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QCD axion:

1 a o« 1/2 1010 GeV
L= Lgm ‘|' .8; . = m = X}Op ~ (0.57 meV ( 7 © )

e Dynamically explains no neutron EdM @ ‘

[picture from A. Hook]

* e Contributes to all/part of the dark matter




Pre-inflationary Post-inflationary

Observable universe Observable universe Observable universe
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Kibble mechanism = Axion strings

string core
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rate of energy loss:

The Scaling Regime

causal patch « 1/H = 2t
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Domain Walls

@7 ~1GeV ( m=H=H, ) Axion potential from QCD:
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T:H Zfa H~ma (T~AQCD) tOday
~ - <
7, scaling regime g ~
a4
a4
log(m,/H) ~1-+15 ~ 70
domain walls form relic axions

strings form
& and annihilate
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strings domain walls miniclusters
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The Spectrum
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The Spectral Index
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Comparisons
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Formation of structures



after wall decay, T << Agcp

~ k71 spectrum peak



Gravitational collapse vs quantum Jeans scale

' de Brogli length of the particles
overdensity p spatial size of the overdensity L— € DTOSHE Waveiens b
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smallest scale an overdensity can have before wave effects

quantum Jeans length Ay =2m/k; = (quantum pressure) have to be considered



The standard lore after DW decay

quantum Jeans scale
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The remarkable coincidence
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Axion stars:
Bose Star 2
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Axion stars (after MRE):

75 (0, =1.4-10km
M= 10= M ‘
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Conclusions

e Post-inflationary abundance uncertain, despite progress

f,510°GevV  or m, > 05meV from dark matter over-production

e Axion star formation enhanced at MRE

= Potential for new observational opportunities
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Advert:
Solar halos of ultra-light

dark matter
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Solar halo
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density profile after 5 Gyr
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[Axion searches]
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[Axion searches]
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Axion dark matter



a few lattice points per string core
a few Hubble patches
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Pre-inflationary scenario

i+ 3H(T)a+m?2 (T)a =0

scale factor

Energy density:
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a(t) = const in space
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/T

f, ~ 109 GeV

T, ~1GeV :

m=H=H,
log(m,/H,) ~ 65



QCD crossover

gravitational collapse

AXION DM

RELATIVISTIC

NON RELATIVISTIC

f, ~ 101° Gev

T, ~1GeV :

T, ~ 0.8 GeV :

T.~0.15 GeV :

m=H=H,

Paty) = m2(t,)f2

m(T,) = m(0)
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Effect of non-linearities (I)
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After DW decay: the standard lore

mq(T) > k, axions become
relativistic non-relativistic —_—> non-relativistic
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domain walls decay V(a) ~ —m?a? axions become free

—> the field redshifts like CDM until MRE

@ MRE, fluctuations 6p/p ~ 1 gravitationally collapse in objects of size ~ 1/k,



However: effect of non-linearities (II)
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However: effect of non-linearities (II)
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However: effect of non-linearities (II)
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However: effect of non-linearities (II)
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Axion stars properties:

Ro1~2.1-10° km (—




Relativistic Regime and Nonlinear Transient
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The collapsed objects should be captured by a stationary solution of the Schroedinger—Poisson eq. (for a = 1)

5 _ 1og ; 80 + Ho; + a~ (0 - V)T = — a (VO [Vog:)

Halos

By =0

— gravitational potential balanced by the velocity terms

halo

angular momentum ‘supports’ the gravitational potential

V20 = 41Ga*(p —7) ,

Solitons

quantum pressure ‘supports’ the gravitational potential



Late time dynamics

Survival of the bound objects Milky way center /halo center
e tidal forces/disruption by a central potential /
e dynamical friction = orbit decay °

% decay

star

S

e collisions with stars bimpact .

O

e tidal shocks by the galactic disk

e tidal shocks during formation of halos/merging?



Disruption probability related to the average density of the objects within R

R
AR) = g [ o)

— if the mean density of an object > 0.05eV* ~ 10° o = O(10)pgal, the parts with r < R survive

e solitons: p; = (0.1 + lOO)eV4, and p(Redge) =~ 0.2p5

— most of the solitons and the fuzzy halo around them survive undirsupted

e compact halos: those with mass (10? + 10*) M5? have average density (1076 + 1073eV*)

— likely to be dirsupted except at their core



T—independent mass :
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Attractor and Energy Emission
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.

u(A) = zf2log (A/m; )

p(A') = p(A)+(g%/2m) log(A'/A) = p(A)+n f; log(A'/A)

[Lund & Regge, 1976]
also [Horn, Nicolis, Penco] in the context of superfluids



string tension

Axion Strings

string core
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Axion Cosmology

Pre-inflationary:
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2) The Axion Spectrum

Theoretical expectation

e natural cut-offs at H and m,

3/0@ ___energy spectrum of
6k8t — axions emitted + peak at H because strings have curvature of O(H )

) . ) 9pa 1
in between an approximate power law: [ kOt XX kq]

* inprinciple g could be time-dependent, g = g(log)

IR dominated

o UV dominated




The PQ Phase Transition
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The Spectral Index
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3) Number density after the nonlinear regime
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More Domain Walls
ﬁ ~ +v/&log = O(10)
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Scenario #1: (T, H) < f,
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Loop Distribution

log(m,/H)=4

Ht/n




Boost Factors
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Lattice Spacing and Finite Volume Effects on ¢
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End of the Scaling regime: H = m,
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Axion Number Density after the transient
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Lattice Spacing
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Finite Volume
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Dependence on the Initial Conditions

Scaling Solution vs Initial Conditions
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Domain wall tension
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