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Abstract: <p>We perform afull (3+1)-dimensional numerical simulation of the axion field around the QCD epoch. Our aim isto fully resolve large
dynamical non-linear effects in the inhomogenous axion field. These effects are important as they lead to large overdensities in the field at late
times. Those overdensities will eventually evolve into axion minicluster, which have various phenomenological implications like microlensing
events. It istherefore important to have areliable estimate of the number of overdensities and their mass relation.</p>
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Dark Matter Key Facts

« ~23% of the total energy
in the Universe is matter
of an unknown kind

 Many viable explanations exist:

One of the best motivated is
axion dark matter

* Much of its properties today
depend on the dynamics in
the early Universe
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AXIONS

* Axions originally introduced to solve the strong CP problem:
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Post- vs Pre-inflationary scenario

Two different scenarios can be considered:
Breaking the PQ symmetry before or after inflation

before inflation: after inflation:

.]( a f a < Er-
(0o = 7/8) plo = 1)
@
(0o m =
/J Eby

Qa,O ~ 902 Qa,O ~ <902>

two free parameter: 4, , fa one free parameter: fa
iInhomogeneous at small scales
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PQ phase transition: QCD phase transition:

T A 2 2 2
S U V(@,T) =2 (8 - f2)
V(@) =2 (0 - f2)

Formation of a Formation of
string network domain walls
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But what are the implications today?

Topological defects introduce additional energy and
fluctuations

|

Structure formation!

For example: Axion Miniclusters
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But what are the implications today?

Topological defects introduce additional energy and
fluctuations

|

Structure formation!

Axion star radius vs mass

For example: Axion Stars
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_Radio Signals from Neutron Stars
~\f =

K. Gill
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Radio Si

nals from Neutron Stars
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Radio Signals from Neutron Stars
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Radio Signals from Neutron Stars
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Questions that needs to be answered:
How much of the total mass is in clusters?
How heavy are they?

This ultimately boils down to:
What is the spectrum of overdensities after the QCD PT?

L REVIEW D VOLUME 49, NUMBER 10 15 MAY 1994
Nonlinear axion dynamics and the formation of cosmological pseudosolitons 10 Kolb & Thachev
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The (3+ 1)-dimensional evolution of an inhomogeneous axion field configuration around the QCD -
epoch is studied numerically, including important nonlinear effects due to the attractive self-interaction. b 8o
It is found that axion perturbations on scales corresponding to causally disconnected regions at T~ 1

) ; ; . : FIG. 2. Minicluster Overdensity Distribution: We show
GeV can lead to very dense pseudosoliton configurations we call axitons. These configurations evolve to & - Pl . :
5 the cumulative mass fraction of miniclusters with overdensity

axion miniclusters with a present density p, 2 107* gem ™" This is high enough for the collisional parameter § > dg. The black line shows the simulation re-
2a —2a process to lead 1o Bose-Einstein relaxation in the gravitationally bound clumps of axions, form- sults of Ref. [22], which we have fit using a Pearson-VII dis-
ing Bose stars. tribution. The overdensity distribution determines the halo
concentration parameter (i.e. compactness) of miniclusters.

M. Fairbairn et al. (1707.03310)
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Getting started

« State before the QCD PT. White noise with high
modes that already entered the horizon redshifted
accordingly

* Problem: Creating such a initial state properly
difficult (Result often depends on the details -> not
good)

* Instead: Evolve a white noise initial state through
the PQ PT first!
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— austion of Motion P
PQ breaking

- _ Liaglz -
Lagrangian: L=;l02]"-V(e,T)

with temperature dependent potential:

A T2

V(®,T) = 1 (I19° - ff)z + T|<I>|2 +ma(T)?f2[1 — cos Arg(®)]

Decompose and reparameterise:
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Constructing an initial state

In the early Universe:
The two fields are in a thermal equilibrium

Relevant quantity: wyx = \/mgff + k2

T—}.—Lz.l A 2 ?
: _ eff A 1 T 1
We find: 2 H? 3 (_To> (_fu,) >

1
eVAM3 _

\ﬁ
—lp (V) R gTa ng =

Only one relevant parameter (and this even changes only the
overall amplitude =—— irrelevant after PQ phase transition
once radial mode reaches its vev)
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: 2 f [ . , 1 /T\2\ |
Unitless: ¢/ + 7—}1/)‘1 — V4% + | My (7}"’ (Yi+v5—1)+ ) (f—l) ) =0

9 [ . 1 /T \2\ |
W+ 2 - Tt (03 -1+ g (7)) )| =0

T\* [ 45 My 10'2GeV
B 47T2,(}* fu fu

with ( 7 — 237320. x

Solve this numerically on a 3-dimensional grid:

- box of 2040 x 2040 x 2040 = 8.5 billion grid sites
- periodic boundary conditions

- O(1 million) time steps

- O(10 quadrillion) function calls

- Computation time O(1 day) on O(1000) CPUs

- 374 GB of memory needed

- Output several TB
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axion field value
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axion field value
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Strings
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Strings

Domain Wall
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Oscillons
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Oscillons
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Oscillons carry a significant amount of the total mass:
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These results are preliminary! There
are three extrapolations to be made:

1. Simulating out to late times in 1)

Problem: Computation time + numerical noise starts
dominating

However: We know how the axion field and oscillons scale with
time once we are sufficiently away from the QCD PT

|

Extrapolation can be done analytically
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These results are preliminary! There
are three extrapolations to be made:

2. Extrapolating the quartic coupling A — 10°7

Problem: Strings/Domain Walls become too small to be
resolved

However: Final result should only depend logarithmically on
this coupling (and is thus often ignored).

Possible Solution: Runs at different couplings and subsequent
fit to mass-delta data can be extrapolated
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These results are preliminary! There
are three extrapolations to be made:

3. Extrapolation to fo =~ 10** GeV

Problem: Small decay constant
Large axion mass
Oscillation frequency increases Mass needs to grow longer
Smaller timestep size needed Oscillons are longer stable
More computation time needed  Oscillons have higher concentration

Not enough spacial resolution
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Conclusions

Post-inflationary scenario leads to small scale structure:

Axion miniclusters, axion stars, ...

To predict the mass that is bound in such objects
simulations through the QCD phase transition needs to
be done

Oscillons play an important role for the creation of
compact objects

Preliminary results show that a significant amount of
energy is stored in oscillons and thus in clusters
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