
Duration of Classicality of the 
Axion Dark Matter Condensate

Identification of Dark Matter 2018, Brown University

Pierre Sikivie
Sankha Chakrabarty
Seishi Enomoto
Yaqi Han
Elisa Todarello
Ariel Arza

University of Florida



Dark Matter Axions

Lθ = g 2

16π 2 θGµν
a !Ga

µν θ = θ +ArgM ≤10−10

UPQ (1)
(Peccei y Quinn Phys. Rev. Lett., 1977)

Axions: Solving the Strong CP Problem

Peccei and Quinn proposal: New Symmetry

Axions could solve the Dark Matter problem if they were 
produced in the early universe with a non-thermal 
mechanism



Dark Matter Axions
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Dark Matter Axions

If Dark Matter axions form a Bose-Einstein condensate, 
they can explain the formation of caustic rings in 
galatic halos

(Sikivie and Yang, Phys.Rev.Lett. 103 (2009) 111301 )

Dark matter axions could form a Bose-Einstein 
condensate (BEC)

BEC can only be described by quantum field equations

(Erken et al., Phys.Rev. D85 (2012) 063520  )

(Saikawa and Yamaguchi, Phys.Rev. D87 (2013) no.8, 085010 )

(Berges and Jaeckel, Phys.Rev. D91 (2015) no.2, 025020 )



Over what time scale is a classical 
description valid?

This time scale is defined as the “Duration of Classicality”



Classical vs. quantum description of interacting spin-0 
bosons (a toy model approach)
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Classical vs. quantum description of interacting spin-0 
bosons (a toy model approach)
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(Sikivie and Todarello, Phys.Lett. B770 (2017) 331-334)



Classical vs. quantum description of interacting spin-0 
bosons (a toy model approach)
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- How to find the duration of classicality in quantum field 
theory?

- Duration of classicality of the inhomogeneous classical 
condensate with a repulsive contact interaction

Outline

- Duration of classicality of the homogeneous 
classical condensate with atractive contact 
interaction

- Duration of classicality of the homogeneous 
classical condensate with gravitational self-
interaction



How to find the duration of classicality in 
quantum field theory?

[ψ(x, t), ψ(y, t)] = 0

[ψ(x, t), ψ(y, t)†] = δ3(x − y)
ψ(x, t) = ∑

k

uk(x, t)ak(t)

∫V
d3x uk(x, t)*uk′�(x, t) = δk′�

k ∑
k

uk(x, t)*uk(y, t) = δ3(x − y)

  are an orthonormal and 
complete set of wavefunctions
uk(x, t)



Ψ(x, t) some solution of the classical 
equations

uk(x, t) =
1

N
Ψ(x, t)eik⋅χ(x,t)

d3N
dχ3

=
n(x, t)
J(x, t)

= n0

∫V
d3x uk(x, t)*uk′�(x, t) =

1
V0 ∫V0

d3χ ei(k′ �−k)⋅χ = δk′�
k

ak(t) = Nδ0
k + bk(t) bk(0) Ψ⟩ = 0

How to find the duration of classicality in 
quantum field theory?



Duration of classicality of the homogeneous classical 
condensate with atractive contact self-interaction
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ψ†ψψ

Atractive contact interaction
Ψ = n0e−iδωt
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Time of Classicality tc
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Instabilityλ < 0

Duration of classicality of the homogeneous classical 
condensate with atractive contact self-interaction



Gravitation self-interaction

Duration of classicality of the homogeneous classical 
condensate with gravitation self-interaction
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Duration of classicality of the homogeneous classical 
condensate with gravitation self-interaction



t ≫ tk =
k6t4
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condensate with gravitation self-interaction



Duration of classicality of the inhomogeneous classical 
condensate with repulsive contact self-interaction
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Duration of classicality of the inhomogeneous classical 
condensate with repulsive contact self-interaction



We want to use this idea to calculate the time of 
classicality for an inhomogeneous sef-gravitating 
field, which is the relevant case for Dark Matter 
Axions

What is the next step?


