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Abstract: The axion provides a solution to the strong CP problem and is a cold dark matter candidate.&nbsp; I'll briefly review the limits on the
axion from particle physics, stellar evolution and cosmology.&nbsp; The various constraints suggest that the axion mass is in the micro-eV to
milli-eV range.&nbsp; In this window, axions contribute significantly to the energy density of the universe in the form of cold dark matter.& nbsp; It
was recently found that dark matter axions thermalize and form a Bose-Einstein condensate (BEC).&nbsp; As a result, it may be possible to
distinguish axions from other forms of dark matter, such as weakly interacting massive particles (WIMPSs), on observational grounds.& nbsp; Axions
accreting onto a galactic halo fall in with net overall rotation because amost al go to the lowest energy available state for given angular
momentum.& nbsp; In contrast, WIMPs accrete onto galactic halos with an irrotational velocity field.& nbsp; The inner caustics are different in the
two cases.& nbsp; I'll argue that the dark matter is axions because there is observational evidence for the type of inner caustic produced by, and only
by, an axion BEC.
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A critical aspect of axion BEC
phenomenology is whether the BEC
continues to thermalize after it has formed.

Axion BEC means that almost all axions go
to one state.

However, only if the BEC continually
rethermalizes does the axion state track

the lowest energy available state.
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Thermalization occurs due to
gravitational interactions

PS + Q. Yang, PRL 103 (2009) 111301
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Gravitational interactions thermalize the
axions and cause them to form a BEC
when the photon temperature
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Thermalization occurs due to
gravitational interactions

PS + Q. Yang, PRL 103 (2009) 111301
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axion BEC density perturbations obey
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axion BEC density perturbations obey
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In the linear regime within the horizon, axion
BEC and CDM are indistinguishable on all
scales of observational interest,

put

axion BEC differs from CDM when it
rethermalizes

In the non-linear regime &
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DM forms caustics in the non-linear regime
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Phase space distribution of DM in
a homogeneous universe
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Multiple flows and caustics occur
In the non linear regime
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Phase space structure of
spherically symmetric halos
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Figure 7-22. The giant elliptical galaxy NGC 3923 is surrounded by faint
ripples of brightness. Courtesy of D. F. Malin and the Anglo-Australian

[elescope Board. (from Binney and Tremaine’s book)
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Figure 7-23. Ripples like those shown in Figure
7-22 are formed when a numerical disk galaxy is
tidally disrupted by a fixed galaxy-like potential.
(See Hernquist & Quinn 1987.)
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Galactic halos have inner caustics as
well as outer caustics.

If the initial velocity field is dominated by net
overall rotation, the inner caustic is a ‘tricusp ring'.

If the initial velocity field is irrotational, the inner
caustic has a ‘tent-like’ structure.

(Arvind Natarajan and PS, 2005).
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simulations by Arvind Natarajan
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simulations by Arvind Natarajan
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in the galactic plane
with radii (n=1,2,3...)

40kpC Vrot jm;n
dn =
n 220km/s )\ 0.18

... =0.18 was expected for the Milky Way
halo from the effect of angular momentum
on the inner rotation curve.
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Effect of a caustic ring of dark matter upon
the galactic rotation curve
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Composite rotation curve
(W. Kinney and PS, astro-ph/9906049)

« combining data on
32 well measured .
extended external . . »
rotation curves =" . . .

« scaled to our own galaxy -
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in the galactic plane
with radii (n=1.2.3...)
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Outer Galactic rotation curve
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Monoceros Ring of stars

H. Newberg et al. 2002; B. Yanny et al., 2003; R.A. Ibata et al., 2003;
H.J. Rocha-Pinto et al, 2003; J.D. Crane et al., 2003; N.F. Martin et al., 2005

In the Galactic plane

at galactocentric distance 7 =20kpc

appears circular, actually seen for 100" </ < 270"
scale height of order 1 kpc

velocity dispersion of order 20 km/s

may be caused by the n =2 caustic ring of
dark matter (A. Natarajan and P.S. '07)
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Rotation curve of Andromeda Galaxy

from L. Chemin, C. Carignan & T. Foster, arXiv: 0909.3846
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The specific angular momentum
distribution on the turnaround sphere
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((n,t) = nx(zxn) R
[

R(1) o 1

0.25<¢e <0.35

Is it plausible in the context of
tidal torque theory?
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neighboring <>
protogalaxy

Stromberg 1934; Hoyle 1947; Peebles 1969, 1971
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dv 0V =
—(r,t)= —(r,t) +(v(r,t)-V V(r,t
—(7.0= (.0 + (W0 V Ji7.0)

= —=VO(F,1)
If Vxv=0 initally,

then Vxv=0_0 forever after.
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The specific angular momentum
distribution on the turnaround sphere

R(t)
A

I(h,t) = nx(zxn)

R(r) o 1

0.25<¢e <0.35

Is it plausible in the context of
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Vxv = 0 &)
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Magnitude of angular

momentum
A’ = L‘ E‘j = 6 8 i jmm
- \5-3¢ 10+3¢ n ’
G M-
A = 0.05

G. Efstathiou et al. 1979, 1987

fits perfectly (0.25<¢<0.35)
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Self-Similarity

~ a comoving volume

T(1) = p(,(r)a(r)*fd-‘x 5(X) ¥x(=V_¢(X))

1
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The dark matter looks like axions
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Figure 7-22. The giant elliptical galaxy NGC 3923 is surrounded by faint
ripples of brightness. Courtesy of D. F. Malin and the Anglo-Australian

[elescope Board. (from Binney and Tremaine'’s book)
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