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Evolution and thermalization
of axion dark matter in the
condensed regime
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Abstract

® Discuss the possibility that QCD axions

form a Bose-Einstein condensate (BEC)

° Calculate time evolutlon of occupatlon
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Peculiarities of axion dark matter

® Non-thermal production
H<Smg, (t=t)

t1 ~ 10~ "sec

Y (51) R(ll) 1 3 % 10—]7 Fa i
: e T 1012GeV

“cold” dark matter (6v < 10~°)
® | arge occupation humber

9 3 . Fa 2.75
NNTla4(7r) N1061<1 )

S (mgov)? 012GeV

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

100GeV

Myyimp

cf. N~10718 ( )4 for WIMPs
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Do axions form a BEC ?

® Bose-Einstein condensate

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

® Critical temperature
9 1/3 (T
T, = (7r "“) ~ 2 102GeV( o ) (R(tl))
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Axions vs VWIMPs

® Thermalizeif T' ~ N (p)/N(p) > H

® WIMPs : classical particle limit
h— 0 while E =hw, p=hk fixed

w, k — oo collection of classical “point particles”

evolution : use Boltzmann eq.
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In quantum mechanics...

® VWe consider transitions between different
quantum states.

® Jwo different regimes

® WIMPs w — large
ow > [

energy exchanged transition rate
in the transitions “ : . - : ”
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Previous study

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

Heisenberg picture
[ : label of the state (momentum)
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N — 3| H. N, Leading contribution
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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

Q== 15Tf,‘z = P ‘|_'Pa.f = —T f(2 + 1)
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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)

—(0) +i /t dt1([Hy(t1), O))
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In state

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

® Use a coherent state

a;la;) = VYV 2q;|a;)

tude
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® Field ampli
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“Zero modes’’

® Assume plural (say K ) oscillating modes
K = n pi| S H(t1) ~ ma(t1)

|{a}>=He_%lailzzn|iy/ﬁ( a;)"|0) for i=1,....K

) n=0

® number density

& VD{a}w {a}) = Vz|az|2—znm
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Evolution of occupation number

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

to
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Thermalization rate

1 dNp(1) ki
Np(t)  dt —sz Jzkllm[A k105 )

Using A’;; — AV6k+l,p+j and N ~ Iap|2 ~ N/K

we obtain

N :number density
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Formation of axion BEC

® Axions form a BEC when T'condensed,qg 2 H

corresponding to the photon temperature

® At this time, axions enter into thermal equilibrium
with temperature
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No photon cooling

® Interaction with other species b

1 ] e
Hialt) = g3 3 3 e el
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® Assume } particles are represented as a number state

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

® Derive the formula for thermalization rate in the
condensed regime by using

® in-in formalism

® coherent state representation

® Formation of axion BEC occurs at Tppc ~ O(1)keV
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