Thermalization of axion
ark matter




Abstract

® Discuss the possibility that QCD axions

form a Bose-Einstein condensate (BEC)

o Calculate tlme evolutlon of occupatlon
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Dark Matter

® Recent astrophysical observations

® 22% of the total energy of universe is
occupied by unknown matter

® “invisible”
(interaction with ordinary matters is weak)
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http://map.gsfc.nasa.gov
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Strong CP problem

e Neutron electric dipole moment d,,

S S
< —dE - 2

H=—-u,B- 5

time-reversal

TB-S)=B.-S, T(E-S)=-E-S

® non zero value of d,, = violation of T (violation of CP)

Experiments: dn TS R e 10—2660m Baker et. al. (2006)

® 0 term in Quantum chromodynamics (QCD)
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Peccei-Quinn mechanism

Peccei, Quinn (1977)

® Take () as a dynamical variable (field)
0 — bOeg(x)=0+alx)/F,
® Peccei-Quinn (PQ) symmetry breaking
PQ: a — a—+ A, A = const.

® potential for ¢(z) has a minimum at (q) = —0F,
(QCD effect)
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Axion

® Spontaneous breaking of continuous Peccei-Quinn
S)'mmetl‘)' at T ~ Fa ~ 109_12G6V “axion decay constant”’

® Nambu-Goldstone theorem

— emergence of the (massless) particle = axion
Weinberg(1978), Wilczek(1978)

® Axion has a small mass (QCD effect)

— pseudo-Nambu-Golstone boson
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Production mechanism

Preskill, Wise,Wilczek (1983); Abbott, Sikivie (1983); Dine, Fischler (1983)

® Misalignment mechanism
V(a) T > 1GeV

The axion mass “turns on” at m,(t1) = H(t1) (T} ~ 1GeV)

® EOM for homogeneous axion field

" P O
| | =0
(dt2 21 dt m“) (@)

maA® o« R™3(t) . {(a) = A(t) cos(mqt)
R(t) : scale factor of the universe

pa(t) = 5mz(a)® oc R75(t)

behave like non-relativistic matter
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Peculiarities of axion dark matter

® Non-thermal production
H<Smg, (t=t)

t1 ~ 10~ "sec

C : 0.81
5 0 R(t 1 . F,
PR I 2, ~ 3 x 10717

Myesaiettito) meit

“cold” dark matter

® | arge occupation humber

(27)3

2.75
N ~ n, ~ 10°! Fa
%’r(?naév):s 1012GeV

(ng ~ 777,0,,F(;,‘2(R(tl)/R(to))3 : number density of axions)

100GeV

Myyimp

cf. N~10718 ( )4 for WIMPs

8/24



Do axions form a BEC ?

® Bose-Einstein condensate

® |arge fraction of bosons are in the lowest-
energy state

® Critical temperature

o 1/3 - F, 0.54 R(ty)
r- () =20 (maw) (7o)
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Do axions form a BEC ?

® Bose-Einstein condensate
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energy state

® Critical temperature
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Axions vs VWIMPs

e Thermalizeif T' ~ N(p)/N(p) > H
e WIMPs

.\

~ /

- collection of classical “point particles”
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Previous study (1)

Erken, Sikivie, Tam, Yang, PRD85, 063520 (2012)

® (Consider transitions between different
quantum states.

® Jwo different regimes

® WIMPs ow — large
oW > I

energy exchanged transition rate
~in the transitions GO s Sl it . sl
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Previous study (2)

Erken, Sikivie, Tam,Yang, PRD85, 063520 (2012)
® Time evolution of quantum operators in the

Heisenberg picture
[ : label of the state (momentum)

e— sza a; + Z _Aklakal a;a; N = a{al
,J,kl

/\'fz=i[H Nz]
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Previous study (2)

Erken, Sikivie, Tam,Yang, PRD85, 063520 (2012)
® Time evolution of quantum operators in the

Heisenberg picture
[ : label of the state (momentum)

i— sza a; + Z 4Aklakal G N = a;ral
i,J,k,l

N — 3| H. N, Leading contribution
: [ , l] in the condensed regime
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Previous study (2)

Erken, Sikivie, Tam,Yang, PRD85, 063520 (2012)
® Time evolution of quantum operators in the

Heisenberg picture
[ : label of the state (momentum)

H = sza a; + Z _Aklakal a;a; Wi a{al

: i,k l reduce to Boltzmann eq.
Al Z[H j\[l] in the particle kinetic regime
kl .
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Effects on cosmological parameters !

® [hermalization rate is enhanced in the condensed
regime — leads to axion BEC

® Thermalization rate with other species is also

enhanced (7) Erken, Sikivie, Tam, Yang, PRD85, 063520 (2012); PRL108, 061304 (2012)

® axions and photons have thermal contact
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In-in formalism

Weinberg, PRD72,043514 (2005)

® C(Calculate expectation value of a quantum operator
via perturbative expansion

(O(t)) = (in|O(t)|in)

t hereafter,
= <0> +i/ dtl([HI(tl)aOD (b : axion field
t

0

i to
@ dta dta([Hr(t), [Hi(t2), Ol) + ..

.“' q_,




In state

® |in) = a state which represents the coherent
oscillation of axions

® Use a coherent state

— with ai[0) = 0

a;|a;) = V1 2a;]a;)

® Field litud
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“Zero modes”’

® |nitial time {1 (QCD phase transition) :
amplitudes of oscillation might be uncorrelated

beyond the horizon

— axions have non-zero
(but tiny) momenta

p(t1) S H(t1) ~ ma(t1)

< >

H(ty)™*

® Assume plural (say K ) oscillating modes
K

{a}) =] e Las|? Z n'm a!)™|0) Pl < H(t1) ~ ma(t)

g o] vk e TR

® |o;|° «> momentum dlstrlbutlon

Na THST Z<{a}|N [{a}) = % Z |0«’z|2 = ch i

| 7/24



Cosmic axion thermalization
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Evolution of occupation number

(NG(Ofin) = (5) +i [ ([Hi(t) N+ O + ..
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Application to axion




Thermalization rate

® Thermalization rate of coherently oscillating components

1 dAfp(t) T g : number density of axions

a Np(t) dt Ag - AV5k+l,p+j : coefficient in the

interaction term
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x 1/R3(t)
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No photon cooling

® Interaction with other species b

1 ] e
Hialt) = g3 3 3 e el

ijkl

® Assume } particles are represented as a number state

! N
in) = (3 [{a})
I;[ /N VN
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Summary

® Estimate thermalization rate in the condensed regime

Initial states rate

coherent & coherent | Ist order in coupling A (enhanced)

coherent & number | 2nd order in coupling A (negligible)

number & number 2nd order in coupling A (negligible)

- with axions X coherent state
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|st order ata—a+a (non-zero) 2nd order b+b—b+b (non-zero)




