
In collaboration with Ciaran O’Hare, Javier Redondo, Yvonne Wong 

Phys.Rev.D 105 (2022), arXiv:2112.05117  

Mainz, 9 August 2022

Simulations of axions and ALPs  
in the early Universe

Giovanni Pierobon, UNSW Sydney

17th Patras Workshop on Axion WIMPs and WISPs

https://arxiv.org/abs/2112.05117


Strings+Walls

�̈+ 3H�̇� r2

a2
�+

@V

@�
= 0

<latexit sha1_base64="hpXfB0PZDuO3xprzXBaFSUHTMx8="></latexit>

V (�) = �(|�|2 � f2
a )

2 +m2
a(T )f

2
a (1� cos ✓)

<latexit sha1_base64="NiHv7AdrfgJ93zcwFPAUCQBtCP0="></latexit>

� = |�|ei✓
<latexit sha1_base64="ba+LSmev2QgjTBehwHOzgxAoqM0=">AAACCXicbZC7SgNBFIZnvcZ4i1raDAbBKuxGQRshaGMZwVwgu4bZyUkyZPbCzFkhLGltfBUbC0VsfQM738bZZAtN/GHg4z/ncOb8fiyFRtv+tpaWV1bX1gsbxc2t7Z3d0t5+U0eJ4tDgkYxU22capAihgQIltGMFLPAltPzRdVZvPYDSIgrvcByDF7BBKPqCMzRWt0TdeCguXdOCGU2Bwn0qXBwCskmxWyrbFXsqughODmWSq94tfbm9iCcBhMgl07rj2DF6KVMouIRJ0U00xIyP2AA6BkMWgPbS6SUTemycHu1HyrwQ6dT9PZGyQOtx4JvOgOFQz9cy879aJ8H+hZeKME4QQj5b1E8kxYhmsdCeUMBRjg0wroT5K+VDphhHE14WgjN/8iI0qxXntFK9PSvXrvI4CuSQHJET4pBzUiM3pE4ahJNH8kxeyZv1ZL1Y79bHrHXJymcOyB9Znz/HVppg</latexit>

⌦ah
2 ⇠ 0.1

✓
fa

1012 GeV

◆7/6

✓2i

Distribution of initial misalignment angles 
→ distribution highly inhomogeneous

*P
Q

*

QCD

zeq

Inflation

Axion 
mass

✓i
<latexit sha1_base64="+znnFtMU8IAlapopV/OQZncQNfc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AEjpJAI</latexit>

Multiple ✓i
<latexit sha1_base64="+znnFtMU8IAlapopV/OQZncQNfc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AEjpJAI</latexit>

values 

Time

✓i =
q

h✓2i i =
⇡p
3

<latexit sha1_base64="jKHUodoJdzqw6rCNGeWuNnG1+nQ="></latexit>

Post-inflationary axions

Axion Strings and  
axion radiation

Strings+Wall decay 
and massive axions

Cold axions and  
Minicluster seeds
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✦ Final Dark Matter abundance can be 
estimated         Dark Matter axion mass 

✦ Inhomogeneities form Axion Miniclusters  
   around matter-radiation equality
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Substructure: Power spectrum and axitons 

Dark Matter yield
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Our simulations

Periodic, uniform 
box with up to 
40963 grid pointsn = n =
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