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Motivation
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What is the dark matter?

Properties:
Dark (does not interact with light)
Massive (interacts gravitationally)
Weakly interacting (no interactions detected)

Three classes of candidate:
Weakly Interacting Massive Particle (WIMP)
Axions and Axion-like particles
Sterile neutrinos



Cold vs. Warm Dark Matter

cold dark matter warm dark matter

WDM 0.5 keV 3 Courtesy: kicc.cam.ac.uk

30 comoving Mpc/h z=3

Warm dark matter forms less
structure on smaller scales
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Cold dark matter

What do we mean by CDM?
Cold — slow moving (primordial velocity
dispersion very small ~0)
Pressureless fluid (collisionless)

Since structure formation takes place on
subhorizon scales -> Newtonian physics!

WIMPS
Axions ?



Schrodinger-Poisson equations

Schrédinger equation

i0p (7, 1) = ( jnVQ + m® (7, t))w(ﬁ t)

Poisson equation
V2® = 4nGmn(7,t)
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particle number density: n(r,t) = Ny (7, t) (7, t)



Fluid density satisfies continuity eqgn:

on + 6 ' ; =0
Kt N * T
with J = Z—W Vi — V™)
m
Write (7, t) = \/n(7, t)e" "0

so fluid velocity, 7 = iﬁﬁ obeys the Euler

equation i
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Homogeneous background

Aim: model expanding, homogeneous universe
; 2
Wavefunction: (7, t) = \/ng(t)et2™H O
Velocity v = Hr

Schrodinger eqgn satisfied if
&mo + SHTLO =0

Oy = —=(0,H + H*)r?

1
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Homogeneous equations

This reproduces the homogeneous background
equations:

Friedmann H? = %mno

continuity Oing +3Hng =0

4
acceleration O,H + H? = 7;Gmno




Inhomogeneities

To model structure formation, consider
perturbations about homogeneous solution

Much of structure formation takes place in
the linear regime

Expand wavefunction

(7, 1) = o(7, ) + b1 (7, 2)



Linear Schrodinger-Poisson eqns

Schrédinger equation

1

o V21 + m(Porhr + P1ebo)

101 =

Poisson equation
V20, = 4nGm(Yir + Yorby)

Switch to Fourier space, e.qg.

—
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(7, 1) = o (7, 1) / Blotpy (. 1) 505



Expand the ansatz wavefunction

BO (Fat)‘|‘51 (Fat))

= \/no(t) + ni (7, t)e (

Gives evolution equation for § = nq (7, t)/no(t)

926 + -5 — dnGpyo i 5 =0
| T | =
i 3t Fo dm?a*(t)
and the velocity perturbation
. t)k
Gty = Ok o sty

k- k



Solutions

The additional term in the evolution equation
modifies the Jeans scale of the system

k5 = 16mrGm2a™(t)po(t)

Assuming k>>k,



Limitations of fluid treatment

Consider the example wavefunction
w(ﬁ t) _ A(eik-ff’_l_ e—ik-f’)e—iwt

this describes two flows, with:

densities N1 = N = N’AIQ

velocities 07 = k/m U2 = —k/m



However, the fluid description describes one
flow with

n(7) = 4| A|? cos?(k - 7)
and J(r,t) =0

These are mathematically identical, but
physically different



Limitations of classical treatment

Axion fluid is highly degenerate; well described
by classical field?

In the Newtonian limit, classical field obeys
2
A
09 = —5—V?6 + —|¢["6 + Vo
Wo Swo C

Expand quantum axion field in a box;
Hamiltonian for &(7 ¢) which obeys this & Poisson

1 S
H = Z hw,,—i a%a,,—i -+ Z — hAZZTA at at2aﬁ3aﬁ4

4 ni,my N1 N

Erken, Sikivie, Tam & Yang (2012)
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Using Heisenberg eom, for  Ni(t) = al(t) aa(t)

N; = Z AR2 INGNGNG + 1) (N + 1) — NaNGNG + 1N + 1)] 276 (w; +wj — wi, —w)

ky,j= 1

Similarly, for classical case

: 1
Ni= Y 5|Af;|2 [N;N;N; + N;N;N;, — N;NiN; — NxN;N;] 276 (w;+w; —wi —w;)

k,ij=1

Clear difference between the cases:
i+j—k+1

where quantaini,j move to k,| cannot happen
in classical, but does happen in quantum case
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Thermalisation

After a sufficiently long period of time, each
system will reach equilibrium distribution

Classical and quantum results are different:
Classical  N;e; = kT
Quantum (Bose-Einstein distribution)
1

€4
eksT — 1

N; =




Summary

For axions (or other scalar field dark matter),
quantum is important - is this complete?

The Schrédinger-Poisson equations reproduces
linear perturbation theory

Axions form Bose Einstein Condensate, and in
doing so not described by classical field theory

Future work: are there observational
consequences of treating axion (properly) as a
quantum field
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