
Axion streams and 
implications for haloscopes

19th Patras Workshop, Patras, September 16-20, 2024 

Giovanni Pierobon, UNSW Sydney 

O’Hare, GP & Redondo, PRL 133 (2024) 8, 081001 [arXiv:2311.17367 [hep-ph]]
Eggemeier, O’Hare, GP, Redondo & Wong, PRD 107 (2023) 8, 083510 [arXiv:2212.00560 [hep-ph]]



Goal: 
Describe axion DM distribution on sub-galactic scales,  

relevant for all post-inflationary axion searches 

Results: 
Address minicluster “worst-case” scenario 

where all axions are bound in clumped objects 

Present a first numerical study  
of the stream density in the Solar neighbourhood 



TodayPQ phase transition Cold axion production 
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Energy projection of 
the axion field from 
lattice simulations 

Domain walls and 
strings 

Number density 
conserved  
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Inflation

Post-inflation timeline

Goal: find axion number density  
axion dark matter mass (frequency)ma =

⇢DM
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Post-inflation timeline

TodayPQ phase transition Cold axion production 
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Energy projection of 
the axion field from 
lattice simulations 

Domain walls and 
strings 

Energy projection of 
the axion field from 
N-body simulations 

Miniclusters and 
their halos

Number density 
conserved  Gravitational collapse 

Goal: find axion number density  
axion dark matter mass (frequency)

Goal: find axion field distribution 
axion dark matter amplitudema =

⇢DM

na
<latexit sha1_base64="Zot1wEwhxQcONaVnQD5gMaGlcDw=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsxUQTdCURduhAq2FTrDkEkzbWiSGZKMUIZZufFX3LhQxK3f4M6/MW1noa0H7uVwzr0k94QJo0o7zrdVWlhcWl4pr1bW1jc2t+ztnbaKU4lJC8cslvchUoRRQVqaakbuE0kQDxnphMPLsd95IFLRWNzpUUJ8jvqCRhQjbaTA3ucBOvciiXDmyUEcmM7h1U2eZyJAeWBXnZozAZwnbkGqoEAzsL+8XoxTToTGDCnVdZ1E+xmSmmJG8oqXKpIgPER90jVUIE6Un03OyOGhUXowiqUpoeFE/b2RIa7UiIdmkiM9ULPeWPzP66Y6OvMzKpJUE4GnD0UpgzqG40xgj0qCNRsZgrCk5q8QD5DJRJvkKiYEd/bkedKu19zjWv32pNq4KOIogz1wAI6AC05BA1yDJmgBDB7BM3gFb9aT9WK9Wx/T0ZJV7OyCP7A+fwCfB5k5</latexit>

z ⇠ 1012
<latexit sha1_base64="Ce8VjphdnMN6MdlRianFZneB+MY=">AAAB9HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiiR6JXjxiIh8JrKRbutDQdte2S4IbfocXDxrj1R/jzX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCoqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywupn5rTFVmkXy3kxi6gs8kCxkBBsr+U9dzQTy3IfUq0x7xZJbdudAq8TLSAky1HvFr24/Iomg0hCOte54bmz8FCvDCKfTQjfRNMZkhAe0Y6nEgmo/nR89RWdW6aMwUrakQXP190SKhdYTEdhOgc1QL3sz8T+vk5jwyk+ZjBNDJVksChOOTIRmCaA+U5QYPrEEE8XsrYgMscLE2JwKNgRv+eVV0qyUvYty5a5aql1nceThBE7hHDy4hBrcQh0aQOARnuEV3pyx8+K8Ox+L1pyTzRzDHzifP5/tkVk=</latexit>z ⇠ 1025

<latexit sha1_base64="YDt25wv94Wvwo4YewqDjC8lhJK4=">AAAB9HicbVBNTwIxEJ3FL8Qv1KOXRmLiieyiRo9ELx4xkY8EVtItXWhou2vbJcENv8OLB43x6o/x5r+xwB4UfMkkL+/NZGZeEHOmjet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiCK2TiEeqFWBNOZO0bpjhtBUrikXAaTMY3kz95ogqzSJ5b8Yx9QXuSxYygo2V/KeOZgJ57kNauZh0iyW37M6AlomXkRJkqHWLX51eRBJBpSEca9323Nj4KVaGEU4nhU6iaYzJEPdp21KJBdV+Ojt6gk6s0kNhpGxJg2bq74kUC63HIrCdApuBXvSm4n9eOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwJJorZWxEZYIWJsTkVbAje4svLpFEpe2flyt15qXqdxZGHIziGU/DgEqpwCzWoA4FHeIZXeHNGzovz7nzMW3NONnMIf+B8/gCmApFd</latexit>

z = 0
<latexit sha1_base64="XB71XkCsRC9heeHQYgUOF2a0xwQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHiOYByRJmJ51kyOzsMjMrxCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwupn6zUdUmkfywYxj9EM6kLzPGTVWun+6crvFklt2ZyDLxMtICTLUusWvTi9iSYjSMEG1bntubPyUKsOZwEmhk2iMKRvRAbYtlTRE7aezUyfkxCo90o+ULWnITP09kdJQ63EY2M6QmqFe9Kbif147Mf1LP+UyTgxKNl/UTwQxEZn+TXpcITNibAllittbCRtSRZmx6RRsCN7iy8ukUSl7Z+XK3Xmpep3FkYcjOIZT8OACqnALNagDgwE8wyu8OcJ5cd6dj3lrzslmDuEPnM8f2s2Ngw==</latexit>

Inflation



• Most of DM axions (~80%) are bound in MC at the end of 
the simulation, while occupying 1% of the volume 

• Minivoids (~pc size) largely take the simulation volume, 
stable at  

• Density in minivoids is ~10% of the large-scale average value 
    worst case scenario
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Eggemeier, O’Hare, GP, Redondo & Wong, [2212.00560]
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Minicluster

Minicluster stream

Streams in the Solar neighbourhood

•                overlapping streams at a given point 

• Stream-to-void enhancement of ~7 

• Overall stream energy adds up to ~80% of the 
measured value of         (coupling rescaling of 
~1.2) 

• Narrow lines typically lasting days-years
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we run a Monte Carlo analysis and find:

°0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

106
≥

w
ma

° 1
¥

0.0

0.2

0.4

0.6

0.8

1.0

1.2

S(
w

)
[a

.u
.]

Tint = 109 £ 2p
ma

Maxwellian
Void + streams

⇢DM
<latexit sha1_base64="auXjw814cPctstti9Bz1pphfTvA=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtV0GNRD16ECvYDukvJptk2NJusSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL0w408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NQyVYQ2iORStUOsKWeCNgwznLYTRXEcctoKhzdTvzWiSjMpHs04oUGM+4JFjGBjpcBXA9nNfBWj2/tJt1R2K+4MaJl4OSlDjnq39OX3JEljKgzhWOuO5yYmyLAyjHA6KfqppgkmQ9ynHUsFjqkOstnRE3RqlR6KpLIlDJqpvycyHGs9jkPbGWMz0IveVPzP66QmugoyJpLUUEHmi6KUIyPRNAHUY4oSw8eWYKKYvRWRAVaYGJtT0YbgLb68TJrVindeqT5clGvXeRwFOIYTOAMPLqEGd1CHBhB4gmd4hTdn5Lw4787HvHXFyWeO4A+czx97z5Ho</latexit>

O’Hare, GP & Redondo [2311.17367]



`str ⇠ �mct
<latexit sha1_base64="iOnNOPHr5qMd6IEEwERkYUxl1d0=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZaYKuiy6cVnBPqAzlEyaaUOTzJDcEcowH+DGX3HjQhG3foA7/8a0nYW2Hkg4nHMuyT1hIrgB1/12VlbX1jc2S1vl7Z3dvf3KwWHbxKmmrEVjEetuSAwTXLEWcBCsm2hGZChYJxzfTP3OA9OGx+oeJgkLJBkqHnFKwEr9StVnQvQzX0tsQOe+4RLbayjJXJQ0B5tya+4MeJl4BamiAs1+5csfxDSVTAEVxJie5yYQZEQDp4LlZT81LCF0TIasZ6kikpkgmy2T41OrDHAUa3sU4Jn6eyIj0piJDG1SEhiZRW8q/uf1UoiugoyrJAWm6PyhKBUYYjxtBg+4ZhTExBJCNbd/xXRENKFg+yvbErzFlZdJu17zzmv1u4tq47qoo4SO0Qk6Qx66RA10i5qohSh6RM/oFb05T86L8+58zKMrTjFzhP7A+fwBa9Sb2Q==</latexit>

Minicluster

Minicluster stream

Streams in the Solar neighbourhood

•                overlapping streams at a given point 

• Stream-to-void enhancement of ~7 

• Overall stream energy adds up to ~80% of the 
measured value of         (coupling rescaling of 
~1.2) 

• Narrow lines typically lasting days-years

O(1000)
<latexit sha1_base64="y6bIB1DXlJPd32BYowDXZr6eGOQ=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBHqpkyqoMuiG3dWsA9oQ5lMJ+3QySTMTJQS+yluXCji1i9x5984abPQ1gMDh3Pu5Z45fsyZ0gh9Wyura+sbm4Wt4vbO7t6+XTpoqSiRhDZJxCPZ8bGinAna1Exz2oklxaHPadsfX2d++4FKxSJxrycx9UI8FCxgBGsj9e1SL8R6RDBPb6cVFyF02rfLqIpmcJaJm5My5Gj07a/eICJJSIUmHCvVdVGsvRRLzQin02IvUTTGZIyHtGuowCFVXjqLPnVOjDJwgkiaJ7QzU39vpDhUahL6ZjILqha9TPzP6yY6uPRSJuJEU0Hmh4KEOzpysh6cAZOUaD4xBBPJTFaHjLDERJu2iqYEd/HLy6RVq7pn1drdebl+lddRgCM4hgq4cAF1uIEGNIHAIzzDK7xZT9aL9W59zEdXrHznEP7A+vwBmdKS6A==</latexit>

Using information from numerical simulations, 
we run a Monte Carlo analysis and find:

0.0
1.0

2.0
3.0

Pre-inflationary lineshape
(Smooth Maxwellian)
Post-inflationary lineshape
(void + streams)

≥
w

ma
° 1

¥
£ 106

S(
w

)
[a

.u
.] Integ

ratio
n tim

e (T int)

⇢DM
<latexit sha1_base64="auXjw814cPctstti9Bz1pphfTvA=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtV0GNRD16ECvYDukvJptk2NJusSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL0w408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NQyVYQ2iORStUOsKWeCNgwznLYTRXEcctoKhzdTvzWiSjMpHs04oUGM+4JFjGBjpcBXA9nNfBWj2/tJt1R2K+4MaJl4OSlDjnq39OX3JEljKgzhWOuO5yYmyLAyjHA6KfqppgkmQ9ynHUsFjqkOstnRE3RqlR6KpLIlDJqpvycyHGs9jkPbGWMz0IveVPzP66QmugoyJpLUUEHmi6KUIyPRNAHUY4oSw8eWYKKYvRWRAVaYGJtT0YbgLb68TJrVindeqT5clGvXeRwFOIYTOAMPLqEGd1CHBhB4gmd4hTdn5Lw4787HvHXFyWeO4A+czx97z5Ho</latexit>

O’Hare, GP & Redondo [2311.17367]



Summary

•  Miniclusters, voids and streams are a smoking guns of the post-inflationary axion dark matter 
scenario 

• In the minivoids, the energy density is only 10% of the large-scale measured value, leading to 
substantial sensitivity suppression in all haloscopes   

• With current modelling of tidal disruption, we expect the axion DM signal to reach ~80% of 
the large-scale measured value, with thousands of overlapping streams at each point 

• If haloscopes can measure the axion signal with high-enough frequency resolution, streams 
reveal a spiky lineshape that can distinguish pre- and post-inflation axion DM



Additional slides
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Cosmological timeline

TodayPQ phase transition Cold axion production 
Number density 

conserved  Gravitational collapse 

Lattice N-body

Klein-Gordon (relativistic) 
Schrödinger-Poisson (non-relativistic limit) 

Vlasov-Poisson (collisionless) 
Non-relativistic CDM

Monte Carlo

Minicluster orbits 
Stellar encounters 

gadget-4  
(V. Springel) 

jaxions 
(J. Redondo, A. Vaquero) 

github.com/veintemillas/jaxions wwwmpa.mpa-garching.mpg.de/gadget4/
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Axion streams at solar position
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