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Axion Dark Matter

Axions from vacuum realignment

60 _°
N ~ 10" = classical field theory

s this frue in the presence of intferactionse For how long?

Axion inferactions
. . . 4
o Quartic self-interactions V, >~ X a
o Gravitational self-interactions

o Number changing interactions

Are these importante Relaxation rate vs. Hubble rate

L(t) > H(t)



Bose-Einstein Condensation

Sikivie, Yang, Phys. Rev.
Thermalizing interaction: gravity Left. 103 (2009) 111301
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['(¢) > H(t) for T <500 eV (

Necessary and sufficient conditions for Bose-Einstein condensation

1. Large number of identical Bosons

2. Conservation of the number of particles

3. High degeneracy N > O(1)
4. Effective thermalizing interaction

Quantum mechanics =  Bose-Einstein distribution = BEC

Can we use classical field theory instead if N > 12



Duration of Classicality
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Duration of Classicality
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Gravitational Self-Interactions

Non-relativistic limit
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Heisenberg equations of motion
i0p)(7,1) = =55 V2Y(7, 1) + mep(F, 1)3(7, t)
V2p(F,t) = 4nGma)' (7, 1)y (7, t)

Schroédinger-Poisson equations (classical)

U (7, t) = —5=V2U(F,t) + m®(F, t)U(F,t)

V20 (7,t) = 4nGm|YU (7 t)|?
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Method to get ¢ in QFT

Step 1: Expand field over ONC mode functions

P(r,t) = Z uo‘f(f; t)ag(t) W(r,t) = Z u&(Fa t)Aa(t)
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where W(7,t) solves the classical field equations

- U(r,t) defines a fluid with number density and velocity

n(Ft) = U7 1)U(F, 1)
1
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Choose X to be comoving coordinates, such that the density in X
space is constant

. The classical evolution is trivial Az(t) = VN2



Method to get ¢ in QFT

« Deviation from classical theory as a # 0 modes get occupied
quantum mechanically

Step 2: calculate coefficients of equations of motion
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Method to get ¢ in QFT

Step 4: expand equations for b5 in powersof 1/v N
and keep first order terms only. Solve.
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Step 5: duration of classicality

Expectation value (Ngz(t)) = <O]bg(t)b@(t)\0> for @ # 0

Evaporation Neo(t) =) (Nz(t))

a0
Duration of classicality

Nev (tcl) ~ N
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Homogeneous State

Classical solution

i 27G
Wo(F,t) = V/no(t) eF™HOT @o( 1) = T no(t)r
Mode functions
uF (7 ) = ) ") amAOr ik,

N

Jeans wavenumber  k;(t) = (160Gm3n(t))/*R(t)
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Homogeneous State

Unstable modes k < kj(t)
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Evaporation of the homogenous state
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Contact Self-Interactions

Gross-Pitaevskii equation
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A. Arza, S. Chackrabarty, S. Enomoto, Y. Han, E. T., in preparation
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One-mode perturbation

Linearize
U (Z,t) = Vo(t) + V1(7,1)

Number density and velocity

n(faw :n0+n1(fvt)
27)(fa t) = U3 (fa t)

Classical solution: one plane wave
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One-mode perturbation

«  Quantum behavior: occupation of modes grows exponentially
within a resonance region
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One-mode perturbation

Evaporation of the classical state

Neo(t) = > _(Nz(#)) =
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Take integral
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Conclusions

Quantum mechanics is needed to describe intferacting quantum
fields over fimescales of order the relaxation time, even if the
occupation numbers are high

Axion dark matter can relax through gravitational self-interaction

Quantify timescale of departure from classical field theory for a self-
gravitating homogeneous field

Duration of classicality becomes shorter when there are
iInhomogeneities? EQ. Repulsive contact self-interactions:

Homogeneous Homogeneous + perturbation
t t L
Cl — OO Cl X 5’)?,
5wn—0

Self gravitating inhomogeneous fielde Growth of perturbation in
axion dark mattere



