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1          Introduction
2          General Relativistic Cosmology
3          Big Bang Nucleosynthesis
4          Recombination, Dark Matter (DM)
5          DM Detection, Cosmic Microwave Background
6          Structure Formation
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9          Galaxies; Cosmic Inflation and Before
10        After Inflation: Baryogenesis, Strings, ...
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Outline

Grand Unification of Forces
Phase Transitions in the Early Universe
Topological Defects: Strings, Monopoles
Cosmic Inflation

Motivation: Horizon, Flatness, Dragons, Structure
How much inflation is needed?



Grand Unification
The basic premise of grand unification is that the known symmetries of the 
elementary particles result from a larger (and so far unknown) symmetry 
group G. Whenever a phase transition occurs, part of this symmetry is lost, 
so the symmetry group changes. This can be represented mathematically 
as

            G → H → ... → SU(3) x SU(2) x U(1) → SU(3) x U(1).

Here, each arrow represents a symmetry breaking phase transition where 
matter changes form and the groups - G, H, SU(3), etc. - represent the 
different types of matter, specifically the symmetries that the matter exhibits 
and they are associated with the different fundamental forces of nature. 

The liquid phase of water is rotationally symmetric, that is, it looks the same 
around each point regardless of the direction in which we look. We could 
represent this large three-dimensional symmetry by the group G (actually 
SO(3)). The solid form of frozen water, however, is not uniform in all 
directions; the ice crystal has preferential lattice directions along which the 
water molecules align. The group describing these different discrete 
directions H, say, will be smaller than G. Through the process of freezing, 
therefore, the original symmetry G is broken down to H.



Grand Unified Theory

GUT refers to a theory in physics that unifies the strong interaction and 
electroweak interaction. Several such theories have been proposed, but 
none is currently universally accepted. The (future) theory that will also 
include gravity is termed theory of everything.  Some common GUT 
models are: 

• Georgi-Glashow (1974) model -- SU(5)
• SO(10) 
• Flipped SU(5) -- SU(5)×U(1) 
• Pati-Salam model -- SU(4)×SU(2)×SU(2) 
• E6 

GUT models generically predict the existence of topological defects such 
as monopoles, cosmic strings, domain walls, and others. None have been 
observed and their absence is known as the monopole problem in 
cosmology.
 
There is still no hard evidence nature is described by a GUT theory. In 
fact, since the Higgs particle hasn't been discovered yet, it's not even 
certain if the Standard Model is fully accurate. 



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.



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 will 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



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.”



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



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.



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.



Textures:  These form when larger, more complicated symmetry groups 
are completely broken. Textures are delocalized topological defects which 
are unstable to collapse. A speculation that the largest “cold spot” in the 
WMAP CMB data was caused by cosmic textures was published by Cruz 
et al. (2007, Science 318, 1612).

Examples of delocalized texture configurations in one and two 
dimensions.



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



A Cosmic Microwave Background 
Feature Consistent with a Cosmic Texture

The zone of the CS has been 
placed at the center of the black 
circle.

The Axis of Evil revisited
Kate Land, Joao Magueijo, 2007 MNRAS, 378, 153
Abstract: In light of the three-year data release from WMAP we re-
examine the evidence for the ``Axis of Evil'' (AOE) [anomalous 
alignment of CMB multipoles in the direction l ≃ −100, b = 60]. We 
discover that previous statistics are not robust with respect to the 
data-sets available and different treatments of the galactic plane. 
We identify the cause of the instability and implement an alternative 
``model selection'' approach. A comparison to Gaussian isotropic 
simulations find the features significant at the 94-98% level, 
depending on the particular AOE model. The Bayesian evidence 
finds lower significance, ranging from ``substantial''  to no evidence 
for the most general AOE model. 



Some theorists have speculated that the Cold Spot is a secondary effect, generated at some 
intermediate distance between us and the last scattering surface. One such model proposes that the 
Cold Spot may have been caused by the Rees-Sciama effect due to an underdense void of comoving 
radius ~200h−1Mpc and fractional density contrast δ ~ −0.3 at redshift of  z < 1 [8, 9]. Interestingly, 
[10] reported a detection of an underdense region with similar characteristics in the distribution of 
extragalactic radio sources in the NRAO VLA Sky Survey in the direction of the Cold Spot, a claim 
which has recently been challenged [11]. An alternative view [12] proposes that the spot was caused 
by the interaction of the CMB photons with a cosmic texture, a type of topological defect that can 
give rise to hot and cold spots in the CMB [13]. Bayesian analysis by [14] claims that the texture 
hypothesis seems to be favored over the void explanation, mainly because such large voids as 
required by the latter is highly unlikely to form in a CDM structure formation scenario. 

[8] K. T. Inoue and J. Silk, ApJ 648, 23 (2006), arXiv:astroph/ 0602478.
[9] K. T. Inoue and J. Silk, ApJ 664, 650 (2007), arXiv:astro-ph/0612347.
[10] L. Rudnick, S. Brown, and L. R. Williams, ApJ 671, 40 (2007).
[11] K. M. Smith and D. Huterer, ArXiv:0805.2751.
[12] M. Cruz, N. Turok, P. Vielva, E. Mart´ınez-Gonz´alez, and M. Hobson, Science 318, 1612 (2007).
[13] N. Turok and D. Spergel, Physical Review Letters 64, 2736 (1990).
[14] M. Cruz, E. Martinez-Gonzalez, P. Vielva, J. M. Diego, M. Hobson, and N. Turok, ArXiv:0804.2904.
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Seven-Year Wilkinson Microwave Anisotropy Probe 
(WMAP) Observations: Are There Cosmic Microwave 
Background Anomalies?  C. Bennett et al. WMAP7 Jan 2010

A simple six-parameter LCDM model provides a successful fit to WMAP data, both when the 
data are analyzed alone and in combination with other cosmological data. Even so, it is 
appropriate to search for any hints of deviations from the now standard model of cosmology, 
which includes inflation, dark energy, dark matter, baryons, and neutrinos. The cosmological 
community has subjected the WMAP data to extensive and varied analyses. While there is 
widespread agreement as to the overall success of the six-parameter LCDM model, various 
"anomalies" have been reported relative to that model. In this paper we examine potential 
anomalies and present analyses and assessments of their significance. In most cases we find 
that claimed anomalies depend on posterior selection of some aspect or subset of the data. 
Compared with sky simulations based on the best fit model, one can select for low probability 
features of the WMAP data. Low probability features are expected, but it is not usually 
straightforward to determine whether any particular low probability feature is the result of the a 
posteriori selection or of non-standard cosmology. We examine in detail the properties of the 
power spectrum with respect to the LCDM model. We examine several potential or previously 
claimed anomalies in the sky maps and power spectra, including cold spots, low quadrupole 
power, quadropole-octupole alignment, hemispherical or dipole power asymmetry, and 
quadrupole power asymmetry. We conclude that there is no compelling evidence for 
deviations from the LCDM model, which is generally an acceptable statistical fit to WMAP 
and other cosmological data.

arXiv:1001.4758v1



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.



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.



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.  



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 

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).



Motivations for Inflation

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



Inflation Basics

Joel Primack, in Formation of Structure in the Universe, (Cambridge Univ Press, 1999)



Joel Primack, in Formation of Structure in the Universe, (Cambridge Univ Press, 1999)
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Generating the Primordial Density Fluctuations

Zero-point fluctuations of quantum
fields are stretched and frozen

Early phase of exponential expansion
(Inflationary epoch)

Cosmic density fluctuations are
frozen quantum fluctuations


