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Topological Defects
These arise when some n-component scalar field φi(x) = 0 because of 
topological trapping that occurs as a result of a phase transition in the 
early universe (as I will explain shortly).  

If the φ field is complex then n=2, and φi(x) = 0 occurs along a linear 
locus of points, a string, in three dimensional space.  This corresponds 
to a 2-dimensional world-sheet in the 3+1 dimensions of spacetime.  

If the φ field has three components, then φi(x) = 0 occurs at a point in 
three dimensional space, a monopole.  This corresponds to a 
1-dimensional world-line in the 3+1 dimensions of spacetime.  

If the φ field has four components, then φi(x) = 0 occurs at a point in 
space-time, an instanton.  A related concept is texture.
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Phase transitions
The cosmological significance of symmetry breaking is due to the fact that 
symmetries are restored at high temperature (just as it is for liquid water when ice 
melts). For extremely high temperatures in the early universe, we might even 
achieve a grand unified state G. Viewed from the moment of creation forward, the 
universe will pass through a sucession of phase transitions at which the strong 
nuclear force will become differentiated and then the weak nuclear force and 
electromagnetism.

Phase transitions can have a wide variety of important implications including the 
formation of topological defects - cosmic strings, domain walls, monopoles and 
textures, or it may even trigger a period of exponential expansion (inflation). 

Phase transitions can be either dramatic 
- first order, or smooth - second order.

During a first-order phase transition, the 
matter fields get trapped in a `false 
vacuum' state from which they can only 
escape by nucleating bubbles of the new 
phase, that is, the `true vacuum' state.

False vacuum

True vacuum
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First-order phase transitions (illustrated below) occur through the formation of bubbles 
of the new phase in the middle of the old phase; these bubbles then expand and 
collide until the old phase disappears completely and the phase transition is complete.

First-order phase transitions proceed by bubble nucleation. A bubble of the new phase 
(the true vacuum) forms and then expands until the old phase (the false vacuum) 
disappears. A useful analogue is boiling water in which bubbles of steam form and expand 
as they rise to the surface.

Second-order phase transitions, on the other hand, proceed smoothly. The old 
phase transforms itself into the new phase in a continuous manner.  There is energy 
(specific heat of vaporization, for example) associated with a first order phase 
transition.

Either type of phase transition can produce stable configurations called “topological 
defects.”
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Topological defects are stable configurations that are in the original, symmetric or 
old phase, but nevertheless for topological reasons they persist after a phase 
transition to the asymmetric or new phase is completed - because to unwind 
them would require a great deal of energy. There are a number of possible types 
of defects, such as domain walls, cosmic strings, monopoles, and textures. The 
type of defect is determined by the symmetry properties of the matter and the 
nature of the phase transition.

Domain walls:  These are two-dimensional objects that form when a discrete 
symmetry is broken at a phase transition. A network of domain walls effectively 
partitions the universe into various `cells'. Domain walls have some rather 
peculiar properties. For example, the gravitational field of a domain wall is 
repulsive rather than attractive.

Cosmic Strings & Other Topological Defects
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Cosmic strings:  These are one-dimensional (that is, line-like) objects which 
form when an axial or cylindrical symmetry is broken. Strings can be associated 
with grand unified particle physics models, or they can form at the electroweak 
scale. They are very thin and may stretch across the visible universe. A typical 
GUT string has a thickness that is less then a trillion times smaller that the 
radius of a hydrogen atom, but a 10 km length of one such string would weigh 
as much as the earth itself!

Cosmic strings are associated with models in which the set of minima are not simply-connected, 
that is, the vacuum manifold has `holes' in it. The minimum energy states on the left form a circle 
and the string corresponds to a non-trivial winding around this.
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Monopoles:  These are zero-dimensional (point-like) objects which form 
when a spherical symmetry is broken. Monopoles are predicted to be 
supermassive and carry magnetic charge. The existence of monopoles is 
an inevitable prediction of grand unified theories (GUTs - more on this 
shortly); why the universe isn’t filled with them is one of the puzzles of the 
standard cosmology.

Monopole No Monopole
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Why do cosmic topological defects form?
If cosmic strings or other topological defects can form at a cosmological phase 
transition, then they will form. This was first pointed out by Tom Kibble and, in a 
cosmological context, the defect formation process is known as the Kibble 
mechanism. 
The simple fact is that causal effects in the early universe can only propagate (as at 
any time) at the speed of light c. This means that at a time t, regions of the universe 
separated by more than a distance d=ct can know nothing about each other. In a 
symmetry breaking phase transition, different regions of the universe will choose to 
fall into different minima in the set of possible states (this set is known to 
mathematicians as the vacuum manifold). Topological defects are precisely the 
“boundaries” between these regions with different choices of minima, and their 
formation is therefore an inevitable consequence of the fact that different regions 
cannot agree on their choices.

For example, in a theory with two minima, plus 
+ and minus -, then neighboring regions 
separated by more than ct will tend to fall 
randomly into the different states (as shown 
below). Interpolating between these different 
minima will be a domain wall.
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Cosmic strings will arise in slightly more 
complicated theories in which the minimum 
energy states possess `holes'. The strings will 
simply correspond to non-trivial `windings' 
around these holes (as illustrated at right).

The Kibble mechanism for the
 formation of cosmic strings.

Topological defects can provide a unique link to the physics of the very early 
universe. Furthermore, they can crucially affect the evolution of the universe, so their 
study is an unavoidable part of any serious attempt to understand the early universe. 
The cosmological consequences vary with the type of defect considered. Domain 
walls and monopoles are cosmologically catastrophic.  Any cosmological model 
in which they form will evolve in a way that contradicts the basic observational facts 
that we know about the universe. Such models must therefore be ruled out!  Cosmic 
inflation was invented to solve this problem.
Cosmic strings and textures are (possibly) much more benign. Among other things, 
they were until recently thought to be a possible source of the fluctuations that led to 
the formation of the large-scale structures we observe today, as well as the 
anisotropies in the Cosmic Microwave Background. However, the CMB anisotropies 
have turned out not to agree with the predictions of this theory.
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Andreas Albrecht, Defect models of cosmic structure in light of the new CMB data, 
XXXVth Rencontres de Moriond ``Energy Densities in the Universe'' (2000).

By 2000, it was clear that cosmic defects are
not the main source of the CMB anisotropies.

Defect Models

ΛCDM
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GUT Monopoles
A simple SO(3) GUT illustrates how nonsingular monopoles arise.  The 
Lagragian is

The masses of the resulting charged vector and Higgs bosons after 
spontaneous symmetry breaking are 

If the Higgs field Φa happens to rotate about a sphere in SO(3) space as 
one moves around a sphere about any particular point in x-space, then it 
must vanish at that point.  Remarkably, if we identify the massless vector 
field as the photon, this configuration corresponds to a nonsingular 
magnetic monopole, as was independently discovered by ‘tHooft and 
Polyakov.  The monopole has magnetic charge twice the minimum Dirac 
value, g = 2π/e = (4π/e2)(e/2) ≈ 67.5 e. 
The singular magnetic field is cut off at scale σ, and as a result the GUT 
monopole has mass Mmonopole ≈ MV/α ≈ MGUT /α ≈ 1018 GeV.  
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The Kibble mechanism produces ~ one GUT monopole per horizon volume 
when the GUT phase transition occurs.  These GUT monopoles have a 
number density over entropy (using the old TGUT ~ MGUT ~ 1014 GeV)

nM/s ~ 102 (TGUT/MPl)3 ~ 10-13

(compared to nB/s ~ 10-9 for baryons) Their annihilation is inefficient since they 
are so massive, and as a result they are about as abundant as gold atoms but 
1016 times more massive, so they “overclose” the universe.  This catastrophe 
must be avoided!  This was Alan Guth’s initial motivation for inventing 
cosmic inflation.

GUT Monopole Problem

The first accurate calculation of the mass of the ‘t Hooft - Polyakov non-
singular monopole was Bais & Primack (Phys. Rev. D13:819,1976).

I will summarize the key ideas of inflation theory, following my lectures at the 
Jerusalem Winter School, published as the first chapter in Avishai Dekel & 
Jeremiah Ostriker, eds., Formation of Structure in the Universe (Cambridge 
University Press, 1999), and Dierck-Ekkehard Liebscher, Cosmology 
(Springer, 2005) (available online through the UCSC library).
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Motivations for Inflation

Joel Primack, in Formation of Structure in the Universe, ed. Dekel & Ostriker (Cambridge Univ Press, 1999)
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Inflation Basics

Joel Primack, in Formation of Structure in the Universe, (Cambridge Univ Press, 1999)
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Joel Primack, in Formation of Structure in the Universe, (Cambridge Univ Press, 1999)
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e66=
4x1028
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10-‐32	  
seconds	  of	  
COSMIC	  

INFLATION

13.7	  billion	  
years	  of	  
COSMIC	  

EXPANSION

Cosmic 
Uroboros

According to Cosmic Inflation 
theory, the entire visible universe 
was once about 10-29 cm in size.   
Its size then inflated by a factor of 
about 1030 so that when Cosmic 
Inflation ended (after about 10-32 
second) it had reached the size of
a newborn baby. 

During its entire 
subsequent evolution, 
the size of the visible 
universe has 
increased by a       
similar factor of 1029.
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Inflationary 
Fluctuations

?
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Joel Primack, in Formation of Structure in the Universe, (Cambridge Univ Press, 1999)
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Andrei Linde
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Eternal Inflation

(mPlanck = 1/G1/2).
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Andrei Linde
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26

THE 
COSMIC 
LAS VEGAS

At the instant it 
passes through the 
floor, it exits eternity.  

Time begins with a Big 
Bang, and it becomes 
a universe and starts 
evolving.

Coins constantly flip.  Heads, and 
the coin is twice the size and 
there are two of them.  Tails, and a 
coin is half the size.

Consider a coin that has a run of 
tails.  It becomes so small it can 
pass through the grating on the 
floor.

The Multiverse

“grating”
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OUR 
COSMIC 
BUBBLE
IN 
ETERNAL 
INFLATION
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BUBBLE 
UNIVERSES 
IN ETERNAL 
INFLATION

Bubble Collision

Center of Coordinates
(for orientation)

Nancy Abrams
Anthony Aguirre
Nina McCurdy
Joel Primack
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Expanding Bubbles
Getting Dimmer
Are Receding 

BUBBLE 
UNIVERSES 
IN ETERNAL 
INFLATION
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Supersymmetric Inflation

of
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Inflation Summary
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Joel Primack, in Formation of Structure in the Universe, ed. Dekel & Ostriker (Cambridge Univ Press, 1999)
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Basic Predictions of Inflation
1. Flat universe. This is perhaps the most fundamental prediction of inflation. Through 
the Friedmann equation it implies that the total energy density is always equal to the
critical energy density; it does not however predict the form (or forms) that the critical
density takes on today or at any earlier or later epoch.

2. Nearly scale-invariant spectrum of Gaussian density perturbations. These
density perturbations (scalar metric perturbations) arise from quantum-mechanical
fuctuations in the field that drives inflation; they begin on very tiny scales (of the
order of 10-23 cm, and are stretched to astrophysical size by the tremendous growth of 
the scale factor during inflation (factor of e60 or greater). Scale invariant refers to the 
fact that the fuctuations in the gravitational potential are independent of length scale; 
or equivalently that the horizon-crossing amplitudes of the density perturbations are 
independent of length scale. While the shape of the spectrum of density perturbations 
is common to all models, the overall amplitude is model dependent. Achieving density 
perturbations that are consistent with the observed anisotropy of the CBR and large 
enough to produce the structure seen in the Universe today requires a horizon 
crossing amplitude of around 2 ×10-5.
3. Nearly scale-invariant spectrum of gravitational waves, from quantum-mechanical 
fluctuations in the metric itself .  These can be detected as CMB “B-mode” 
polarization, or using special gravity wave detectors such as LIGO and LISA.
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I. The predictions of inflation are right:
(i) the universe is flat with a critical density
(ii) superhorizon fluctuations
(iii) density perturbation spectrum nearly scale invariant: P(k) = Akn, n ≈ 1 
(iv) Single slow-roll field models vindicated: Gaussian perturbations, not much 
running of spectral index

II. Data differentiate between models
-- each model makes specific predictions for density perturbations and gravity 
modes 
-- WMAP and Planck rule out many models (see graph on next page, from
Planck 2013 Results XXII, http://arxiv.org/abs/1303.5082).

Observational Status of Inflation

n If primordial fluctuations are Gaussian distributed, then they are completely characterized 
by their two-point function ξ(r), or equivalently by the power spectrum. All odd-point 
functions are zero.
n If nonGaussian, there is additional info in the higher order correlation functions
n  The lowest order statistic that can differentiate is the 3-point function, or bispectrum in 
Fourier space:                                                                                Here 
The quantity fNL is known as the nonlinearity parameter.  Planck data: fNL = 2.7±5.8 -- small!

Primordial nonGaussianities 

"  If primordial fluctuations are Gaussian distributed, then 
they are completely characterized by their two-point 
function, or equivalently by the power spectrum. All odd-
point functions are zero. 

"  If nonGaussian, there is additional info in the higher order 
correlation functions 

"  The lowest order statistic that can differentiate is the 3-
point function, or bispectrum in Fourier space: 

"  Here Phi is comoving curvature perturbation (density pert) 

Bispectrum 
"  Measures correlation among three perturbation 

modes. 

"  Assuming translational and rotational invariance, it 
depends only on the magnitudes of the three 
wavevectors. 

"  The quantity f_NL is known as the nonlinearity 
parameter. 
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10 Planck Collaboration: Constraints on inflation

HZ HZ + YP HZ + Ne↵ ⇤CDM
105⌦bh2 2296 ± 24 2296 ± 23 2285 ± 23 2205 ± 28
104⌦ch2 1088 ± 13 1158 ± 20 1298 ± 43 1199 ± 27
100 ✓MC 1.04292 ± 0.00054 1.04439 ± 0.00063 1.04052 ± 0.00067 1.04131 ± 0.00063
⌧ 0.125+0.016

�0.014 0.109+0.013
�0.014 0.105+0.014

�0.013 0.089+0.012
�0.014

ln
⇣

1010As

⌘

3.133+0.032
�0.028 3.137+0.027

�0.028 3.143+0.027
�0.026 3.089+0.024

�0.027
ns — — — 0.9603 ± 0.0073
Ne↵ — — 3.98 ± 0.19 —
YP — 0.3194 ± 0.013 — —
�2� ln(Lmax) 27.9 2.2 2.8 0

Table 3. Constraints on cosmological parameters and best fit �2� ln(L) with respect to the standard ⇤CDM model, using
Planck+WP data, testing the significance of the deviation from the HZ model.

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

⇤CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

�2� lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ⇤CDM+tensor model from Planck combined with other data
sets. The constraints are given at the pivot scale k⇤ = 0.002 Mpc�1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

CL for the WMAP 9-year data and is further excluded by CMB
data at smaller scales.

The model with a quadratic potential, n = 2 (Linde, 1983),
often considered the simplest example for inflation, now lies
outside the joint 95% CL for the Planck+WP+high-` data for
N⇤ . 60 e-folds, as shown in Fig. 1.

A linear potential with n = 1 (McAllister et al., 2010), mo-
tivated by axion monodromy, has ⌘V = 0 and lies within the

95% CL region. Inflation with n = 2/3 (Silverstein & Westphal,
2008), however, also motivated by axion monodromy, now lies
on the boundary of the joint 95% CL region. More permissive
entropy generation priors allowing N⇤ < 50 could reconcile this
model with the Planck data.

Observational Status of Inflation

CONCLUSIONS: We find that standard slow-roll single field inflation is compatible with the Planck data. Planck in 
combination with WMAP 9-year large angular scale polarization (WP) yields ΩK −0.006 ±0.018 at 95%CL by combining 
temperature and lensing information (Planck Collaboration XVI, 2013; Planck Collaboration XVII, 2013). The bispectral non-
Gaussianity parameter fNL measured by Planck is consistent with zero (Planck Collaboration XXIV, 2013). These results are 
compatible with zero spatial curvature and a small value of fNL, as predicted in the simplest slow-roll inflationary models.  
Planck+WP data give ns =0.9603±0.0073 (and ns = 0.9629±0.0057 when combined with BAO).  The 95% CL bound on the 
tensor-to-scalar ratio is r 0.002 < 0.12; this implies an upper limit for the inflation energy scale of 1.9 × 1016 GeV.
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Post-Inflation
Baryogenesis: generation of excess of baryon (and lepton) 
number compared to anti-baryon (and anti-lepton) number.  In 
order to create the observed baryon number today

it is only necessary to create an excess of about 1 quark and 
lepton for every ~109 quarks+antiquarks and leptons
+antileptons.

Breaking of Pecci-Quinn symmetry so that the observable 
universe is composed of many PQ domains.

Other things that might happen Post-Inflation:

Formation of cosmic topological defects if their amplitude is 
small enough not to violate cosmological bounds.

Thursday, March 6, 14


