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Dark Matter in the WMAP Sky?
Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: 

Galactic Foreground Emission
B. Gold2, N. Odegard3, J. L. Weiland3, R. S. Hill3, A. Kogut4, C. L. Bennett2,G. Hinshaw4, X. Chen5 J. Dunkley6, M. 
Halpern7, N. Jarosik8, E. Komatsu9, D. Larson2,M. Limon10, S. S. Meyer11, M. R. Nolta12, L. Page8, K. M. Smith13, D. N. 
Spergel8;13,G. S. Tucker14, E. Wollack4, and E. L. Wright5                                                                                          29 January 2010

From the Abstract: 

We present updated estimates of Galactic foreground emission using 
seven years of WMAP data. Using the power spectrum of differences 
between multifrequency template-cleaned maps, we find no evidence for 
foreground contamination outside of the updated (KQ85y7) foreground 
mask. We place a 15 μK upper bound on rms foreground contamination in 
the cleaned maps used for cosmological analysis. Further, the cleaning 
process requires only three power-law foregrounds outside of the mask. 
We find no evidence for polarized foregrounds beyond those from soft 
(steep-spectrum) synchrotron and thermal dust emission; in particular we 
find no indication in the polarization data of an extra “haze" of hard 
synchrotron emission from energetic electrons near the Galactic center.

  [Here’s why I said not to take the previous slides too seriously!]



Dark Matter in the WMAP Sky?
Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: 

Galactic Foreground Emission - B. Gold et al.  29 January 2010

4.5. The Haze

In its low frequency bands, WMAP observes an excess of emission above what was 
predicted by scaling the 408 MHz to higher frequencies using the expected spectral index 
for synchrotron emission. Determining the exact nature of this emission has proven 
difficult; WMAP has generally treated it as a hard (flatter spectrum) synchrotron 
component without attempting to explain the origin of such a component. Other 
suggestions have involved combinations of different types of spinning dust (Finkbeiner 
2004; Dobler & Finkbeiner 2008b), though there is typically still a residual “haze" even 
after those components are fit out (Dobler & Finkbeiner 2008a).

It has been argued that this remainder low-frequency emission has an ellipsoidal shape 
and is consistent with hard synchrotron emission, possibly from dark matter annihilation 
in the core of the Galaxy (Hooper et al. 2007). There has been tentative detection of a haze 
in gamma-rays using preliminary data from the Fermi telescope (Dobler et al. 2009).

Interpretation of polarization information toward the center of the Galaxy is difficult, as 
depolarization through line-of-sight changes in the orientation of the magnetic field can 
affect the signal significantly. Nonetheless, we search for a hard component in the 
polarization data using a simplified version of the low-resolution MCMC fit of Dunkley et 
al. (2009a), shown in Figure 7. We do not detect any significant change of synchrotron 
spectral index as a function of Galactocentric distance.



Fig. 7. Comparison of the templates used for polarization cleaning to a low-resolution (Nside = 16) MCMC fit 
to polarization data using a three-component model with fixed spectral indexes to search for any hard 
synchrotron component. The left column shows the results of the MCMC fit to polarization data using three 
components: soft synchrotron at top, hard synchrotron at middle, and dust at bottom. For comparison, the 
right column shows the templates used for polarization cleaning: synchrotron at top and middle, and dust 
and bottom. All plots are of polarization intensity P with a logarithmic scale from 1 to 100 μK. Synchrotron 
intensity is measured at a reference frequency of 23 GHz, and dust intensity at 94 GHz. The MCMC maps are 
noisy, and have been corrected for a noise bias in P caused by noise in Q and U. Excess noise in the plane 
of the ecliptic due to the scan pattern is also clearly visible in the MCMC fits. Given the noise level, hard 
synchrotron emission does not appear to be significant.
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Axion Physics in a Nutshell
Why axions?  QCD with mquarks ≠ 0 violates CP and therefore T due 
to instantons, unless an undetermined parameter θ is very small – or 
the axion field absorbs the CP-violating phase.  If this CP violation 
isn’t avoided, the neutron gets an electric dipole moment 1010 times 
larger than the experimental upper bound!

SN87A        RED GIANTS            ACCEL. EXPTS

When the temperature T drops to T ~ fa , the axion field gets a vacuum 
expectation value fa eiθ , and then when T drops to ΛQCD ~ 100 MeV 
QCD causes the axion to get mass ma and density ρa ∝ 1/ma .

What? Axions are never relativistic, so there is no free streaming to 
erase fluctuations in their density.  So they behave like Cold Dark 
Matter.

mπfπ
  ≈  mafawindow implies that fa = 109 – 1012 GeV

Ωm > 1
ma < 10−6 eV 10−2 eV                         100 keV



Axion Physics in a Nutshell
Particle-Physics Motivation

 CP conservation in QCD by
 Peccei-Quinn mechanism

 For  fa >> fπ  axions are “invisible”

 and very light

 → Axions  a ~ π0

      mπfπ
  ≈  mafa

γ

γ
a

Cosmology

Cosmic
String

 In spite of small mass, axions
 are born non-relativistically
 (“non-thermal relics”)

 → “Cold dark matter”
      candidate 
      ma ~ 1-1000 µeV

Solar and Stellar Axions

 Axions thermally produced in stars,
 e.g. by Primakoff production

• No excessive energy drain:

   ma < 10 meV

• Search for solar axions (CAST) 
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Experimental Search for Axions

Power

Frequency ma

Axion Signal

Thermal noise of 
cavity & detector

Power of galactic axion signal

 Microwave Energies
 (1 GHz ≈ 4 µeV)

 DM axions
 Velocities in 
galaxy

ma = 10-3000 

µeV

va  ≈ 10−3 c

Axion Haloscope (Sikivie 1983)

Bext ≈ 8 Tesla

Microwave 
Resonator
Q ≈ 105

Primakoff Conversion
γa

Bext

Cavity
overcomes
momentum
mismatch

2 Experiments in Operation
• Axion Dark Matter Experiment
  (ADMX), Livermore, US
• CARRACK II, Kyoto, Japan



AXION search

The diagram at right shows the 
layout of the axion search 

experiment now underway at the 
Lawrence Livermore National 
Laboratory.  Axions would be 

detected as extra photons in the 
Microwave Cavity.

An improved version of this  
experiment is moving to the 
University of Washington.
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The Strong CP Problem. The standard SU(3) theory of the Strong force violates CP conservation, 
for example predicting that the neutron has an electric dipole moment 108 times bigger than the 
current upper limit,  unless an uncalculable parameter is very small. The only elegant solution to 
this "Strong CP Problem" involves a new particle that interacts so weakly that it has never been 
detected before. This particle is the Axion. Fortunately this particle would interact with other 
particles just enough that if you went looking for it very carefully, you might be able to find it.

AXION search

The Axion DM Experiment (ADMX) is 
designed to look into only a slice of the 
allowed mass range. The reason it's 
only a slice and not the whole range is 
simply due to the equipment. The 
frequency that is scanned by ADMX 
depends on the tuning rods and the 
resonant cavity. Making the apparatus 
able to scan a larger frequency range 
would have cost more and made the 
apparatus bigger, which makes cooling 
and transportation harder, among 
other things.  As to why it is that 
particular slice, it's because it's the 
most convenient one to look in. 
There's no significant reason to 
believe that the Axion would be more 
likely to be in any particular range, so 
this one was chosen based on it being 
easiest to scan with current 
technology.

Phase 1 Phase 2 sensitivity 















We show that most particle and subhalo orbits in simulated cosmological cold dark matter halos 
are surprisingly regular and periodic: the phase-space structure of the outer halo regions shares 
some of the properties of the classical self-similar secondary infall model. Some of the outer 
branches are clearly visible in the radial velocity-radius plane at certain epochs. However, they are 
severely broadened in realistic, triaxial halos with nonradial, clumpy, mass accretion. This 
prevents the formation of high-density caustics: even in the best cases there are only broad, very 
small (<10%) enhancements in the spherical density profile. Larger fluctuations in ρ(r) caused by 
massive satellites are common. Infall caustics are therefore too weak to affect lensing or dark 
matter annihilation experiments. Their detection is extremely challenging, as it requires a large 
number of accurate tracer positions and radial velocities in the outer halo. The stellar halo of the 
Milky Way is probably the only target where this could become feasible in the future.

Infall Caustics in Dark Matter Halos? 
Jürg Diemand & Michael Kuhlen, ApJ Letters 680, L25 (2008)





Diemand & Kuhlen, 2008

redshift 0.00





Some Dark Matter Candidates



In ~1980, when purely baryonic adiabatic fluctuations were ruled out by the 
improving upper limits on CMB anisotropies, theorists led by Zel’dovich turned to 
what we now call the HDM scenario, with light neutrinos making up most of the 
dark matter.  However, in this scheme the fluctuations on small scales are damped 
by relativistic motion (“free streaming”) of the neutrinos until T becomes less than 
mν, which occurs when the mass entering the horizon is about 1015 solar masses, 
the supercluster mass scale.  Thus superclusters would form first, and galaxies later 
by fragmentation.  This predicted a galaxy distribution that would be much more 
inhomogeneous than observed.

HDM          Observed Galaxy Distribution         CDM
Simon White, in Inner Space/Outer Space (1986)

blocked by galactic dust

Whatever Happened to Hot Dark Matter?



Whatever Happened to Hot Dark Matter?
Since 1984, the most successful structure formation scenarios have been 
those in which most of the matter is CDM.  With the COBE CMB data in 
1992, two CDM variants appeared to be viable: ΛCDM with Ωm≈0.3, and 
Ωm=Cold+Hot DM=1 with Ων≈0.2 (Holtzman & Primack 1992, Wright et al. 
(COBE) 1992).  Both cosmologies predicted a distribution of nearby 
galaxies in excellent agreement with observations.

However, a potential problem with CHDM was that, like all Ωm=1 theories, 
it predicted rather late structure formation.  By 1998, the evidence of early 
galaxy and cluster formation, the SN1a data showing that the expansion 
rate of the universe has been increasing, and the increasing evidence 
that Ωm≈0.3 had favored ΛCDM and doomed CHDM.  

Now we also know from neutrino oscillations that neutrinos have mass.  
The upper limit is Σ mν < 1.3 eV from CMB alone and Σ mν < 0.44 eV at 
95% CL from CMB + LRG + H0 (WMAP7: Komatsu et al. 2010, Table 2).  
There is a stronger but somewhat controversial constraint Σ mν < 0.17 eV 
including Lyα forest data (Seljak et al. 2006).



Effect of Neutrino Mass on Predicted Power Spectrum P(k)

SDSS P(k)  Tegmark+05
P(k) for LCDM with degenerate 
neutrino masses totaling 1.0 eV or 
less.

Masataka Fukugita, Massive Neutrinos in Cosmology
Plenary talk given at NuFact05, Frascati, 21-26 June 2005, hep-ph/0511068



Colin et al. 1999

ΛCDM Scale-
Dependent 
Anti-Biasing

The dark matter correlation 
function ξmm for ΛCDM is 
~3×ξgg at 1 Mpc. This 
disagreement between ξmm and 
ξgg was pointed out by Klypin, 
Primack, & Holtzman 1996.  
When simulations could resolve 
galaxy halos, it turned out that 
this needed “anti-biasing” arises 
naturally. This occurs because 
of destruction of halos in dense 
regions caused by merging and 
tidal disruption.



m(νe): Tritium Endpoint Spectrum

 Currently best limits from Mainz
 and Troitsk experiments

        m < 2.2 eV  (95% CL)

• Scaled-up spectrometer (KATRIN)
   should reach 0.2 eV
• Currently under construction
• Measurements to begin 2007

Electron spectrum

E

m

Tritium β-decay

Endpoint
energy
18.6 keV

http://ik1au1.fzk.de/~katrin



Neutrinoless ββ Decay

76Ge

76Se

76As

O

2

2+

O

Some nuclei decay only
by the ββ mode, e.g.

Half life ~ 1021 yr

Measured
quantity

Best limit
from 76Ge

0ν mode, enabled
by Majorana mass

Standard 2ν mode
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L± – stable charged heavy leptonL± – stable charged heavy leptonL± – stable charged heavy leptonL± – stable charged heavy lepton

Mass m > 102.6 GeV, CL = 95%

νeνeνeνe J = 1
2

The following results are obtained using neutrinos associated with e+

or e−. See the Note on “Electron, muon, and tau neutrino listings” in
the Particle Listings.

Mass m < 3 eV Interpretation of tritium beta decay experi-
ments is complicated by anomalies near the endpoint, and the
limits are not without ambiguity.

Mean life/mass, τ/mν > 7 × 109 s/eV [i ] (solar)
Mean life/mass, τ/mν > 300 s/eV, CL = 90% [i ] (reactor)
Magnetic moment µ < 1.0 × 10−10 µB , CL = 90%

νµνµνµνµ J = 1
2

The following results are obtained using neutrinos associated with µ+

or µ−. See the Note on “Electron, muon, and tau neutrino listings” in
the Particle Listings.

Mass m < 0.19 MeV, CL = 90%
Mean life/mass, τ/mν > 15.4 s/eV, CL = 90%
Magnetic moment µ < 6.8 × 10−10 µB , CL = 90%

ντντντντ J = 1
2

The following results are obtained using neutrinos associated with τ+

or τ−. See the Note on “Electron, muon, and tau neutrino listings” in
the Particle Listings.

Mass m < 18.2 MeV, CL = 95%
Magnetic moment µ < 3.9 × 10−7 µB , CL = 90%
Electric dipole moment d < 5.2 × 10−17 e cm, CL = 95%

Number of Neutrino TypesNumber of Neutrino TypesNumber of Neutrino TypesNumber of Neutrino Types
and Sum of Neutrino Massesand Sum of Neutrino Massesand Sum of Neutrino Massesand Sum of Neutrino Masses

Number N = 2.994 ± 0.012 (Standard Model fits to LEP data)
Number N = 2.92 ± 0.07 (Direct measurement of invisible Z

width)

HTTP://PDG.LBL.GOV Page 9 Created: 9/10/2004 11:17
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Neutrino MixingNeutrino MixingNeutrino MixingNeutrino Mixing

There is now compelling evidence that neutrinos have nonzero mass
from the observation of neutrino flavor change, both from the study of
atmospheric neutrino fluxes by SuperKamiokande, and from the study
of solar neutrino cross sections by SNO (charged and neutral currents)
and SuperKamiokande (elastic scattering). The flavor change observed
in solar neutrinos has been confirmed by the KamLAND experiment
using reactor antineutrinos.

Solar NeutrinosSolar NeutrinosSolar NeutrinosSolar Neutrinos

Detectors using gallium (Eν 0.2 MeV), chlorine (Eν 0.8 MeV),
and Cherenkov effect in water (Eν 5 MeV) measure significantly
lower neutrino rates than are predicted from solar models. From the
determination by SNO of the 8B solar neutrino flux via elastic scat-
tering, charged-current process interactions, and neutral-current in-
teractions, one can determine the flux of non-νe active neutrinos to
be φ(νµτ )= (3.41+0.66

−0.64) × 106 cm−2 s−1, providing a 5.3 σ evidence
for neutrino flavor change. A global analysis of the solar neutrino
data, including the KamLAND results that confirm the effect using
reactor antineutrinos, favors large mixing angles and ∆(m2) "
(6–9) × 10−5 eV2. See the Note “Solar Neutrinos” in the Listings
and the review “Neutrino Mass, Mixing, and Flavor Change.”

Atmospheric NeutrinosAtmospheric NeutrinosAtmospheric NeutrinosAtmospheric Neutrinos

Underground detectors observing neutrinos produced by cosmic rays
in the atmosphere have measured a νµ/νe ratio much less than ex-
pected, and also a deficiency of upward going νµ compared to down-
ward. This can be explained by oscillations leading to the disappear-
ance of νµ with ∆m2 ≈ (1–3) × 10−3 eV2 and almost full mixing
between νµ and ντ . The effect has been confirmed by the K2K ex-
periment using accelerator neutrinos. See the review “Neutrino Mass,
Mixing, and Flavor Change.”

Heavy Neutral Leptons, Searches forHeavy Neutral Leptons, Searches forHeavy Neutral Leptons, Searches forHeavy Neutral Leptons, Searches for

For excited leptons, see Compositeness Limits below.

Stable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass Limits

Mass m > 45.0 GeV, CL = 95% (Dirac)
Mass m > 39.5 GeV, CL = 95% (Majorana)
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Predicted Solar Neutrino Spectrum



Joel Primack, Beam Line, Fall 2001

Hitoshi Murayama

(



Citation: W.-M. Yao et al. 
(Particle Data Group), J. 
Phys. G 33, 1 (2006) (URL: 
http://pdg.lbl.gov)

m2

A three-neutrino squared-
mass spectrum that accounts 
for the observed flavor 
changes of solar, reactor, 
atmospheric, and long-
baseline accelerator neutrinos. 
The νe fraction of each mass 
eigenstate is crosshatched, 
the νμ fraction is indicated by 
right-leaning hatching, and the 
ντ fraction by left-leaning 
hatching.  From B. Kaiser,
http://pdg.lbl.gov/2007/reviews/

numixrpp.pdf 

ντνμ

νe

http://pdg.lbl.gov
http://pdg.lbl.gov
http://pdg.lbl.gov/2007/reviews/numixrpp.pdf
http://pdg.lbl.gov/2007/reviews/numixrpp.pdf
http://pdg.lbl.gov/2007/reviews/numixrpp.pdf
http://pdg.lbl.gov/2007/reviews/numixrpp.pdf


Fluxes of 8B solar neutrinos, 
φ(νe),and φ(νμ or τ ), 
deduced from the SNOʼs 
charged current (CC), νe  
elastic scattering (ES), and 
neutral-current (NC) results 
for the salt phase 
measurement. The Super-
Kamiokande ES flux and the 
BS05(OP) standard solar 
model prediction are also 
shown. The bands represent 
the 1σ error. The contours 
show the 68%, 95%, and 
99% joint probability for φ(νe) 
and φ(νμ or τ ). 

[From PDG 2005 review by 
K. Nakamura and 2009 rev.]

Sudbury Neutrino Observatory 
Confirms Solar Neutrinos Oscillate

n → p e- νmust happen twice per 4He, and then ~1/3 of 
the electron antineutrinos oscillate to mu or tau neutrinos 

e
-























Update of the global neutrino oscillation contours given by the 
SNO Collaboration assuming that the 8B neutrino flux is free 
and the hep neutrino flux is fixed. (a) Solar global analysis. (b) 
Solar global + KamLAND.  [From PDG 2005 review by K. 
Nakamura, and 2009 revision.]

Δm12
2 = 8x10-5 eV2 ⇒ m2 ≥ 9x10-3 eV





KamLAND (Kamioka Liquid-scintillator Anti-Neutrino Detector) has demonstrated convincingly that neutrinos are massive and 
undergo flavour oscillations. This is a profound discovery !

The experiment has determined the associated oscillation parameter Δ m221 to unprecedented precision, has helped constrain the neutrino 
mixing angle θ 12, and has explored the potential application of neutrinos as a geophysical probe.   The detector is currently undergoing a 
purification upgrade which will enable KamLAND to execute a low energy solar neutrino program in parallel with this already highly 
fruitful anti-neutrino program.

Many questions of fundamental significance remain open; but with a new understanding of neutrino propagation, neutrino science is 
now poised to provide illuminating answers to some of society's most probing questions concerning the Earth, the Sun and fantastic 
astro-physical events such as supernovae.

The Reactor Neutrino Signal

The dominant sources of anti-neutrinos for the KamLAND experiment are commercial nuclear reactors in Japan.The average 
distance, L0, from the reactors to the KamLAND detector is ~180km.  KamLAND measures the survival probability by measursing 
the flux at the detector and comparing it to the known flux produced by the reactors. Anti-neutrinos are detected using the delayed 
coincidence method arising from inverse beta decay. Upon entering KamLAND, an electron anti-neutrino may capture on a free 
proton in the hydro-carbon based scintillator. The following reaction, known as inverse beta decay, then occurs:

The positron quickly (~10's ns) deposits it's energy and then annihilates. The energy associated with this prompt event is directly 
related to the incoming neutrino energy. The remaining neutron thermalises and then later ( after ~200s μ s) captures on proton 
yielding a deuteron and a ⎦  2.2MeV photon.

This neutron capture event is called the delayed event.

The delayed coincidence of the prompt and delayed event pair is an extremely robust signature of an anti-neutrino.

KamLAND



Geo-Neutrinos

KamLAND has seen indications for geologically produced anti-neutrinos arising from uranium and thorium decays within the earth. 
Precision global measurements of the geo-neutrino flux can provide important and otherwise unattainable information about the 
composition and radiogenic heating of the earth's core. While this approach is still in its infancy, the KamLAND measurement was 
an important milestone in establishing its feasibility. There is considerable interest and excitement in the geological and physics 
communities about developing this technique to its full potential.



Outline

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

*Note: I edited much of the material in the following Topological Defects 
slides  from the website http://www.damtp.cam.ac.uk/user/gr/public/

cs_top.html  

http://www.damtp.cam.ac.uk/user/gr/public/cs_top.html
http://www.damtp.cam.ac.uk/user/gr/public/cs_top.html
http://www.damtp.cam.ac.uk/user/gr/public/cs_top.html
http://www.damtp.cam.ac.uk/user/gr/public/cs_top.html


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.



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.



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. 



M
N

R
A

S
 3

90
, 9

13
 (2

00
8)



73

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 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, the 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.


