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Outline

Å Review of axion properties

Å Cold dark matter axions form a 

Bose-Einstein condensate

Å Axion BEC differs from ordinary CDM

Å Compare CDM and axion BEC density perturbations with 
observations in three arenas

1. upon entering the horizon

2. in the linear regime within the horizon

3. in the non-linear regime
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The Strong CP Problem

Because the strong interactions 

conserve P and CP, .
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The Standard Model does not provide a 

reason for       to be so tiny,

but a relatively small modification of the 

model  does  provide a reason é
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If a             symmetry is assumed,

relaxes to zero,
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and a light neutral pseudoscalar 

particle is predicted:  the axion.
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The remaining axion window

laboratory

searches
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There are two axion 

populations:  hot and  cold.

When the axion mass turns on, at QCD time,
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Axion production by vacuum realignment
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Cold axion properties

Ånumber density

Åvelocity dispersion

Åphase space density
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The cold axions thermalize and 

therefore form a BEC
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At high phase space density

D. Semikoz 

and I. Tkachev,  

1995, 1997
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without  BEC

with  BEC
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axion  BEC

Except for a tiny fraction, all axions are in the 
same state
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We have

and
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In the linear regime, 

within the horizon,

axion BEC density perturbations obey

Jeansô length
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In the linear regime within the 

horizon, axion BEC and CDM are

indistinguishable on all scales 

of observational interest,

but

axion BEC may differ from CDM

in the non-linear regime  &  

upon entering the horizon



CMB

multipoles 

are 

aligned

quadrupole:

octupole: M. Tegmark, 

A. de Oliveira-Costa

A.  Hamilton,  2003

C.  Copi

D. Huterer

D.  Schwarz

G.  Starkman, 2006



Upon entering the horizon 

CDM density perturbations evolve linearly

the density perturbations in the axion BEC   

evolve non-linearly because the axionBEC

rethermalizes

axion BEC provides a possible mechanism for    

the alignment of CMBR multipoles through the   

ISW effect.
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CDM  particles 

in phase space

CDM  forms  caustics in the non-linear regime
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Phase space distribution of CDM 

in a homogeneous universe
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The cold dark matter particles lie on 

a 3-dimensional sheet in 

6-dimensional phase space

the physical  

density is the 

projection of 

the phase 

space sheet 

onto position 

space ( , t) = t) ( , t)r r rv v   H(  + D  
FC C C FC C
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The cold dark matter particles lie on 

a 3-dimensional sheet in 

6-dimensional phase space

the physical  

density is the 

projection of 

the phase 

space sheet 
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Phase space structure of 

spherically symmetric halos



Implications:  

1. At every point in physical space, the 

distribution of velocities is discrete, each 

velocity corresponding to a particular flow 

at that location .

2.  At some locations in physical space, where 

the number of flows changes, there is a 

caustic, i.e. the density of dark matter is very 

high there. 



- the number of flows at our location in the Milky Way halo 

is of order 100

- small subhalos from hierarchical structure formation 

produce an effective velocity dispersion

but do not destroy the sheet structure in phase space

- the known inhomogeneities in the distribution of  matter are 

insufficient to diffuse the flows by gravitational scattering 

- present N-body simulations do not have enough particles to 

resolve all the flows and caustics 
(see however:  Melott and Shandarin, Stiff and Widrow,  Shirokov  and Bertschinger,

and more recently:  White and Vogelsberger,  Diemand and Kuhlen.               
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Hierarchical clustering introduces effective

velocity dispersion
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(from Binney and Tremaineôsbook)


