Axion dark matters




Landscape, what do we know?
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If axions exist, they are very light and VERY weakly interacting!
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Axions

- theta is dynamical 6(7, x)

Measured today (6| < 107'° (strong CP problem)



Axions imply dark matter

- theta is dynamical 6(7, x)

Energy — Q0!
time
< V>| 0(t) = 0y cos(mgt)

T

Initial conditions ?
= model-dependency

* Dark Matter Axions-"

CP conserving
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no preferred value at high Temperature (7 > Aqcp)




Effective mass, lattice calculations

Axion mass/potential depend on non-perturbative QCD parameters <(jq > ] A*

T > Tc ~ 160 MeV, running QCD coupling decreases, QCD becomes perturbative
quark condensate quickly disappears, Lambda also decreases
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Effective mass, lattice calculations

Lattice QCD: we can compute axion mass Athigh T (no |.11esons) ,
we can analytically compute potential (DIGA)
2 p2
m. fo = x(T) V() = —x(T)cost
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below confinement, theta = 0 minimises vacuum energy!

—> generated by QCD!




2 “typical” scenarios for initial conditions

- Initial conditions are cosmological and axion-model dependent

- Two typical (and extreme) scenarios are:

- random initial conditions - One common initial condition

in patches of our Universe for the whole Universe
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1st typical scenar
- Example KSVZ
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2nd typical scenario: 1 initial condition for our whole Universe

- Example KSVZ

time, |/T

Damped

oscillations=CDM

PQ T-restored
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Axion Dark Matter Evolution (scenario 2)

Non-thermal, decoupled = Initial conditions + simple evolution

E.O.M. i+ 3Ha+m2a~0 (SIMPLIFIED)

Energy density (harmonic 0Sc) » = 5 (a)> + 5 (Va)” + V(6) ~ £ (@)? + sma’

DUST-like (DM) |
p~po/R(t)°] 4

- Lambda-like

—= "t p=cons

00F

_0‘5 1 1 1
0.001 0.01 0.1

Note: No spatial dependence -> no momentum, no velocity (up to H)= ultracold dark matter



Axion dark matter

- The amount of axion DM produced depends on ma(fa)

1 1
= >~ ) <7
b o
pa(t) ‘ Ma

time

- Axion starts to oscillate later, ~ initial energy -> more DM



Axion dark matter

- The amount of axion DM produced depends on fa

1 1
H=——>1t ~ O(fa

2t mq(T'(t1))

- large fa, small curvature, oscillations start later->more DM

T fq

< >

- small fa, large curvature, oscillations start earlier -> less DM

_Wfa 7Tfa




Prob: Relic abundance calculation

3
DM denSity (ma’ > SH) Pa ™ - )ma,(t) ( o )

7 ma(t R(t)
P1 §m3 (tl) ffj@Q E;:i’aelr:::l::; :St:::ity,mass,dilution due to
5 T T 4
N M2 30 P SH(T}) = ma(T)) — t1 = £(T1)  — T
ma = X(T)/fa

Entropy conservation from T1 until now

gs(T)(RT)* = cons | 9s(T0)(BaTh)” = gs(To)(RoTo)’

. (tod
Compute o (today), Qpyh? =~ (; ay)

As a functionof 0., f, and 01, m,

M, = 1.22 x 10?GeV



Axion DM, how much

[
-

5 Axion decay
>, LETT TN NS, T T E
[1°] — -
T - J
S g 10 E
g S : -
e > 107
S 2 F
5 <F

ueV meV eV

Mg >

. less interacting more interacting




Length scales

- Time scale

1
H(T7) = my (T t1 ~ ——
SH(T1) = mq(Th) LY S

- Horizon size (shorter wavelengths decay)

1
1 LT H,

- Full Axion DM in this model £, ~ 10''GeV

1011GeV>0'16

T1 ~ 1.5 GeV < fa

- Horizon scale at t1

L~ 10* AU (comoving)

today corresponds to distances ~ Oort cloud









Dark matter density, inhomogeneous at comoving mpc scales

“final overdensity 72— <7~
< p>

minicluster seed!

do mc’s survive?




1.5 GeV z~1.7x10"13

MR z2~1000

today z~1

They expand with the Universe until ~ Matter-radiation equality (z~1000)
L ~ O(1)A.U.



Prob: Relic abundance calculation

DM density can be obtained from numerical simulations

Problem -| — 2\ axionic strings
Huge dynamic range!-

1
3 small scale dynamics (l ~ f_>
1

.3 large scale dynamics (l ~ 1~ —>

Maq

We usually split it into two pieces:

- averaged misalignment (Pa)e, = / 6;_91[%(91)
A

- axions radiated from topological defects
(extrapolated from simulations) [work in progress]



Axion DM, how much
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Axion dark matter
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SCENARIO I,N=1

= No

SCENARIO I,N>1, Domain Walls stable-> cosmological disaster

7TfaI I I I T fa
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SCENARIO I,N=1

— = N6




Axion dark matter
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Conclusions
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