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Outline

 Axion dark matter
« Cosmic axion Bose-Einstein condensation

 Evidence for axion dark matter from the
study of caustics



Axion production by vacuum realignment
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* number density

Cold axion properties
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Bose-Einstein Condensation

if

then

identical bosonic particles

are highly condensed in phase space
and their total number is conserved
and they thermalize

most of them go to the lowest energy
available state



why do they do that?

by yielding their energy to the
non-condensed particles, the
total entropy Is increased.

preBEC BEC



the axions thermalize and
form a BEC after atime 7T

t<T1 t > 71

the axion fluid obeys the axion fluid does not obey
classical field equations, classical field equations,
behaves like CDM does not behave like CDM



the axion BEC rethermalizes

t<T t > T

— —

the axion fluid obeys the axion fluid does not obey
classical field equations, classical field equations,
behaves like CDM does not behave like CDM
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from M.R. Andrews, C.G. Townsend, H.-J. Miesner, D.S. Durfee,
D.M. Kurn and W. Ketterle, Science 275 (1997) 637.



A classical scalar field behaves like
CDM

In the non-relativistic limit

on distance scales much larger than the wavelength
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N. Banik, A. Christopherson,
with 8t¢ < WO¢ P.S., E. Todarello, 1504.05968
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"quantum pressure”
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In the expanding universe, the Fourier components (k. )
of the relative overdensity grow according to:
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Ultra-light axion-like particles
m ~ 107t to 107** eV
have been proposed

I
 Sp mdv

when m ~ 10724 eV and dv ~ 1073

~ 10%? cm
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S.-J. Sin 1994
J. Goodman 2000
W. Hu, R. Barkana & A. Gruzinov 2000

and many others

see talk by D. Grin



A quantum scalar field differs
from CDM on time scales longer 1

than its thermal relaxation time 7 ~ f




Quantum axion field dynamics
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In the “particle kinetic” regime [I' << OF
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On time scales of order T the system moves
toward the Bose-Einstein distribution
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For the classical theory

Az(t) are c-numbers now
Nj(t) = A;(t)"A4;(¢)

In the particle kinetic regime
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On time scales of order the thermal relaxation time 7
the classical system moves towards the Boltzmann
distribution

leg — ka



Axion field dynamics
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In the “particle kinetic” regime
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FIG. 4. Snapshols of the disinnbalzon function in the nonconden-
sale case. The dashed line cocresponds o the imitial distribution; the
equilibrium distnibulzon s peesented by the solxd curve; dotted
curves corresponxd 1o the resulls of numerical integralion at different

moments of ume =~ 1.5.10.20.
D. Semikoz & I. Tkachev, PRD 55 (1997) 489D.



After t1 , axions thermalize in the
“‘condensed” regime
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Toy model thermalizing in the
condensed regime:

H = E wjajaj + E Aklakal a;a;
’L]kl
with Wi = jwi
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50 quanta among 5 states
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Start with {N} =1(20,5,15,5,5)
Number of particles N = ZNj — 50

Total energy E=> Njwj =120 w
j

Thermal averages {N} = (15.25,14.72,9.33,6.16,4.53)



Integrate i—|U(t) >=H |P(t) >

Calculate <N;(t) >= > Nj [W{N}, )7
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Dothe <WN,(t)> approachthe N; on
the predicted time scale?
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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

f 2
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Axion BEC thermalization has also
been discussed by

Saikawa and Yamaguchi, Phys. Rev. D87 (2015)
085010

S. Davidson and Elmer, JCAP 1312 (2013) 034

J. Berges and J. Jaeckel, Phys. Rev. D91 (2015)
025020

A. Guth, M.P. Hertzberg and C. Prescod-Weinstein,
arXiv:1412.5930



Tidal torque theory

neighboring '

protogalaxy

Stromberg 1934; Hoyle 1947; Peebles 1969, 1971



Tidal torque theory
with ordinary CDM

Sy
neighboring

protogalaxy

the velocity field remains irrotational



Tidal torque theory
with axion BEC

P

®
Vxv = 0 \®N

in their lowest energy available state, the axions fall in with net
overall rotation



Axions rethermalize before falling onto
galactic halos and go to their lowest energy state
consistent with the total angular momentum
they acquired from tidal torquing

provided ArGnm?l > mi
> —1
- nm
i.e. 30 PDM

Axion fraction of dark matter is more than
of order 3%.



DM forms caustics in the non-linear regime

s X L X
DM particles
in phase space
/ X "
P P

A M




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

Telescope Board. (from Binney and Tremaine’s book)
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7-22 are formed when a numerical disk galaxy is
tidally disrupted by a fixed galaxy-like potential.

Figure 7-23. Ripples like those shown in Figure
(See Hernquist & Quinn 1987.)




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).



simulations by Arvind Natarajan

in case of net overall rotation

0.002

-0.002




The caustic ring cross-section

an elliptic umbilic catastrophe



0.04

0.04

in case of irrotational flow




On the basis of the self-similar infall model
(Filmore and Goldreich, Bertschinger) With angular
momentum (Tkachev, Wang + PS), the caustic
rings were predicted to be

In the galactic plane
with radii (n=1,2,3...)

40kpC Vrot jmax
Un =
7 220km/s J\ 0.18

].... =0.18 was expected for the Milky Way
halo from the effect of angular momentum
on the inner rotation curve.




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)
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« combining data on
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Inner Galactic rotation curve
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from Massachusetts-Stony Brook North Galactic Pane CO Survey (Clemens, 1985)



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)



Rotation curve of Andromeda Galaxy

from L. Chemin, C. Carignan & T. Foster, arXiv: 0909.3846
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The caustic ring halo model
assumes L. Duffy & PS

PRD78 (2008)
063508

* net overall rotation
 axial symmetry

* self-similarity



The specific angular momentum
distribution on the turnaround sphere
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0.25<€e<0.35

Is it plausible in the context of
tidal torque theory?



Tidal torque theory
with ordinary CDM

Sy
neighboring

protogalaxy

the velocity field remains irrotational



0.04

0.04

in case of irrotational flow




Tidal torque theory
with axion BEC

P

®
Vxv = 0 \®N

net overall rotation is obtained because, in the lowest energy state,
all axions fall with the same angular momentum



In case of net overall rotation
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The specific angular momentum
distribution on the turnaround sphere
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Tidal torque theory
with axion BEC

P

®
Vxv = 0 \®N

net overall rotation is obtained because, in the lowest energy state,
all axions fall with the same angular momentum



Magnitude of angular
momentum

1
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G. Efstathiou et al. 1979, 1987 from caustic rings

fits perfectly (0.25<&<0.35)



The specific angular momentum
distribution on the turnaround sphere
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Self-Similarity
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Self-Similarity (yes!)
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Conclusions

 Axions form a Bose-Einstein condensate as a
result of their gravitational self-interactions

* When re-thermalizing, axion BEC behaves
differently from WIMP dark matter

* The evidence for caustic rings of dark matter
Implies that the dark matter is axions, at least

in part



