe2PZ8dP8IlR+jiMlSkJeKb+nhiTSOssCkxnRGCoF72p+J/XTSG88MdcJikwSeeLwlRgiPE0CdznilEQmSGEKm5uxXRIFKFg8iqaENzFl5dJq1pxa5Xa3Vm5fpXHUUBH6BidIhedozq6RQ3URBRl6Bm9ojfryXqx3q2PeeuKlc+U0B9Ynz8teZKM</latexit>

16⇡G⌘2 > 1

Some spatial regions are stuck at a maximum of the potential.

Graceful exit in a fixed region if the region slides off the potential.

A. Vilenkin, 1994; A. Linde, 1994

Qualitatively not much changes with wall thickness taken into account

unless the wall tension is very large.

2 1 Classical kinks

φ

V (φ)

−η 0 +η

Fig. 1.1. Shape of the λφ4 potential.

S =
∫

d2x
[

1

2
(∂µφ)2 − V (φ)

]

=
∫

d2x
[

1

2
(∂µφ)2 − λ

4
(φ2 − η2)2

]

(1.2)

where µ = 0, 1, and λ and η are parameters. The Lagrangian is invariant
under the transformation φ → −φ and hence possesses a “reflectional”
Z2 symmetry. The potential for φ (see Fig. 1.1) is

V (φ) =
λ

4
(φ2 − η2)2 = −m2

2
φ2 +

λ

4
φ4 +

λη4

4
(1.3)

where m2 ≡ λη2. The potential has two minima: φ = ±η, that are related
by the reflectional symmetry. The “vacuum manifold”, labeled by the
classical field configurations with lowest energy, has two-fold degeneracy
since V (φ) = V (−φ).

The equations of motion can be derived from the action

∂2
t φ− ∂2

xφ+ λ(φ2 − η2)φ = 0 (1.4)

where ∂t ≡ ∂/∂t and similarly for ∂x. A solution is φ(t, x) = +η, and
another is, φ(t, x) = −η. 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,

inflating

region



Spherical wall

<latexit sha1_base64="T+WApqGsEjYyUfvPKpim4XAdCc0=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahItSZItWNUHTjskpf0E5LJs20oZnMkGSEMszSjb/ixoUibv0Ed/6NaTsLbT0QODnn3pvc44aMSmVZ30ZmaXlldS27ntvY3NreMXf3GjKIBCZ1HLBAtFwkCaOc1BVVjLRCQZDvMtJ0RzcTv/lAhKQBr6lxSBwfDTj1KEZKSz3zMO70AwVrCbyCBft0drtPuqWTbmyflZKembeK1hRwkdgpyYMU1Z75pUfgyCdcYYakbNtWqJwYCUUxI0muE0kSIjxCA9LWlCOfSCeeLpLAY630oRcIfbiCU/V3R4x8Kce+qyt9pIZy3puI/3ntSHmXTkx5GCnC8ewhL2JQBXCSCuxTQbBiY00QFlT/FeIhEggrnV1Oh2DPr7xIGqWiXS6W787zles0jiw4AEegAGxwASrgFlRBHWDwCJ7BK3gznowX4934mJVmjLRnH/yB8fkDXpeXqg==</latexit>

Ṫ = (1 + Ṙ2)1/2

Minkowski
Schwarzschild

<latexit sha1_base64="8ci2gnWdA1IZ++9cRy2lAzWywXA=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJeyKRI9BLx6jmAckS5idTJIhs7PrTK8QlvyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqZ+84lrIyL1gOOY+yEdKNEXjKKVWvelDtKEnHULRbfszkCWiZeRImSodQtfnV7EkpArZJIa0/bcGP2UahRM8km+kxgeUzaiA962VNGQGz+d3Tshp1bpkX6kbSkkM/X3REpDY8ZhYDtDikOz6E3F/7x2gv0rPxUqTpArNl/UTyTBiEyfJz2hOUM5toQyLeythA2ppgxtRHkbgrf48jJpnJe9Srlyd1GsXmdx5OAYTqAEHlxCFW6hBnVgIOEZXuHNeXRenHfnY9664mQzR/AHzucP5qiPPg==</latexit>

R(⌧)

<latexit sha1_base64="Z5ebbfrlZF5tkLVPr8Qc7TdrvZs=">AAACGHicbVDLSsNAFJ34rPUVdelmsAh1UxOR6kYounFZwT6gCWUymbRDJw9mboQS8hlu/BU3LhRx251/47TNQlsPXDicc+/MvcdLBFdgWd/Gyura+sZmaau8vbO7t28eHLZVnErKWjQWsex6RDHBI9YCDoJ1E8lI6AnW8UZ3U7/zxKTicfQI44S5IRlEPOCUgJb65rkjWAC4ijPHjwFnOM+xg2+wE0hCMz/PfAdIqjXJB0PAZ32zYtWsGfAysQtSQQWafXOiH6ZpyCKggijVs60E3IxI4FSwvOykiiWEjsiA9TSNSMiUm80Oy/GpVnwcxFJXBHim/p7ISKjUOPR0Z0hgqBa9qfif10shuHYzHiUpsIjOPwpSgSHG05SwzyWjIMaaECq53hXTIdGRgM6yrEOwF09eJu2Lml2v1R8uK43bIo4SOkYnqIpsdIUa6B41UQtR9Ixe0Tv6MF6MN+PT+Jq3rhjFzBH6A2PyA73PnwA=</latexit>✓
˙ =

d

d⌧

◆

<latexit sha1_base64="pdmO4XvvdtHun5hx2VX2RNSHdNs="></latexit>

ds2 = dT 2 � dr2 � r2(d✓2 + sin2 ✓d�2), r < R(⌧)

<latexit sha1_base64="9j0L+QRT+RTVfOG6eUX5KPjyZJ4="></latexit>✓
1� 2GM

R

◆
ṫ =

✓
1� 2GM

R
+ Ṙ2

◆1/2

<latexit sha1_base64="/czcHb81I/ORzkmUYVluou6rBg8=">AAACDXicbVDLSgMxFM3UV62vUZduglWoC8tMKdWNUHShG6GKfUBbh0yaaUOTmSHJCGXoD7jxV9y4UMSte3f+jZl2Ftp64MLJOfeSe48bMiqVZX0bmYXFpeWV7GpubX1jc8vc3mnIIBKY1HHAAtFykSSM+qSuqGKkFQqCuMtI0x1eJH7zgQhJA/9OjULS5ajvU49ipLTkmAfX8AyWOyGFHUn7HMFbh9+XYME+LiXiZfI+csy8VbQmgPPETkkepKg55lenF+CIE19hhqRs21aoujESimJGxrlOJEmI8BD1SVtTH3Eiu/HkmjE81EoPeoHQ5Ss4UX9PxIhLOeKu7uRIDeSsl4j/ee1IeafdmPphpIiPpx95EYMqgEk0sEcFwYqNNEFYUL0rxAMkEFY6wJwOwZ49eZ40SkW7UqzclPPV8zSOLNgD+6AAbHACquAK1EAdYPAInsEreDOejBfj3fiYtmaMdGYX/IHx+QM+U5iH</latexit>

M = 4⇡�R2
m(1� 2⇡GRm)

<latexit sha1_base64="EGW5VIaSme7yFnDDNmoo3Ib/hkw="></latexit>

ds2 =

✓
1� 2GM

r

◆
dt2 �

✓
1� 2GM

r

◆�1

dr2 � r2(d✓2 + sin2 ✓d�2) , r > R(⌧)

<latexit sha1_base64="+LeGBIy38soZGg9PGfrF7TryH7E=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4ColIdSMU3bisYh/QhDCZTNuhM5MwMxFLKLjxV9y4UMStP+HOv3HaZqGtBy4czrmXe++JUkaVdt1va2FxaXlltbRWXt/Y3Nq2d3abKskkJg2csES2I6QIo4I0NNWMtFNJEI8YaUWDq7HfuidS0UTc6WFKAo56gnYpRtpIob1/G3J4AX2Y+5JDjh4cH0oU00yNQrviOu4EcJ54BamAAvXQ/vLjBGecCI0ZUqrjuakOciQ1xYyMyn6mSIrwAPVIx1CBOFFBPvlhBI+MEsNuIk0JDSfq74kccaWGPDKdHOm+mvXG4n9eJ9Pd8yCnIs00EXi6qJsxqBM4DgTGVBKs2dAQhCU1t0LcRxJhbWIrmxC82ZfnSfPE8apO9ea0Urss4iiBA3AIjoEHzkANXIM6aAAMHsEzeAVv1pP1Yr1bH9PWBauY2QN/YH3+ACdulpw=</latexit>

Rm = max. radius

Ipser & Sikivie, 1980

<latexit sha1_base64="SNNayMA/DDqIf81zEuagrNJ8q/Q=">AAACD3icbVA9SwNBEN3zM8avqKXNYlC0CXci0UYI2lhGMB+QC2FvM5cs7t4eu3NKOPIPbPwrNhaK2Nra+W+8fBQafTDweG+GmXlBLIVF1/1y5uYXFpeWcyv51bX1jc3C1nbd6sRwqHEttWkGzIIUEdRQoIRmbICpQEIjuL0c+Y07MFbo6AYHMbQV60UiFJxhJnUKB4c+soSe09Q3isZGx2B8ikKBT3Xo03sm5fAo3ykU3ZI7Bv1LvCkpkimqncKn39U8URAhl8zalufG2E6ZQcElDPN+YiFm/Jb1oJXRiCmw7XT8z5DuZ0qXhtpkFSEdqz8nUqasHagg61QM+3bWG4n/ea0Ew7N2KqI4QYj4ZFGYSIqajsKhXWGAoxxkhHEjslsp7zPDOGYRjkLwZl/+S+rHJa9cKl+fFCsX0zhyZJfskUPikVNSIVekSmqEkwfyRF7Iq/PoPDtvzvukdc6ZzuyQX3A+vgHKyptD</latexit>

(⌧ = proper time of wall)



Cosmology - phase transitions
Cosmological expansion implies a cooling universe, so one

has to deal with thermal corrections in quantum field theory.
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Fig. 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 (Φ0 = 0 in illustration) 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 Φ0 = 0 decreases with increasing temperature because
of the last term proportional to −NT 4 in Eq. (6.9).

mass squared terms in V (Φ), the contributions from the M2T 2 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 squared
mass is positive and the minimum of the potential is at Φ0 = 0. As
the system is cooled, the effective mass squared becomes negative and
the minima of the effective potential occurs at non-zero values of Φ0 and
the lowest energy state has shifted from Φ0 = 0 to Φ0 ̸= 0. The order
parameter, Φ, 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 Φ0 = 0 and at low temperature the symmetry is changed
because now Φ0 ̸= 0.

As a simple example of an effective potential, consider the λφ4 model
of Eq. (1.2) with

V (φ) = −m2
0

2
φ2 +

λ

4
φ4 +

λ

4
η4 (6.12)

Then µ2 of Eq. (6.6) is given by

µ2 = −m2
0 + 3λφ2

0 (6.13)

…but the details of the phase transition are not that important for us.

Mass matrices:
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Cosmology: formation of kinks
Symmetry is all we need.

With symmetry, all degenerate vacua are equally likely.
Therefore populate space with random choices of vacua.110 6 Formation of kinks

Fig. 6.6. The distribution of two phases (black and white) on a square lattice
in 2 spatial dimensions. Domain walls lie at the interface of the black and white
regions.

6.6.1 Z2 network

The properties of the network of Z2 domain walls at formation has been
determined by numerical simulations implementing the “Kibble mecha-
nism”. 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.

Cluster size 1 2 3 4 6 10 31082

Number 462 84 14 13 1 1 1

Table 6.1. Size distribution of black clusters found by simulations on a cubic
lattice.

Numerical simulations of the Kibble mechanism on a cubic lattice gave
the statistics shown in Table 6.1 [73, 158]. The data shows 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.

Z2 case:

110 6 Formation of kinks

Fig. 6.6. The distribution of two phases (black and white) on a square lattice
in 2 spatial dimensions. Domain walls lie at the interface of the black and white
regions.

6.6.1 Z2 network

The properties of the network of Z2 domain walls at formation has been
determined by numerical simulations implementing the “Kibble mecha-
nism”. 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.

Cluster size 1 2 3 4 6 10 31082

Number 462 84 14 13 1 1 1

Table 6.1. Size distribution of black clusters found by simulations on a cubic
lattice.

Numerical simulations of the Kibble mechanism on a cubic lattice gave
the statistics shown in Table 6.1 [73, 158]. The data shows 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.

In 3 spatial dimensions:



Formation of S5 kinks
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Fig. 6.7. Energy density distribution in space at an early time at high tempera-
ture (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.

The procedure is to solve Eq. (6.61) with any initial condition. The
noise and dissipation eventually drives the system to a thermal distribu-
tion at temperature T . 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 tran-
sition, the presence of kinks is clear. During the evolution, some of these
kinks annihilate. In the end we are left with a kink lattice.

Similar numerical simulations have also been done in two spatial di-
mensions. 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 q = 2
walls as a function of time. The difference of these curves shows that not
all walls are of the q = 2 variety at formation. Other kinds of walls are
present immediately after the phase transition but they must then decay
into the least massive q = 2 wall.

As discussed in Sec. 2.8, the S5×Z2 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

In 1 spatial dimension.

Kink lattice:

Antunes, Pogosian & TV, 2004



Formation of S5 kinks
6.8 Biased phase transitions 115

Fig. 6.9. Network of S5×Z2 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 [129].

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 q = 1 walls eventually decay into two q = 2 walls.
The forces separating the q = 2 walls are exponentially small and so they
stay close-by during further evolution.

We have seen that the final state of the S5 ×Z2 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 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)4. Now the probability

4 Or perhaps the vacua are exactly degenerate but the likelihood of being in one partic-
ular vacuum is slightly larger because of the way in which the system was prepared.

In 2 spatial dimensions. Antunes & TV, 2004
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In 2 spatial toroidal dimensions.

116 6 Formation of kinks
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Fig. 6.10. Three stages for the domain wall network evolution in a toroidal do-
main, with dimensions Lx = 500 and Ly = 150. The different shades correspond
to the 5 possible charges of the domain walls (see Sec. 2.7). Note that in the
bottom figure there is a pair of neighboring wall and anti-wall of the same type
(the walls just before and after the 300 mark). These later annihilate, leading
to a final stable lattice consisting of 10 walls.

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 and
closed. At a critical value of p, call it pc, 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”
[142, 95, 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 Ref. [94].

The analysis for biased domain walls implies that even if the potential
is slightly asymmetric, infinite domain walls can form. For the SU(5)×Z2

potential described in Eq. (2.5), the asymmetry is due to the cubic term
with coupling constant, γ. For small but non-zero values of γ, infinite



Cosmological constraints
A single domain wall in our cosmological volume would contribute

an energy density,
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Assuming coupling constants of O(1),

(Other constraints — CMB, BBN, expansion rate — may be tighter.)
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Cosmological scenarios
How can we reconcile the cosmological constraints with the earlier 

finding that domain walls are quite generic in complicated but realistic 

models?

If the discrete symmetry is approximate, walls will be biased and will only

survive for a finite duration. If the duration is short enough, cosmological

domain walls can still be viable.

Biased wall network decays at,

where 𝜸 is the symmetry breaking coupling constant.
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Gravitational waves
Evolving domain wall network will emit gravitational waves and

produce a stochastic background.

Hope to hear more from the experts at this workshop….

gravitational waves

colliding domain walls

Quadrupole approximation (power radiated):
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Summary

•(Biased) domain walls occur very naturally in particle physics, implying their 
existence in cosmology. 


•The network and evolution could be quite involved in realistic particle physics 
models.


•Domain walls could erase other defects, e.g. magnetic monopoles. 
(Discussed in Lecture 3.)


•Domain walls result in a stochastic background of gravitational waves that 
could be of interest to observations.




