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Conclusion

• so-called Kibble mechanism grossly 
underestimates the initial density of 
topological defects

• Pati-Salam below inflation excluded by 
monopole constraints

• hidden monopoles can be dark matter

• frustrated domain walls may be dark 
energy, easily evading the CMB constraint
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Generality
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Topological defects
• common interest among AMO, condensed 

matter, particle physics, algebraic geometry
• symmetry breaking G→H
• coset space G/H describes vacua
• can the space be mapped non-trivially into 

the coset space?
• π0(G/H)≠0: domain walls
• π1(G/H)≠0: string (vortex)
• π2(G/H)≠0: monopole
• π3(G/H)≠0: skyrmion
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Topological DM

• little Higgs theories rely on coset spaces

• e.g. G/H=SU(5)/SO(5)

• non-trivial topology π3(G/H)=Z2

• Z2 skyrmion ~10 TeV, a kind of “baryon”

• thermal relic gives good abundance

• decays like proton decay in GUT

• skyrmion → mesons →(μ+μ-)n

HM and Jing Shu
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Little Higgs models

Models G H π3(G/H)

Minimal 
Moose

SU(3)2 SU(3) Z

Littlest 
Higgs

SU(5) SO(5) Z2

SO(5) 
Moose

SO(5)2 SO(5) Z
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skyrmions

• skyrmion is topological soliton in G/H
• In QCD, G/H=SU(3), π3(G/H)=Z
• skymion is baryon in QCD (Witten)
• It will likely thermalize
• therefore subject to the unitarity limit 

m<110 TeV (J=0)
• a very heavy dark matter candidate 

consistent with “natural” EWSB
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other defects?

• Other defects are formed by the mismatch 
in order parameters beyond correlation 
length

• monopoles, strings, walls
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Kibble mechanism

• Kibble (1976) argued that phase transitions 
in expanding universe produce defects

• second-order phase transitions have infinite 
correlation length ξ∝|T-Tc|-ν

• Therefore, all regions of causally connected 
space choose the same vacuum on G/H

• However, there is a finite horizon size 
H-1≈MPl/T2

• Kibble: about one defect per horizon
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Time scale

• We know that we need to cool the 
material slowly to grow a bigger crystal 
(e.g. clear ice in the freezer)

• How does time scale come into the 
discussion?

• It takes time for things to line up!
relaxation

• quenched phase transition
• general discussion by Zurek (1985)
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“Cosmological Experiments in Superfluid Helium?”
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Phase transition 
revisited

• correlation length: ξ∝|T – Tc|-ν

• relaxation time: τ∝|T – Tc|-μ  

• It takes an infinite amount of time for the 
system to “line up” at Tc

• If the system cools too quickly, it won’t line 
up even within a causally connected region
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time scale

• proximity to Tc:           
ε=|Tc – T|/Tc

• relaxation time:         
τ=τ0 ε–μ

• quenching rate:          
τQ=(t – tc)/ε

• available time for 
relaxation: τ(t*)=|t* – tc|

• τ0 ε(t*)–μ=ε(t*) τQ

• ε(t*)=|τQ/τ0|–1/(1+μ)
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time scale

• ξ=ξ0 ε-ν

• with the available time given by                  
ε(t*)=|τQ/τ0|–1/(1+μ)

• the maximum correlation                    
ξ=ξ0 ε(t*)-ν =ξ0 |τQ/τ0|ν/(1+μ)

• the order parameter cannot “line up” 
beyond this length scale

Tuesday, June 1, 2010



relativistic
• correlation length: ξ∝|T – Tc|-ν

• relaxation time: τ∝|T – Tc|-μ

• classically, μ=ν

• dimensional analysis: ξ0≈τ0≈Tc
–1

• τQ=(t – tc)/ε=2H(Tc)–1

• ξ=ξ0 ε(t*)-ν =ξ0 |τQ/τ0|ν/(1+μ)                         

≈Tc
–1 |MPl/Tc|ν/(1+ν)
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defect formation

• Kibble estimate: one per H–1≈Tc
–1|MPl/Tc|

• Zurek estimate: one per ξ≈Tc
–1|MPl/Tc|ν/(1+ν)

• Landau theory: L=κ(T–Tc)Tc ϕ2+λϕ2

• ξ=τ=|κ(T–Tc)Tc |–1/2, μ=ν=1/2

• Zurek estimate: one per ξ≈Tc
–1|MPl/Tc|1/3

• enormous enhancement by |MPl/Tc|2/3!
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Experimental tests

• D. Stamper-Kurn group (Berkeley)
• spinor BEC with 87Rb in F=1 states

• O(2) symmetry
• when λ>>μ, O(2) unbroken
• quickly reduce λ (quantum quench)
• many domains with different O(2) breaking

H = −µ�F
2 + λF

2
z
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Vortex 
formation

Figure 5.7. Polar-core spin vortices at Thold = 150 ms. Two separate runs of the
experiment are shown with the left set of images having one vortex and the image
set on the right exhibits two vortices. The smaller images are an enlargement of
the vortex region. The yellow boxes on the images indicate the position of the spin
vortices.
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Figure 5.8. Schematic of vortex formation in 2D in the x,y plane. (a) The onset of
spontaneous ferromagnetism occurs with the formation of small domains of definite
transverse magnetism, opposite in phase, which are separated by a domain wall of
m=0 atoms. This configuration is unstable due to the high energy cost of the m=0
atoms. (b) The m=0 atoms in the domain wall will also phase separate in the orthog-
onal transverse direction leaving a magnetization defect of m=0 atoms in the center
with a 2π phase winding around the core. Here the arrows signify the direction of
the F=1 spins.
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Monopoles
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Magnetic monopoles

• Standard Model GSM=SU(3)C×SU(2)L×U(1)Y

• It has U(1)Y

• Georgi-Glashow SU(5) Grand Unification

• π3(SU(5)/GSM)=Z

• Pati-Salam GPS=SU(4)C×SU(2)L×SU(2)R

• π3(GPS/GSM)=Z
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monopoles

• Kibble mechanism: 

• Landau theory:

• more generally:
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magnetic monopoles

• monopoles annihilate if 
slowed down by plasma 
(Preskill)

• we used to think only 
GUT-scale monopoles 
are important

• now with enhancement 
by (MPl/Tc)2, much lower 
Tc would be relevant

• Pati-Salam below 
inflation is all dead!
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hidden monopole
dark matter

• But monopole may not 
couple to QED

• “hidden monopole”

• Then it could well be 
dark matter!
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Domain Walls
Alexander Friedland, HM, Maxim Perelstein

PRD 67, 043519 (2003) with updates
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Domain Walls
• When a discrete 

symmetry breaks, 
domain walls form

• it is usually assumed that 
the network of domain 
walls (or strings) scale, 
namely they keep 
simplifying so that there 
is practically only one 
defect per horizon

• initial condition doesn’t 
matter
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Frustration
• If the discrete symmetry group is 

complicated (e.g., large ZN, non-abelian), 
network may not find a way of simplifying

• frustrated network only gets stretched by 
the expansion of the Universe

• compare to 1st law of thermo: ρ∝R–3(1+w)

• pointlike defects: w=0, ρ∝R–3

• string network: w=–1/3, ρ∝R–2

• wall network: w=–2/3, ρ∝R–1
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Previous study

• With Friedland and Perelstein, we studied 
the possibility of domain-wall dark energy

• Used Kibble mechanism
• CMB anisotropy constraint severe
• needed Tc≈100 keV
• walls well-behaved, prob to miss one p<10–3

• shouldn’t break for more than Tc/T0=108
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Revised study

• Used Kibble-Zurek mechanism

• CMB anisotropy constraint trivial

• need Tc≈10 eV

• walls don’t need to be well-behaved, prob to 
miss one p≈1 OK

• shouldn’t break for more than Tc/T0=104
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3 sigma away

• Admittedly, the current 
constraints from WMAP
+BAO+SNe do not 
prefer w=–2/3

• w=–0.99±0.11

• systematics?

• subdominant 
contribution?

18 W.J. Percival et al.

Figure 13. For the owCDM model we compare the constraints from
WMAP5+BAO (blue contours), WMAP5+SN (green contours), and
WMAP5+BAO+SN (red contours). Dashed and solid contours highlight
the 68% confidence intervals for the WMAP5+BAO and WMAP5+SN
models respectively.

noisy data, which produce a non-Gaussian likelihood surface. We
should therefore increase the errors on the DR5 measurements of
Percival et al. (2007c) by at least a factor of 1.14, which is the
correction derived from the fits to three DR7 power spectra. If
we do this, the revised DR5 constraints are rs(zd)/DV (0.2) =
0.1981 ± 0.0071 and rs(zd)/DV (0.35) = 0.1094 ± 0.0040 with
correlation coefficient 0.38, which gives a distance ratio measure-
ment of DV (0.35)/DV (0.2) = 1.813 ± 0.073. The discrepancy
between the old DR5 constraints and the SNLS ΛCDM value is re-
duced to ∼< 2σ. Because the DR5 data were noisier than the DR7
data, we should expect the likelihood surface to be less like a Gaus-
sian prediction, and the correction actually should be slightly larger
than that for the DR7 data.

Of all the changes implemented between this DR7 analysis
and the analysis of the DR5 data, it was the increase in the num-
ber of random points used to quantify the survey geometry that

had the most effect when comparing different catalogues. We now
find consistent results, given in Table 3, for all catalogues and
analysis variations presented in Section 8. When translated into
constraints on the distance ratio, for the full catalogue we find
DV (0.35)/DV (0.2) = 1.736±0.065. Using only 3 redshift slices
we find DV (0.35)/DV (0.2) = 1.765 ± 0.079. If the 0.5σ differ-
ence is not due to chance, the difference between these measure-
ments could be caused by residual non-Gaussian scatter in the band
powers. A scenario in which this is reduced by including fits to
more redshift bins would then explain the observed trend. Exclud-
ing the 2dFGRS and early SDSS data, the constraint is reduced to
DV (0.35)/DV (0.2) = 1.747 ± 0.070, which is consistent with
the tighter constraint using all of the data.

Sanchez et al. (2009), who analysed the SDSS DR6 sam-
ple, speculated that the discrepancy could be caused by the
Percival et al. (2007c) analysis fixing the BAO damping scale.
However, in our current analysis, if we allow the BAO
damping scale Ddamp to vary, the derived constraints on
DV (0.35)/DV (0.2) does not change significantly from that re-
covered in our default analysis. The mild discrepancy with ΛCDM
does not appear to be caused by fixing the damping scale. The
change from photometric calibration to uber-calibration has a rel-
atively minor effect on the distance ratio, which increases to
DV (0.35)/DV (0.2) = 1.748 ± 0.074. Fig. 6 shows that the ef-
fect on the BAO of redshift-space distortions caused by the thermal
motion of galaxies in clusters is similarly small. Linear redshift-
space distortions propagate the apparent position of galaxies along
their velocity vector in a way that simply makes the field look more
evolved than it is; they do not alter the positions of the BAO.

In conclusion, the significance of the discrepancy with flat
ΛCDM models is reduced because of

(i) analysis of the non-Gaussian nature of the likelihood surface,
(ii) analysis of more redshift slices,
(iii) more accurate determination of the galaxy redshift distribu-

tion.

11 DISCUSSION

In this paper we have measured and analysed BAO from the SDSS
DR7 sample, which represents the final data set observed using
the original SDSS spectroscopic target selection algorithm. We
have further developed the analysis method used by Percival et al.
(2007c) to analyse the DR5 sample, including a faster method for
the calculation of the window function (see Appendix A), linking
the cosmological model to be tested with the power spectrum band-
powers measured. This has enabled us to analyse power spectra
calculated for six rather than three redshift slices, which would not
have been possible using the old method.

In Section 6 we have shown how the distance–redshift con-
straints at z = 0.2 and z = 0.35 can be decomposed into a single
distance constraint at z = 0.275, and a “gradient” around this pivot
given byDV (0.35)/DV (0.2). This allows us to easily test the con-
sistency of the ΛCDM model without having to compare with ad-
ditional data. For the best-fit flat ΛCDM model that matches our
constraint d0.275 = 0.1390 ± 0.0037, we find that our distance-
ratio measurement of DV (0.35)/DV (0.2) = 1.736 ± 0.065 is
consistent at the 1.1σ level.

Now that the SDSS-II sample is complete, the importance of
including the 2dFGRS data is reduced, and the inclusion only de-
creases the low redshift z = 0.2 distance error by 4%. As we
showed in Section 8.2, the inclusion of the 2dFGRS galaxies does
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