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• Why miniclusters, streams and minivoids are interesting for axion DM substructure 

• A first numerical study on the stream density in the Solar neighbourhood 

• Implications for all haloscopes WG4

WG2
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Outline

1.  Peccei-Quinn model to solve the strong CP problem 

2.  PQ breaking happens after inflation 

3.  Axions act as the dark matter 

     

Assumptions

1

WG4

WG2

WG2• Why miniclusters, streams and minivoids are interesting for axion DM substructure 

• A first numerical study on the stream density in the Solar neighbourhood 

• Implications for all haloscopes 



Relic density just depends on single 
initial misalignment angle
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Pre-inflationary scenario

Credits: C. O’Hare
Simple misalignment production
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T• Axion strings form with 
spontaneous breaking 

• Domain walls form with explicit 
breaking 

• Miniclusters form due  
fluctuations in energy 

𝒪(1)

Post-inflationary scenario

Highly inhonomegenous Universe 

Necessitates numerical treatment
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Inflation
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PQ phase transition
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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 

Goal: find axion field 
distributionma =

⇢DM
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Axion miniclusters

After decay of topological defects 
there are large 

 small-scale perturbations

Seeding AU-mpc size clumps 
forming at equality 

Gravitational clustering leads to MC halos

Smoking gun of post-inflationary scenario on ~pc scales

Hogan, Rees (1988) 
Kolb, Tkachev (1993)
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<latexit sha1_base64="u63rriXPGild2PKlm68ZxAzrrgU=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4Cklb0I1QdOOygn1AE8NkOmmHziRxZiK0oUs3/oobF4q49RPc+TdO2yy09cCFwzn3cu89QcKoVLb9bSwtr6yurRc2iptb2zu75t5+U8apwKSBYxaLdoAkYTQiDUUVI+1EEMQDRlrB4Gritx6IkDSObtUwIR5HvYiGFCOlJd88Gl2M/MwVHJL7sSsphxWr6irKiYSOfVfxzZJt2VPAReLkpARy1H3zy+3GOOUkUpghKTuOnSgvQ0JRzMi46KaSJAgPUI90NI2Q3uRl00fG8EQrXRjGQlek4FT9PZEhLuWQB7qTI9WX895E/M/rpCo89zIaJakiEZ4tClMGVQwnqcAuFQQrNtQEYUH1rRD3kUBY6eyKOgRn/uVF0ixbTsUq31RLtcs8jgI4BMfgFDjgDNTANaiDBsDgETyDV/BmPBkvxrvxMWtdMvKZA/AHxucPzYKYiA==</latexit>

z = 102
<latexit sha1_base64="1XOc0YfSb6XYWQ0aGVbVNu9FMgA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IRS8eK9gPaNeSTbNtbDZZkqxQl/4HLx4U8er/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aGqZKEIbRHKp2gHWlDNBG4YZTtuxojgKOG0Fo+up33qkSjMp7sw4pn6EB4KFjGBjpebTpefeV3rFklt2Z0DLxMtICTLUe8Wvbl+SJKLCEI617nhubPwUK8MIp5NCN9E0xmSEB7RjqcAR1X46u3aCTqzSR6FUtoRBM/X3RIojrcdRYDsjbIZ60ZuK/3mdxIQXfspEnBgqyHxRmHBkJJq+jvpMUWL42BJMFLO3IjLEChNjAyrYELzFl5dJs1L2zsqV22qpdpXFkYcjOIZT8OAcanADdWgAgQd4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/caOOYg==</latexit>

Box size ~0.5 pc



• Can be modelled with N-body simulations (grid to 
particle conversion)  

• Most of DM axions (~80%) are bound in MC at the 
end of the simulation 

Eggemeier+ [1911.09417]

Axion miniclusters
Box size ~0.8 pc



• Can be modelled with N-body simulations (grid to 
particle conversion)  

• Most of DM axions (~80%) are bound in MC at the 
end of the simulation 

Eggemeier+ [1911.09417]

• Density profiles agree with NFW? 

⇢(r) =
⇢s

(r/rs)(1 + r/rs)2
<latexit sha1_base64="Tzf/hpqvUaEM/9plRHA98h4N3Ns=">AAACEnicbZBNS8MwGMfT+TbnW9Wjl+IQOoTZTkEvwtCLxwnuBdZa0izdwtK0JKkwSj+DF7+KFw+KePXkzW9juvWgm38I/PJ/nofk+fsxJUJa1rdWWlpeWV0rr1c2Nre2d/TdvY6IEo5wG0U04j0fCkwJw21JJMW9mGMY+hR3/fF1Xu8+YC5IxO7kJMZuCIeMBARBqSxPrzl8FJm8dukEHKI0v3kiS01+wj1RM+3jGdw3Mk+vWnVrKmMR7AKqoFDL07+cQYSSEDOJKBSib1uxdFPIJUEUZxUnETiGaAyHuK+QwRALN52ulBlHyhkYQcTVYdKYur8nUhgKMQl91RlCORLztdz8r9ZPZHDhpoTFicQMzR4KEmrIyMjzMQaEYyTpRAFEnKi/GmgEVTZSpVhRIdjzKy9Cp1G3T+uN27Nq86qIowwOwCEwgQ3OQRPcgBZoAwQewTN4BW/ak/aivWsfs9aSVszsgz/SPn8AZHucpQ==</latexit>

Axion miniclusters



• Can be modelled with N-body simulations (grid to 
particle conversion)  

• Most of DM axions (~80%) are bound in MC at the 
end of the simulation 

Eggemeier+ [1911.09417]

• Density profiles agree with NFW? 

⇢(r) =
⇢s

(r/rs)(1 + r/rs)2
<latexit sha1_base64="Tzf/hpqvUaEM/9plRHA98h4N3Ns=">AAACEnicbZBNS8MwGMfT+TbnW9Wjl+IQOoTZTkEvwtCLxwnuBdZa0izdwtK0JKkwSj+DF7+KFw+KePXkzW9juvWgm38I/PJ/nofk+fsxJUJa1rdWWlpeWV0rr1c2Nre2d/TdvY6IEo5wG0U04j0fCkwJw21JJMW9mGMY+hR3/fF1Xu8+YC5IxO7kJMZuCIeMBARBqSxPrzl8FJm8dukEHKI0v3kiS01+wj1RM+3jGdw3Mk+vWnVrKmMR7AKqoFDL07+cQYSSEDOJKBSib1uxdFPIJUEUZxUnETiGaAyHuK+QwRALN52ulBlHyhkYQcTVYdKYur8nUhgKMQl91RlCORLztdz8r9ZPZHDhpoTFicQMzR4KEmrIyMjzMQaEYyTpRAFEnKi/GmgEVTZSpVhRIdjzKy9Cp1G3T+uN27Nq86qIowwOwCEwgQ3OQRPcgBZoAwQewTN4BW/ak/aivWsfs9aSVszsgz/SPn8AZHucpQ==</latexit>

⇢(r) =
⇢s

(r/rs)2(1 + r/rs)
<latexit sha1_base64="d+YebmtbAzdZCR1cNqX1XEBppCs=">AAACEnicbZBNS8MwGMfT+TbnW9Wjl+IQOoTZTkEvwtCLxwnuBdZa0izdwtK0JKkwSj+DF7+KFw+KePXkzW9juvWgm38I/PJ/nofk+fsxJUJa1rdWWlpeWV0rr1c2Nre2d/TdvY6IEo5wG0U04j0fCkwJw21JJMW9mGMY+hR3/fF1Xu8+YC5IxO7kJMZuCIeMBARBqSxPrzl8FJm8dukEHKI0v3kiS01+wj1Ru2+Y9vEMM0+vWnVrKmMR7AKqoFDL07+cQYSSEDOJKBSib1uxdFPIJUEUZxUnETiGaAyHuK+QwRALN52ulBlHyhkYQcTVYdKYur8nUhgKMQl91RlCORLztdz8r9ZPZHDhpoTFicQMzR4KEmrIyMjzMQaEYyTpRAFEnKi/GmgEVTZSpVhRIdjzKy9Cp1G3T+uN27Nq86qIowwOwCEwgQ3OQRPcgBZoAwQewTN4BW/ak/aivWsfs9aSVszsgz/SPn8AZGecpQ==</latexit>

Eggemeier+ [2402.18221]

Evidence of a 
modified profile

Phenomenological consequences from a 
steeper profile: 

 Improves indirect detection 
Challenges direct detection

New  
          N-body run

20483
<latexit sha1_base64="O/pSWqkJked/oKcGoCSRIes8Gkk=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewCiRyJXjxiIh8JrKRbulDptpu2a0I2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5QcyZNq777eQ2Nre2d/K7hb39g8Oj4vFJW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3Mz9zhNVmklxb6Yx9SM8EixkBBsrtSturf5QHRRLbtldAK0TLyMlyNAcFL/6Q0mSiApDONa657mx8VOsDCOczgr9RNMYkwke0Z6lAkdU++ni2hm6sMoQhVLZEgYt1N8TKY60nkaB7YywGetVby7+5/USE9b9lIk4MVSQ5aIw4chINH8dDZmixPCpJZgoZm9FZIwVJsYGVLAheKsvr5N2pexVy5W7WqlxncWRhzM4h0vw4AoacAtNaAGBR3iGV3hzpPPivDsfy9ack82cwh84nz8BfI4Z</latexit>

Axion miniclusters



Distinction between merged and isolated miniclusters

Isolated MCs

Merged MCs

Most abundant, but less massive

Almost all of them survive tidal stripping 

M 2 [10�16, 10�12] M�
<latexit sha1_base64="WUeAPqsZfPbiYNVEy0wEJYiNm68=">AAACDHicbVBLSwMxGMzWV62vqkcvwSJ40LJbRT0WvXgpVLAP6K4lm03b0GyyJFmhLOvdi3/FiwdFvPoDvPlvTNs9aOtAYJiZL8k3fsSo0rb9beUWFpeWV/KrhbX1jc2t4vZOU4lYYtLAggnZ9pEijHLS0FQz0o4kQaHPSMsfXo391j2Rigp+q0cR8ULU57RHMdJG6hZLNZdy2HHsu+TYOUuP4JRVUu+h1k1cEQidmpRdtieA88TJSAlkqHeLX24gcBwSrjFDSpnrI+0lSGqKGUkLbqxIhPAQ9UnHUI5CorxkskwKD4wSwJ6Q5nANJ+rviQSFSo1C3yRDpAdq1huL/3mdWPcuvITyKNaE4+lDvZhBLeC4GRhQSbBmI0MQltT8FeIBkghr01/BlODMrjxPmpWyc1Ku3JyWqpdZHXmwB/bBIXDAOaiCa1AHDYDBI3gGr+DNerJerHfrYxrNWdnMLvgD6/MHlrOZdw==</latexit>

30% in number, larger and more massive

Modelled with NFW profile 

M 2 [10�12, 10�7] M�
<latexit sha1_base64="bzmKkbPvfKKKtpONHk6gAK4Pib8=">AAACC3icbZDLSgMxFIYzXmu9jbp0E1oEF1pmqlCXRTduChXsBdqxZDKZNjSTDElGKMO4duOruHGhiFtfwJ1vY3pZaOsPgY//nJPk/H7MqNKO820tLa+srq3nNvKbW9s7u/beflOJRGLSwIIJ2faRIoxy0tBUM9KOJUGRz0jLH16N6617IhUV/FaPYuJFqM9pSDHSxurZhVqXcthxnbv01C1nJ3BClcx7qPXSrgiEznp20Sk5E8FFcGdQBDPVe/ZXNxA4iQjXmCGlzO2x9lIkNcWMZPluokiM8BD1SccgRxFRXjrZJYNHxglgKKQ5XMOJ+3siRZFSo8g3nRHSAzVfG5v/1TqJDi+8lPI40YTj6UNhwqAWcBwMDKgkWLORAYQlNX+FeIAkwtrElzchuPMrL0KzXHLPSuWb82L1chZHDhyCAjgGLqiAKrgGddAAGDyCZ/AK3qwn68V6tz6mrUvWbOYA/JH1+QMgIJk9</latexit>

Fairbairn+ [1707.03310] 
Eggemeier+ [1911.09417] 

Ellis+ [2204.13187

Most are disrupted from tidal forces 
 with stellar encounters

Axion miniclusters



• 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

z ⇠ 102
<latexit sha1_base64="DkOvAnLXgcPED7PqlPZXq2DcrV0=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WvXisYD+gu5Zsmm1Dk+ySZIW69G948aCIV/+MN/+NabsHbX0w8Hhvhpl5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wfDPzO49UaRbLezNJaCDwULKIEWys5D/5mgnkuQ9ZbdovV9yqOwdaJV5OKpCj2S9/+YOYpIJKQzjWuue5iQkyrAwjnE5LfqppgskYD2nPUokF1UE2v3mKzqwyQFGsbEmD5urviQwLrScitJ0Cm5Fe9mbif14vNdFVkDGZpIZKslgUpRyZGM0CQAOmKDF8YgkmitlbERlhhYmxMZVsCN7yy6ukXat6F9XaXb3SuM7jKMIJnMI5eHAJDbiFJrSAQALP8ApvTuq8OO/Ox6K14OQzx/AHzucPLNSRHg==</latexit>

Axion minivoids



• 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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z ⇠ 102
<latexit sha1_base64="DkOvAnLXgcPED7PqlPZXq2DcrV0=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WvXisYD+gu5Zsmm1Dk+ySZIW69G948aCIV/+MN/+NabsHbX0w8Hhvhpl5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wfDPzO49UaRbLezNJaCDwULKIEWys5D/5mgnkuQ9ZbdovV9yqOwdaJV5OKpCj2S9/+YOYpIJKQzjWuue5iQkyrAwjnE5LfqppgskYD2nPUokF1UE2v3mKzqwyQFGsbEmD5urviQwLrScitJ0Cm5Fe9mbif14vNdFVkDGZpIZKslgUpRyZGM0CQAOmKDF8YgkmitlbERlhhYmxMZVsCN7yy6ukXat6F9XaXb3SuM7jKMIJnMI5eHAJDbiFJrSAQALP8ApvTuq8OO/Ox6K14OQzx/AHzucPLNSRHg==</latexit>

Eggemeier, O’Hare, GP, Redondo & Wong, [2212.00560]

Axion minivoids



Goal: find axion number density  
axion dark matter mass 

Goal: find axion field 
distributionma =

⇢DM

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

Implications for haloscopes

a(x, t) ⇡ A(t) cos(!at+ ')
<latexit sha1_base64="zmjxDznO0E2T3Nbq7KfSeW8cCIw=">AAACFHicbZDLSgMxFIYz3q23qks3wSK0KGVGBV162bisYG2hU8qZNG2DmUlIzkhL6UO48VXcuFDErQt3vo3pZaHWHwIf/zmHk/NHWgqLvv/lzczOzS8sLi1nVlbX1jeym1u3VqWG8TJTUplqBJZLkfAyCpS8qg2HOJK8Et1dDuuVe26sUMkN9jSvx9BOREswQGc1svuQ7x5QLISgtVFdep53zJTNhyrmbWgAxf3wHozuiEIjm/OL/kh0GoIJ5MhEpUb2M2wqlsY8QSbB2lrga6z3waBgkg8yYWq5BnYHbV5zmEDMbb0/OmpA95zTpC1l3EuQjtyfE32Ire3FkeuMATv2b21o/lerpdg6rfdFolPkCRsvaqWSoqLDhGhTGM5Q9hwAM8L9lbIOGGDocsy4EIK/J0/D7WExOCoeXh/nzi4mcSyRHbJL8iQgJ+SMXJESKRNGHsgTeSGv3qP37L157+PWGW8ys01+yfv4Bk1enR8=</latexit>

Axion field

Haloscope

Axion field frequency Axion field local amplitude



Goal: find axion number density  
axion dark matter mass 

Goal: find axion field 
distributionma =

⇢DM

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

Implications for haloscopes

a(x, t) ⇡ A(t) cos(!at+ ')
<latexit sha1_base64="zmjxDznO0E2T3Nbq7KfSeW8cCIw=">AAACFHicbZDLSgMxFIYz3q23qks3wSK0KGVGBV162bisYG2hU8qZNG2DmUlIzkhL6UO48VXcuFDErQt3vo3pZaHWHwIf/zmHk/NHWgqLvv/lzczOzS8sLi1nVlbX1jeym1u3VqWG8TJTUplqBJZLkfAyCpS8qg2HOJK8Et1dDuuVe26sUMkN9jSvx9BOREswQGc1svuQ7x5QLISgtVFdep53zJTNhyrmbWgAxf3wHozuiEIjm/OL/kh0GoIJ5MhEpUb2M2wqlsY8QSbB2lrga6z3waBgkg8yYWq5BnYHbV5zmEDMbb0/OmpA95zTpC1l3EuQjtyfE32Ire3FkeuMATv2b21o/lerpdg6rfdFolPkCRsvaqWSoqLDhGhTGM5Q9hwAM8L9lbIOGGDocsy4EIK/J0/D7WExOCoeXh/nzi4mcSyRHbJL8iQgJ+SMXJESKRNGHsgTeSGv3qP37L157+PWGW8ys01+yfv4Bk1enR8=</latexit>

Axion field

Haloscope

Axion field frequency Axion field local amplitude

Experimental signal (e.g., power 
deposited by field in the cavity)  

All experiments types and couplings  

P (!) / g2⇢af(!)
<latexit sha1_base64="3L54pHtvenjx7G+afbvlBK3kz+0=">AAACDHicbVDNSgMxGMzWv1r/qh69BItQL2W3CnosevFYwbZCdy3ZNLsNzSYhyQpl6QN48VW8eFDEqw/gzbcxbVfQ1oHAMPN9fJkJJaPauO6XU1haXlldK66XNja3tnfKu3ttLVKFSQsLJtRtiDRhlJOWoYaRW6kISkJGOuHwcuJ37onSVPAbM5IkSFDMaUQxMlbqlSvNqi8SEqNjXyohjYDxXd1XA9FD0Y9jp9yaOwVcJF5OKiBHs1f+9PsCpwnhBjOkdddzpQkypAzFjIxLfqqJRHiIYtK1lKOE6CCbhhnDI6v0YSSUfdzAqfp7I0OJ1qMktJMJMgM9703E/7xuaqLzIKNcpoZwPDsUpQzazJNmYJ8qgg0bWYKwovavEA+QQtjY/kq2BG8+8iJp12veSa1+fVppXOR1FMEBOARV4IEz0ABXoAlaAIMH8ARewKvz6Dw7b877bLTg5Dv74A+cj2+N45qr</latexit>

AMDX, CAPP, QUAX, ORGAN, MADMAX, 
ALPHA, DALI, CADEx, BREAD, BRASS, …

⇢DM ⇠ 0.4 GeV/cm3
<latexit sha1_base64="4F3kDU6OJnCT2hykFfC39+MlNVI=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARxEVN2oIuiwq6ESrYCzSxTKbTduhMEmYmQgnxGdz4Km5cKOLWjTvfxmmahbb+MPDxn3M4c34vZFQqy/o2cguLS8sr+dXC2vrG5pa5vdOUQSQwaeCABaLtIUkY9UlDUcVIOxQEcY+Rljc6n9Rb90RIGvi3ahwSl6OBT/sUI6WtrnnkiGHQjR3B4cV14kjKoVWqPqTGJWkmxylhntxVumbRKlmp4DzYGRRBpnrX/HJ6AY448RVmSMqObYXKjZFQFDOSFJxIkhDhERqQjkYfcSLdOL0pgQfa6cF+IPTzFUzd3xMx4lKOuac7OVJDOVubmP/VOpHqn7ox9cNIER9PF/UjBlUAJwHBHhUEKzbWgLCg+q8QD5FAWOkYCzoEe/bkeWiWS3alVL6pFmtnWRx5sAf2wSGwwQmogStQBw2AwSN4Bq/gzXgyXox342PamjOymV3wR8bnD4BdnUg=</latexit>



Implications for haloscopes
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Goal: find axion field 
distribution

p
⇢DM ga� / T 1/4

int
<latexit sha1_base64="nd6az3NwmofSpGkG0zVUiXQ01nE="></latexit>

Excluding a certain 
coupling 

depends on the local 
energy density

Assume ⇢a = ⇢DM
<latexit sha1_base64="f/5jmfwTSK3JysHT76m4t7f9sJw=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzJTBd0IRV24ESrYVugMQybNtKFJZkgyQh2Kv+LGhSJu/Q93/o3pdBbaeuByD+fcS25OmDCqtON8W6WFxaXllfJqZW19Y3PL3t5pqziVmLRwzGJ5HyJFGBWkpalm5D6RBPGQkU44vJz4nQciFY3FnR4lxOeoL2hEMdJGCuw9Tw7iAJ3nLfMkh1c348CuOjUnB5wnbkGqoEAzsL+8XoxTToTGDCnVdZ1E+xmSmmJGxhUvVSRBeIj6pGuoQJwoP8uvH8NDo/RgFEtTQsNc/b2RIa7UiIdmkiM9ULPeRPzP66Y6OvMzKpJUE4GnD0UpgzqGkyhgj0qCNRsZgrCk5laIB0girE1gFROCO/vledKu19zjWv32pNq4KOIog31wAI6AC05BA1yDJmgBDB7BM3gFb9aT9WK9Wx/T0ZJV7OyCP7A+fwAft5UB</latexit>

In the worst case scenario 
exclusion plots are rescaled by a factor 3!

Eggemeier, O’Hare, GP,  
Redondo & Wong, [2212.00560]

P (!) / g2⇢af(!)
<latexit sha1_base64="3L54pHtvenjx7G+afbvlBK3kz+0=">AAACDHicbVDNSgMxGMzWv1r/qh69BItQL2W3CnosevFYwbZCdy3ZNLsNzSYhyQpl6QN48VW8eFDEqw/gzbcxbVfQ1oHAMPN9fJkJJaPauO6XU1haXlldK66XNja3tnfKu3ttLVKFSQsLJtRtiDRhlJOWoYaRW6kISkJGOuHwcuJ37onSVPAbM5IkSFDMaUQxMlbqlSvNqi8SEqNjXyohjYDxXd1XA9FD0Y9jp9yaOwVcJF5OKiBHs1f+9PsCpwnhBjOkdddzpQkypAzFjIxLfqqJRHiIYtK1lKOE6CCbhhnDI6v0YSSUfdzAqfp7I0OJ1qMktJMJMgM9703E/7xuaqLzIKNcpoZwPDsUpQzazJNmYJ8qgg0bWYKwovavEA+QQtjY/kq2BG8+8iJp12veSa1+fVppXOR1FMEBOARV4IEz0ABXoAlaAIMH8ARewKvz6Dw7b877bLTg5Dv74A+cj2+N45qr</latexit>



Cosmological timeline
TodayPQ phase transition Cold axion production 

z ⇠ 102
<latexit sha1_base64="WghIGnzDS5aH/zs5VGE6Qj/hm/U=">AAAB8XicbVBNTwIxEJ3FL8Qv1KOXRmLiieyiiR6JXjxi4gIRVtItXWhou5u2a4Ib/oUXDxrj1X/jzX9jgT0o+JJJXt6bycy8MOFMG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUEeqTmMeqHWJNOZPUN8xw2k4UxSLktBWOrqd+65EqzWJ5Z8YJDQQeSBYxgo2V7p+6mgnkuQ+1XrniVt0Z0DLxclKBHI1e+avbj0kqqDSEY607npuYIMPKMMLppNRNNU0wGeEB7VgqsaA6yGYXT9CJVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzP66QmugwyJpPUUEnmi6KUIxOj6fuozxQlho8twUQxeysiQ6wwMTakkg3BW3x5mTRrVe+sWrs9r9Sv8jiKcATHcAoeXEAdbqABPhCQ8Ayv8OZo58V5dz7mrQUnnzmEP3A+fwBjxJAS</latexit>

Number density 
conserved  Gravitational collapse 

What happens after the end of the simulation?



Cosmological timeline
TodayPQ phase transition Cold axion production 

z ⇠ 102
<latexit sha1_base64="WghIGnzDS5aH/zs5VGE6Qj/hm/U=">AAAB8XicbVBNTwIxEJ3FL8Qv1KOXRmLiieyiiR6JXjxi4gIRVtItXWhou5u2a4Ib/oUXDxrj1X/jzX9jgT0o+JJJXt6bycy8MOFMG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUEeqTmMeqHWJNOZPUN8xw2k4UxSLktBWOrqd+65EqzWJ5Z8YJDQQeSBYxgo2V7p+6mgnkuQ+1XrniVt0Z0DLxclKBHI1e+avbj0kqqDSEY607npuYIMPKMMLppNRNNU0wGeEB7VgqsaA6yGYXT9CJVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzP66QmugwyJpPUUEnmi6KUIxOj6fuozxQlho8twUQxeysiQ6wwMTakkg3BW3x5mTRrVe+sWrs9r9Sv8jiKcATHcAoeXEAdbqABPhCQ8Ayv8OZo58V5dz7mrQUnnzmEP3A+fwBjxJAS</latexit>

Number density 
conserved  Gravitational collapse 

What happens after the end of the simulation?Kavanagh+ [2011.05377]

Miniclusters can be disrupted by tidal forces!



Axion streams 

Preliminary
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O’Hare, GP, Redondo [2311.17367]

Modelling of axion minicluster streams: Monte Carlo simulations 

Energy injected into minicluster 
 at each encounter



Axion streams 

O’Hare, GP, Redondo [2311.17367]
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Modelling of axion minicluster streams: Monte Carlo simulations 

Energy injected into minicluster 
 at each encounter



Axion streams 

O’Hare, GP, Redondo [2311.17367]
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Modelling of axion minicluster streams: Monte Carlo simulations 

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

⇢str(`) =
NencX

i=1

�Mi

⇡R2
mc

p
2⇡(`istr)

2
exp

✓
� `2

2(`istr)
2

◆

<latexit sha1_base64="zLw1WJprR+xt6imVWylQvbnY7FY="></latexit>

Survival probability or stream density on Earth?



Before disruption After disruption

We only measure          on scales ⇢DM
<latexit sha1_base64="auXjw814cPctstti9Bz1pphfTvA=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtV0GNRD16ECvYDukvJptk2NJusSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL0w408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NQyVYQ2iORStUOsKWeCNgwznLYTRXEcctoKhzdTvzWiSjMpHs04oUGM+4JFjGBjpcBXA9nNfBWj2/tJt1R2K+4MaJl4OSlDjnq39OX3JEljKgzhWOuO5yYmyLAyjHA6KfqppgkmQ9ynHUsFjqkOstnRE3RqlR6KpLIlDJqpvycyHGs9jkPbGWMz0IveVPzP66QmugoyJpLUUEHmi6KUIyPRNAHUY4oSw8eWYKKYvRWRAVaYGJtT0YbgLb68TJrVindeqT5clGvXeRwFOIYTOAMPLqEGd1CHBhB4gmd4hTdn5Lw4787HvHXFyWeO4A+czx97z5Ho</latexit>

⇠ 100 pc
<latexit sha1_base64="knkE8qXl8rdmcLl9CNX9gR0/gPQ=">AAAB+nicbVBNSwMxEJ31s9avrR69BIvgqexWQY9FLx4r2A9ol5JNs21okl2SrFLW+k+8eFDEq7/Em//GtN2Dtj4YeLw3w8y8MOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSscXU/91j1VmsXyzowTGgg8kCxiBBsr9dxSVzOBfM97yrpKoIRMem7Zq3gzoGXi56QMOeo996vbj0kqqDSEY607vpeYIMPKMMLppNhNNU0wGeEB7VgqsaA6yGanT9CJVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzP66QmugwyJpPUUEnmi6KUIxOjaQ6ozxQlho8twUQxeysiQ6wwMTatog3BX3x5mTSrFf+sUr09L9eu8jgKcATHcAo+XEANbqAODSDwAM/wCm/Oo/PivDsf89YVJ585hD9wPn8ANluTUw==</latexit>

The volumes is filled by           miniclusters1014
<latexit sha1_base64="mf6p7NZRwjMFUm/nfqIx/SLVJbE=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHoxWMF+wFtLJvtpl262YTdiVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94CThfkSHSoSCUbRS23MfM6827ZfKbsWdg6wSLydlyNHol756g5ilEVfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGupohE3fjY/d0rOrTIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQ0YbgLb+8SlrVindZqd7XyvWbPI4CnMIZXIAHV1CHO2hAExiM4Rle4c1JnBfn3flYtK45+cwJ/IHz+QNHXo7g</latexit>

Streams in the Solar neighbourhood
⇢DM ⇠ 0.4 GeV/cm3

<latexit sha1_base64="4F3kDU6OJnCT2hykFfC39+MlNVI=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARxEVN2oIuiwq6ESrYCzSxTKbTduhMEmYmQgnxGdz4Km5cKOLWjTvfxmmahbb+MPDxn3M4c34vZFQqy/o2cguLS8sr+dXC2vrG5pa5vdOUQSQwaeCABaLtIUkY9UlDUcVIOxQEcY+Rljc6n9Rb90RIGvi3ahwSl6OBT/sUI6WtrnnkiGHQjR3B4cV14kjKoVWqPqTGJWkmxylhntxVumbRKlmp4DzYGRRBpnrX/HJ6AY448RVmSMqObYXKjZFQFDOSFJxIkhDhERqQjkYfcSLdOL0pgQfa6cF+IPTzFUzd3xMx4lKOuac7OVJDOVubmP/VOpHqn7ox9cNIER9PF/UjBlUAJwHBHhUEKzbWgLCg+q8QD5FAWOkYCzoEe/bkeWiWS3alVL6pFmtnWRx5sAf2wSGwwQmogStQBw2AwSN4Bq/gzXgyXox342PamjOymV3wR8bnD4BdnUg=</latexit>



Before disruption After disruption

We only measure          on scales ⇢DM
<latexit sha1_base64="auXjw814cPctstti9Bz1pphfTvA=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtV0GNRD16ECvYDukvJptk2NJusSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL0w408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NQyVYQ2iORStUOsKWeCNgwznLYTRXEcctoKhzdTvzWiSjMpHs04oUGM+4JFjGBjpcBXA9nNfBWj2/tJt1R2K+4MaJl4OSlDjnq39OX3JEljKgzhWOuO5yYmyLAyjHA6KfqppgkmQ9ynHUsFjqkOstnRE3RqlR6KpLIlDJqpvycyHGs9jkPbGWMz0IveVPzP66QmugoyJpLUUEHmi6KUIyPRNAHUY4oSw8eWYKKYvRWRAVaYGJtT0YbgLb68TJrVindeqT5clGvXeRwFOIYTOAMPLqEGd1CHBhB4gmd4hTdn5Lw4787HvHXFyWeO4A+czx97z5Ho</latexit>

⇠ 100 pc
<latexit sha1_base64="knkE8qXl8rdmcLl9CNX9gR0/gPQ=">AAAB+nicbVBNSwMxEJ31s9avrR69BIvgqexWQY9FLx4r2A9ol5JNs21okl2SrFLW+k+8eFDEq7/Em//GtN2Dtj4YeLw3w8y8MOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSscXU/91j1VmsXyzowTGgg8kCxiBBsr9dxSVzOBfM97yrpKoIRMem7Zq3gzoGXi56QMOeo996vbj0kqqDSEY607vpeYIMPKMMLppNhNNU0wGeEB7VgqsaA6yGanT9CJVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzP66QmugwyJpPUUEnmi6KUIxOjaQ6ozxQlho8twUQxeysiQ6wwMTatog3BX3x5mTSrFf+sUr09L9eu8jgKcATHcAo+XEANbqAODSDwAM/wCm/Oo/PivDsf89YVJ585hD9wPn8ANluTUw==</latexit>

The volumes is filled by           miniclusters1014
<latexit sha1_base64="mf6p7NZRwjMFUm/nfqIx/SLVJbE=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHoxWMF+wFtLJvtpl262YTdiVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94CThfkSHSoSCUbRS23MfM6827ZfKbsWdg6wSLydlyNHol756g5ilEVfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGupohE3fjY/d0rOrTIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQ0YbgLb+8SlrVindZqd7XyvWbPI4CnMIZXIAHV1CHO2hAExiM4Rle4c1JnBfn3flYtK45+cwJ/IHz+QNHXo7g</latexit>

After disruption, they become           long streams⇠ pc
<latexit sha1_base64="VwvsQgoWXQvDBafGyNpqK77AAa4=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4KrtV0GPRi8cK9gO6S8mm2TY0yYYkK5Slf8OLB0W8+me8+W9M2z1o64OBx3szzMyLFWfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJs00oS2S8lR3Y2woZ5K2LLOcdpWmWMScduLx3czvPFFtWCof7UTRSOChZAkj2DopDA0TeagFUmTar1T9mj8HWiVBQapQoNmvfIWDlGSCSks4NqYX+MpGOdaWEU6n5TAzVGEyxkPac1RiQU2Uz2+eonOnDFCSalfSorn6eyLHwpiJiF2nwHZklr2Z+J/Xy2xyE+VMqsxSSRaLkowjm6JZAGjANCWWTxzBRDN3KyIjrDGxLqayCyFYfnmVtOu14LJWf7iqNm6LOEpwCmdwAQFcQwPuoQktIKDgGV7hzcu8F+/d+1i0rnnFzAn8gff5Aya1kcE=</latexit>

Streams in the Solar neighbourhood
⇢DM ⇠ 0.4 GeV/cm3

<latexit sha1_base64="4F3kDU6OJnCT2hykFfC39+MlNVI=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARxEVN2oIuiwq6ESrYCzSxTKbTduhMEmYmQgnxGdz4Km5cKOLWjTvfxmmahbb+MPDxn3M4c34vZFQqy/o2cguLS8sr+dXC2vrG5pa5vdOUQSQwaeCABaLtIUkY9UlDUcVIOxQEcY+Rljc6n9Rb90RIGvi3ahwSl6OBT/sUI6WtrnnkiGHQjR3B4cV14kjKoVWqPqTGJWkmxylhntxVumbRKlmp4DzYGRRBpnrX/HJ6AY448RVmSMqObYXKjZFQFDOSFJxIkhDhERqQjkYfcSLdOL0pgQfa6cF+IPTzFUzd3xMx4lKOuac7OVJDOVubmP/VOpHqn7ox9cNIER9PF/UjBlUAJwHBHhUEKzbWgLCg+q8QD5FAWOkYCzoEe/bkeWiWS3alVL6pFmtnWRx5sAf2wSGwwQmogStQBw2AwSN4Bq/gzXgyXox342PamjOymV3wR8bnD4BdnUg=</latexit>
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We only measure          on scales ⇠ 100 pc
<latexit sha1_base64="knkE8qXl8rdmcLl9CNX9gR0/gPQ=">AAAB+nicbVBNSwMxEJ31s9avrR69BIvgqexWQY9FLx4r2A9ol5JNs21okl2SrFLW+k+8eFDEq7/Em//GtN2Dtj4YeLw3w8y8MOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSscXU/91j1VmsXyzowTGgg8kCxiBBsr9dxSVzOBfM97yrpKoIRMem7Zq3gzoGXi56QMOeo996vbj0kqqDSEY607vpeYIMPKMMLppNhNNU0wGeEB7VgqsaA6yGanT9CJVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzP66QmugwyJpPUUEnmi6KUIxOjaQ6ozxQlho8twUQxeysiQ6wwMTatog3BX3x5mTSrFf+sUr09L9eu8jgKcATHcAo+XEANbqAODSDwAM/wCm/Oo/PivDsf89YVJ585hD9wPn8ANluTUw==</latexit>

The volumes is filled by           miniclusters

After disruption, they become           long streams⇠ pc
<latexit sha1_base64="VwvsQgoWXQvDBafGyNpqK77AAa4=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4KrtV0GPRi8cK9gO6S8mm2TY0yYYkK5Slf8OLB0W8+me8+W9M2z1o64OBx3szzMyLFWfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJs00oS2S8lR3Y2woZ5K2LLOcdpWmWMScduLx3czvPFFtWCof7UTRSOChZAkj2DopDA0TeagFUmTar1T9mj8HWiVBQapQoNmvfIWDlGSCSks4NqYX+MpGOdaWEU6n5TAzVGEyxkPac1RiQU2Uz2+eonOnDFCSalfSorn6eyLHwpiJiF2nwHZklr2Z+J/Xy2xyE+VMqsxSSRaLkowjm6JZAGjANCWWTxzBRDN3KyIjrDGxLqayCyFYfnmVtOu14LJWf7iqNm6LOEpwCmdwAQFcQwPuoQktIKDgGV7hzcu8F+/d+1i0rnnFzAn8gff5Aya1kcE=</latexit>

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

1014
<latexit sha1_base64="mf6p7NZRwjMFUm/nfqIx/SLVJbE=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHoxWMF+wFtLJvtpl262YTdiVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94CThfkSHSoSCUbRS23MfM6827ZfKbsWdg6wSLydlyNHol756g5ilEVfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGupohE3fjY/d0rOrTIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQ0YbgLb+8SlrVindZqd7XyvWbPI4CnMIZXIAHV1CHO2hAExiM4Rle4c1JnBfn3flYtK45+cwJ/IHz+QNHXo7g</latexit>

From our Monte Carlo simulations we find 

•               overlapping streams at a given point 

• Their energy adds up to ~80% of the 
measured value           (leading to suppression 

of ~1.2 in the coupling)

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

⇢DM
<latexit sha1_base64="auXjw814cPctstti9Bz1pphfTvA=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtV0GNRD16ECvYDukvJptk2NJusSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL0w408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NQyVYQ2iORStUOsKWeCNgwznLYTRXEcctoKhzdTvzWiSjMpHs04oUGM+4JFjGBjpcBXA9nNfBWj2/tJt1R2K+4MaJl4OSlDjnq39OX3JEljKgzhWOuO5yYmyLAyjHA6KfqppgkmQ9ynHUsFjqkOstnRE3RqlR6KpLIlDJqpvycyHGs9jkPbGWMz0IveVPzP66QmugoyJpLUUEHmi6KUIyPRNAHUY4oSw8eWYKKYvRWRAVaYGJtT0YbgLb68TJrVindeqT5clGvXeRwFOIYTOAMPLqEGd1CHBhB4gmd4hTdn5Lw4787HvHXFyWeO4A+czx97z5Ho</latexit>
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R10 = 0.2 mpc

R10 = 0.5 mpc

R10 = 1 mpc

Stream heating
sstr = smc

sstr = 10 £ smc

Streams in the Solar neighbourhood
⇢DM ⇠ 0.4 GeV/cm3

<latexit sha1_base64="4F3kDU6OJnCT2hykFfC39+MlNVI=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARxEVN2oIuiwq6ESrYCzSxTKbTduhMEmYmQgnxGdz4Km5cKOLWjTvfxmmahbb+MPDxn3M4c34vZFQqy/o2cguLS8sr+dXC2vrG5pa5vdOUQSQwaeCABaLtIUkY9UlDUcVIOxQEcY+Rljc6n9Rb90RIGvi3ahwSl6OBT/sUI6WtrnnkiGHQjR3B4cV14kjKoVWqPqTGJWkmxylhntxVumbRKlmp4DzYGRRBpnrX/HJ6AY448RVmSMqObYXKjZFQFDOSFJxIkhDhERqQjkYfcSLdOL0pgQfa6cF+IPTzFUzd3xMx4lKOuac7OVJDOVubmP/VOpHqn7ox9cNIER9PF/UjBlUAJwHBHhUEKzbWgLCg+q8QD5FAWOkYCzoEe/bkeWiWS3alVL6pFmtnWRx5sAf2wSGwwQmogStQBw2AwSN4Bq/gzXgyXox342PamjOymV3wR8bnD4BdnUg=</latexit>



! ⇡ ma(1 + v2/2)
<latexit sha1_base64="rB8aGlwWJf0QWE5/8mJwkEJWGgQ=">AAACBHicbVDLSgNBEJyNrxhfUY+5DAYhIsTdKOgx6MVjBPOAbAy9k9lkcGZnmZkNhpCDF3/FiwdFvPoR3vwbJ4+DJhY0FFXddHcFMWfauO63k1paXlldS69nNja3tneyu3s1LRNFaJVILlUjAE05i2jVMMNpI1YURMBpPbi/Gvv1PlWayejWDGLaEtCNWMgIGCu1szlfCtoF7EMcK/mARRsK3nH/rnRSOmpn827RnQAvEm9G8miGSjv75XckSQSNDOGgddNzY9MagjKMcDrK+ImmMZB76NKmpREIqlvDyRMjfGiVDg6lshUZPFF/TwxBaD0Qge0UYHp63huL/3nNxIQXrSGL4sTQiEwXhQnHRuJxIrjDFCWGDywBopi9FZMeKCDG5paxIXjzLy+SWqnonRZLN2f58uUsjjTKoQNUQB46R2V0jSqoigh6RM/oFb05T86L8+58TFtTzmxmH/2B8/kDWoqWmQ==</latexit>

Haloscope signal
While field is coherent

⌧coh ⇠ 106 m�1
a

⇠ 0.01ms (100µeV/ma)
<latexit sha1_base64="0rKAT4nhEZr1HTGjyJTwLlt8cWM="></latexit>

coherence time

v ⇠ 10�3
<latexit sha1_base64="QKWU34z0hmxBCQBtu+fxmiky2Vo=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi2W3FfRY9OKxgv2Adi3ZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0e3Mb42p0iySD2YSU1/ggWQhI9hYyR93NRPIcx/Ti+q0Vyy5ZXcOtEq8jJQgQ71X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nRU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJr/2UyTgxVJLFojDhyERolgDqM0WJ4RNLMFHM3orIECtMjM2pYEPwll9eJc1K2auWK/eXpdpNFkceTuAUzsGDK6jBHdShAQSe4Ble4c0ZOy/Ou/OxaM052cwx/IHz+QOVGpFS</latexit>
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Maxwellian

Haloscope signal

Measurements when                       show a discrete FT the 
distribution of component frequencies.

Tint � ⌧coh
<latexit sha1_base64="ztKS+fyEv37XftWaQrU+CCVfrZY=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVJIq6LHoxWOFfkETwma7bZduNmF3IpSQkxf/ihcPinj1N3jz37htc9DWBwOP92aYmRcmgmtwnG9rZXVtfWOztFXe3tnd27cPDts6ThVlLRqLWHVDopngkrWAg2DdRDEShYJ1wvHt1O88MKV5LJswSZgfkaHkA04JGCmwT5pB5qkIcwm5NxxiD0g6V2g8ygO74lSdGfAycQtSQQUagf3l9WOaRkwCFUTrnusk4GdEAaeC5WUv1SwhdEyGrGeoJBHTfjZ7I8dnRunjQaxMScAz9fdERiKtJ1FoOiMCI73oTcX/vF4Kg2s/4zJJgUk6XzRIBYYYTzPBfa4YBTExhFDFza2YjogiFExyZROCu/jyMmnXqu5FtXZ/WanfFHGU0DE6RefIRVeoju5QA7UQRY/oGb2iN+vJerHerY9564pVzByhP7A+fwBDkpj+</latexit>

! ⇡ ma(1 + v2/2)
<latexit sha1_base64="rB8aGlwWJf0QWE5/8mJwkEJWGgQ=">AAACBHicbVDLSgNBEJyNrxhfUY+5DAYhIsTdKOgx6MVjBPOAbAy9k9lkcGZnmZkNhpCDF3/FiwdFvPoR3vwbJ4+DJhY0FFXddHcFMWfauO63k1paXlldS69nNja3tneyu3s1LRNFaJVILlUjAE05i2jVMMNpI1YURMBpPbi/Gvv1PlWayejWDGLaEtCNWMgIGCu1szlfCtoF7EMcK/mARRsK3nH/rnRSOmpn827RnQAvEm9G8miGSjv75XckSQSNDOGgddNzY9MagjKMcDrK+ImmMZB76NKmpREIqlvDyRMjfGiVDg6lshUZPFF/TwxBaD0Qge0UYHp63huL/3nNxIQXrSGL4sTQiEwXhQnHRuJxIrjDFCWGDywBopi9FZMeKCDG5paxIXjzLy+SWqnonRZLN2f58uUsjjTKoQNUQB46R2V0jSqoigh6RM/oFb05T86L8+58TFtTzmxmH/2B8/kDWoqWmQ==</latexit>

While field is coherent

⌧coh ⇠ 106 m�1
a

⇠ 0.01ms (100µeV/ma)
<latexit sha1_base64="0rKAT4nhEZr1HTGjyJTwLlt8cWM="></latexit>

coherence time

�! =
2⇡

Tint
<latexit sha1_base64="odY8YxFhLlAEFm1cHCzFD0blVk8=">AAACDnicbVA9SwNBEN3zM8avqKXNYhCswl0UtBGCWlhGMBrIhbC3mYuLu3vH7pwQjvsFNv4VGwtFbK3t/DduYgqNPhh4vDfDzLwolcKi7396M7Nz8wuLpaXy8srq2nplY/PKJpnh0OKJTEw7Yhak0NBCgRLaqQGmIgnX0e3pyL++A2NFoi9xmEJXsYEWseAMndSr7IZnIJGFiYIBOw5jw3heD1NR5Je9PDSKCo1F0atU/Zo/Bv1LggmpkgmavcpH2E94pkAjl8zaTuCn2M2ZQcElFOUws5AyfssG0HFUMwW2m4/fKeiuU/o0TowrjXSs/pzImbJ2qCLXqRje2GlvJP7ndTKMj7q50GmGoPn3ojiTFBM6yob2hQGOcugI40a4Wym/YS4SdAmWXQjB9Mt/yVW9FuzX6hcH1cbJJI4S2SY7ZI8E5JA0yDlpkhbh5J48kmfy4j14T96r9/bdOuNNZrbIL3jvX+jCnKk=</latexit>

Frequency 
resolution

v ⇠ 10�3
<latexit sha1_base64="QKWU34z0hmxBCQBtu+fxmiky2Vo=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi2W3FfRY9OKxgv2Adi3ZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0e3Mb42p0iySD2YSU1/ggWQhI9hYyR93NRPIcx/Ti+q0Vyy5ZXcOtEq8jJQgQ71X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nRU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJr/2UyTgxVJLFojDhyERolgDqM0WJ4RNLMFHM3orIECtMjM2pYEPwll9eJc1K2auWK/eXpdpNFkceTuAUzsGDK6jBHdShAQSe4Ble4c0ZOy/Ou/OxaM052cwx/IHz+QOVGpFS</latexit>
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Maxwellian

Haloscope signal

Measurements when                       show a discrete FT the 
distribution of component frequencies.

Tint � ⌧coh
<latexit sha1_base64="ztKS+fyEv37XftWaQrU+CCVfrZY=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVJIq6LHoxWOFfkETwma7bZduNmF3IpSQkxf/ihcPinj1N3jz37htc9DWBwOP92aYmRcmgmtwnG9rZXVtfWOztFXe3tnd27cPDts6ThVlLRqLWHVDopngkrWAg2DdRDEShYJ1wvHt1O88MKV5LJswSZgfkaHkA04JGCmwT5pB5qkIcwm5NxxiD0g6V2g8ygO74lSdGfAycQtSQQUagf3l9WOaRkwCFUTrnusk4GdEAaeC5WUv1SwhdEyGrGeoJBHTfjZ7I8dnRunjQaxMScAz9fdERiKtJ1FoOiMCI73oTcX/vF4Kg2s/4zJJgUk6XzRIBYYYTzPBfa4YBTExhFDFza2YjogiFExyZROCu/jyMmnXqu5FtXZ/WanfFHGU0DE6RefIRVeoju5QA7UQRY/oGb2iN+vJerHerY9564pVzByhP7A+fwBDkpj+</latexit>

! ⇡ ma(1 + v2/2)
<latexit sha1_base64="rB8aGlwWJf0QWE5/8mJwkEJWGgQ=">AAACBHicbVDLSgNBEJyNrxhfUY+5DAYhIsTdKOgx6MVjBPOAbAy9k9lkcGZnmZkNhpCDF3/FiwdFvPoR3vwbJ4+DJhY0FFXddHcFMWfauO63k1paXlldS69nNja3tneyu3s1LRNFaJVILlUjAE05i2jVMMNpI1YURMBpPbi/Gvv1PlWayejWDGLaEtCNWMgIGCu1szlfCtoF7EMcK/mARRsK3nH/rnRSOmpn827RnQAvEm9G8miGSjv75XckSQSNDOGgddNzY9MagjKMcDrK+ImmMZB76NKmpREIqlvDyRMjfGiVDg6lshUZPFF/TwxBaD0Qge0UYHp63huL/3nNxIQXrSGL4sTQiEwXhQnHRuJxIrjDFCWGDywBopi9FZMeKCDG5paxIXjzLy+SWqnonRZLN2f58uUsjjTKoQNUQB46R2V0jSqoigh6RM/oFb05T86L8+58TFtTzmxmH/2B8/kDWoqWmQ==</latexit>

While field is coherent

⌧coh ⇠ 106 m�1
a

⇠ 0.01ms (100µeV/ma)
<latexit sha1_base64="0rKAT4nhEZr1HTGjyJTwLlt8cWM="></latexit>

coherence time

�! =
2⇡

Tint
<latexit sha1_base64="odY8YxFhLlAEFm1cHCzFD0blVk8=">AAACDnicbVA9SwNBEN3zM8avqKXNYhCswl0UtBGCWlhGMBrIhbC3mYuLu3vH7pwQjvsFNv4VGwtFbK3t/DduYgqNPhh4vDfDzLwolcKi7396M7Nz8wuLpaXy8srq2nplY/PKJpnh0OKJTEw7Yhak0NBCgRLaqQGmIgnX0e3pyL++A2NFoi9xmEJXsYEWseAMndSr7IZnIJGFiYIBOw5jw3heD1NR5Je9PDSKCo1F0atU/Zo/Bv1LggmpkgmavcpH2E94pkAjl8zaTuCn2M2ZQcElFOUws5AyfssG0HFUMwW2m4/fKeiuU/o0TowrjXSs/pzImbJ2qCLXqRje2GlvJP7ndTKMj7q50GmGoPn3ojiTFBM6yob2hQGOcugI40a4Wym/YS4SdAmWXQjB9Mt/yVW9FuzX6hcH1cbJJI4S2SY7ZI8E5JA0yDlpkhbh5J48kmfy4j14T96r9/bdOuNNZrbIL3jvX+jCnKk=</latexit>

Frequency 
resolution

S(!) / ⇢DM
g2a�
m2

a

f(!)
<latexit sha1_base64="WirnuljbPS8U4pxu4cbA6aUkfRM="></latexit>

Axion lineshape

v ⇠ 10�3
<latexit sha1_base64="QKWU34z0hmxBCQBtu+fxmiky2Vo=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi2W3FfRY9OKxgv2Adi3ZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0e3Mb42p0iySD2YSU1/ggWQhI9hYyR93NRPIcx/Ti+q0Vyy5ZXcOtEq8jJQgQ71X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nRU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJr/2UyTgxVJLFojDhyERolgDqM0WJ4RNLMFHM3orIECtMjM2pYEPwll9eJc1K2auWK/eXpdpNFkceTuAUzsGDK6jBHdShAQSe4Ble4c0ZOy/Ou/OxaM052cwx/IHz+QOVGpFS</latexit>
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Maxwellian

Haloscope signal

Measurements when                       show a discrete FT the 
distribution of component frequencies.

Tint � ⌧coh
<latexit sha1_base64="ztKS+fyEv37XftWaQrU+CCVfrZY=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVJIq6LHoxWOFfkETwma7bZduNmF3IpSQkxf/ihcPinj1N3jz37htc9DWBwOP92aYmRcmgmtwnG9rZXVtfWOztFXe3tnd27cPDts6ThVlLRqLWHVDopngkrWAg2DdRDEShYJ1wvHt1O88MKV5LJswSZgfkaHkA04JGCmwT5pB5qkIcwm5NxxiD0g6V2g8ygO74lSdGfAycQtSQQUagf3l9WOaRkwCFUTrnusk4GdEAaeC5WUv1SwhdEyGrGeoJBHTfjZ7I8dnRunjQaxMScAz9fdERiKtJ1FoOiMCI73oTcX/vF4Kg2s/4zJJgUk6XzRIBYYYTzPBfa4YBTExhFDFza2YjogiFExyZROCu/jyMmnXqu5FtXZ/WanfFHGU0DE6RefIRVeoju5QA7UQRY/oGb2iN+vJerHerY9564pVzByhP7A+fwBDkpj+</latexit>

! ⇡ ma(1 + v2/2)
<latexit sha1_base64="rB8aGlwWJf0QWE5/8mJwkEJWGgQ=">AAACBHicbVDLSgNBEJyNrxhfUY+5DAYhIsTdKOgx6MVjBPOAbAy9k9lkcGZnmZkNhpCDF3/FiwdFvPoR3vwbJ4+DJhY0FFXddHcFMWfauO63k1paXlldS69nNja3tneyu3s1LRNFaJVILlUjAE05i2jVMMNpI1YURMBpPbi/Gvv1PlWayejWDGLaEtCNWMgIGCu1szlfCtoF7EMcK/mARRsK3nH/rnRSOmpn827RnQAvEm9G8miGSjv75XckSQSNDOGgddNzY9MagjKMcDrK+ImmMZB76NKmpREIqlvDyRMjfGiVDg6lshUZPFF/TwxBaD0Qge0UYHp63huL/3nNxIQXrSGL4sTQiEwXhQnHRuJxIrjDFCWGDywBopi9FZMeKCDG5paxIXjzLy+SWqnonRZLN2f58uUsjjTKoQNUQB46R2V0jSqoigh6RM/oFb05T86L8+58TFtTzmxmH/2B8/kDWoqWmQ==</latexit>

While field is coherent

⌧coh ⇠ 106 m�1
a

⇠ 0.01ms (100µeV/ma)
<latexit sha1_base64="0rKAT4nhEZr1HTGjyJTwLlt8cWM="></latexit>

coherence time

�! =
2⇡

Tint
<latexit sha1_base64="odY8YxFhLlAEFm1cHCzFD0blVk8=">AAACDnicbVA9SwNBEN3zM8avqKXNYhCswl0UtBGCWlhGMBrIhbC3mYuLu3vH7pwQjvsFNv4VGwtFbK3t/DduYgqNPhh4vDfDzLwolcKi7396M7Nz8wuLpaXy8srq2nplY/PKJpnh0OKJTEw7Yhak0NBCgRLaqQGmIgnX0e3pyL++A2NFoi9xmEJXsYEWseAMndSr7IZnIJGFiYIBOw5jw3heD1NR5Je9PDSKCo1F0atU/Zo/Bv1LggmpkgmavcpH2E94pkAjl8zaTuCn2M2ZQcElFOUws5AyfssG0HFUMwW2m4/fKeiuU/o0TowrjXSs/pzImbJ2qCLXqRje2GlvJP7ndTKMj7q50GmGoPn3ojiTFBM6yob2hQGOcugI40a4Wym/YS4SdAmWXQjB9Mt/yVW9FuzX6hcH1cbJJI4S2SY7ZI8E5JA0yDlpkhbh5J48kmfy4j14T96r9/bdOuNNZrbIL3jvX+jCnKk=</latexit>

Frequency 
resolution

S(!) / ⇢DM
g2a�
m2

a

f(!)
<latexit sha1_base64="WirnuljbPS8U4pxu4cbA6aUkfRM="></latexit>

Axion lineshape

v ⇠ 10�3
<latexit sha1_base64="QKWU34z0hmxBCQBtu+fxmiky2Vo=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi2W3FfRY9OKxgv2Adi3ZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0e3Mb42p0iySD2YSU1/ggWQhI9hYyR93NRPIcx/Ti+q0Vyy5ZXcOtEq8jJQgQ71X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nRU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJr/2UyTgxVJLFojDhyERolgDqM0WJ4RNLMFHM3orIECtMjM2pYEPwll9eJc1K2auWK/eXpdpNFkceTuAUzsGDK6jBHdShAQSe4Ble4c0ZOy/Ou/OxaM052cwx/IHz+QOVGpFS</latexit>



°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

Haloscope signal

Measurements when                       show a discrete FT the 
distribution of component frequencies.

Tint � ⌧coh
<latexit sha1_base64="ztKS+fyEv37XftWaQrU+CCVfrZY=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVJIq6LHoxWOFfkETwma7bZduNmF3IpSQkxf/ihcPinj1N3jz37htc9DWBwOP92aYmRcmgmtwnG9rZXVtfWOztFXe3tnd27cPDts6ThVlLRqLWHVDopngkrWAg2DdRDEShYJ1wvHt1O88MKV5LJswSZgfkaHkA04JGCmwT5pB5qkIcwm5NxxiD0g6V2g8ygO74lSdGfAycQtSQQUagf3l9WOaRkwCFUTrnusk4GdEAaeC5WUv1SwhdEyGrGeoJBHTfjZ7I8dnRunjQaxMScAz9fdERiKtJ1FoOiMCI73oTcX/vF4Kg2s/4zJJgUk6XzRIBYYYTzPBfa4YBTExhFDFza2YjogiFExyZROCu/jyMmnXqu5FtXZ/WanfFHGU0DE6RefIRVeoju5QA7UQRY/oGb2iN+vJerHerY9564pVzByhP7A+fwBDkpj+</latexit>

! ⇡ ma(1 + v2/2)
<latexit sha1_base64="rB8aGlwWJf0QWE5/8mJwkEJWGgQ=">AAACBHicbVDLSgNBEJyNrxhfUY+5DAYhIsTdKOgx6MVjBPOAbAy9k9lkcGZnmZkNhpCDF3/FiwdFvPoR3vwbJ4+DJhY0FFXddHcFMWfauO63k1paXlldS69nNja3tneyu3s1LRNFaJVILlUjAE05i2jVMMNpI1YURMBpPbi/Gvv1PlWayejWDGLaEtCNWMgIGCu1szlfCtoF7EMcK/mARRsK3nH/rnRSOmpn827RnQAvEm9G8miGSjv75XckSQSNDOGgddNzY9MagjKMcDrK+ImmMZB76NKmpREIqlvDyRMjfGiVDg6lshUZPFF/TwxBaD0Qge0UYHp63huL/3nNxIQXrSGL4sTQiEwXhQnHRuJxIrjDFCWGDywBopi9FZMeKCDG5paxIXjzLy+SWqnonRZLN2f58uUsjjTKoQNUQB46R2V0jSqoigh6RM/oFb05T86L8+58TFtTzmxmH/2B8/kDWoqWmQ==</latexit>

While field is coherent

⌧coh ⇠ 106 m�1
a

⇠ 0.01ms (100µeV/ma)
<latexit sha1_base64="0rKAT4nhEZr1HTGjyJTwLlt8cWM="></latexit>

coherence time

�! =
2⇡

Tint
<latexit sha1_base64="odY8YxFhLlAEFm1cHCzFD0blVk8=">AAACDnicbVA9SwNBEN3zM8avqKXNYhCswl0UtBGCWlhGMBrIhbC3mYuLu3vH7pwQjvsFNv4VGwtFbK3t/DduYgqNPhh4vDfDzLwolcKi7396M7Nz8wuLpaXy8srq2nplY/PKJpnh0OKJTEw7Yhak0NBCgRLaqQGmIgnX0e3pyL++A2NFoi9xmEJXsYEWseAMndSr7IZnIJGFiYIBOw5jw3heD1NR5Je9PDSKCo1F0atU/Zo/Bv1LggmpkgmavcpH2E94pkAjl8zaTuCn2M2ZQcElFOUws5AyfssG0HFUMwW2m4/fKeiuU/o0TowrjXSs/pzImbJ2qCLXqRje2GlvJP7ndTKMj7q50GmGoPn3ojiTFBM6yob2hQGOcugI40a4Wym/YS4SdAmWXQjB9Mt/yVW9FuzX6hcH1cbJJI4S2SY7ZI8E5JA0yDlpkhbh5J48kmfy4j14T96r9/bdOuNNZrbIL3jvX+jCnKk=</latexit>

Frequency 
resolution

S(!) / ⇢DM
g2a�
m2

a

f(!)
<latexit sha1_base64="WirnuljbPS8U4pxu4cbA6aUkfRM="></latexit>

Axion lineshape

v ⇠ 10�3
<latexit sha1_base64="QKWU34z0hmxBCQBtu+fxmiky2Vo=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi2W3FfRY9OKxgv2Adi3ZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0e3Mb42p0iySD2YSU1/ggWQhI9hYyR93NRPIcx/Ti+q0Vyy5ZXcOtEq8jJQgQ71X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nRU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJr/2UyTgxVJLFojDhyERolgDqM0WJ4RNLMFHM3orIECtMjM2pYEPwll9eJc1K2auWK/eXpdpNFkceTuAUzsGDK6jBHdShAQSe4Ble4c0ZOy/Ou/OxaM052cwx/IHz+QOVGpFS</latexit>
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Maxwellian
Void + streams

Haloscope signal

Measurements when                       show a discrete FT the 
distribution of component frequencies.

Tint � ⌧coh
<latexit sha1_base64="ztKS+fyEv37XftWaQrU+CCVfrZY=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVJIq6LHoxWOFfkETwma7bZduNmF3IpSQkxf/ihcPinj1N3jz37htc9DWBwOP92aYmRcmgmtwnG9rZXVtfWOztFXe3tnd27cPDts6ThVlLRqLWHVDopngkrWAg2DdRDEShYJ1wvHt1O88MKV5LJswSZgfkaHkA04JGCmwT5pB5qkIcwm5NxxiD0g6V2g8ygO74lSdGfAycQtSQQUagf3l9WOaRkwCFUTrnusk4GdEAaeC5WUv1SwhdEyGrGeoJBHTfjZ7I8dnRunjQaxMScAz9fdERiKtJ1FoOiMCI73oTcX/vF4Kg2s/4zJJgUk6XzRIBYYYTzPBfa4YBTExhFDFza2YjogiFExyZROCu/jyMmnXqu5FtXZ/WanfFHGU0DE6RefIRVeoju5QA7UQRY/oGb2iN+vJerHerY9564pVzByhP7A+fwBDkpj+</latexit>

! ⇡ ma(1 + v2/2)
<latexit sha1_base64="rB8aGlwWJf0QWE5/8mJwkEJWGgQ=">AAACBHicbVDLSgNBEJyNrxhfUY+5DAYhIsTdKOgx6MVjBPOAbAy9k9lkcGZnmZkNhpCDF3/FiwdFvPoR3vwbJ4+DJhY0FFXddHcFMWfauO63k1paXlldS69nNja3tneyu3s1LRNFaJVILlUjAE05i2jVMMNpI1YURMBpPbi/Gvv1PlWayejWDGLaEtCNWMgIGCu1szlfCtoF7EMcK/mARRsK3nH/rnRSOmpn827RnQAvEm9G8miGSjv75XckSQSNDOGgddNzY9MagjKMcDrK+ImmMZB76NKmpREIqlvDyRMjfGiVDg6lshUZPFF/TwxBaD0Qge0UYHp63huL/3nNxIQXrSGL4sTQiEwXhQnHRuJxIrjDFCWGDywBopi9FZMeKCDG5paxIXjzLy+SWqnonRZLN2f58uUsjjTKoQNUQB46R2V0jSqoigh6RM/oFb05T86L8+58TFtTzmxmH/2B8/kDWoqWmQ==</latexit>

While field is coherent

⌧coh ⇠ 106 m�1
a

⇠ 0.01ms (100µeV/ma)
<latexit sha1_base64="0rKAT4nhEZr1HTGjyJTwLlt8cWM="></latexit>

coherence time

�! =
2⇡

Tint
<latexit sha1_base64="odY8YxFhLlAEFm1cHCzFD0blVk8=">AAACDnicbVA9SwNBEN3zM8avqKXNYhCswl0UtBGCWlhGMBrIhbC3mYuLu3vH7pwQjvsFNv4VGwtFbK3t/DduYgqNPhh4vDfDzLwolcKi7396M7Nz8wuLpaXy8srq2nplY/PKJpnh0OKJTEw7Yhak0NBCgRLaqQGmIgnX0e3pyL++A2NFoi9xmEJXsYEWseAMndSr7IZnIJGFiYIBOw5jw3heD1NR5Je9PDSKCo1F0atU/Zo/Bv1LggmpkgmavcpH2E94pkAjl8zaTuCn2M2ZQcElFOUws5AyfssG0HFUMwW2m4/fKeiuU/o0TowrjXSs/pzImbJ2qCLXqRje2GlvJP7ndTKMj7q50GmGoPn3ojiTFBM6yob2hQGOcugI40a4Wym/YS4SdAmWXQjB9Mt/yVW9FuzX6hcH1cbJJI4S2SY7ZI8E5JA0yDlpkhbh5J48kmfy4j14T96r9/bdOuNNZrbIL3jvX+jCnKk=</latexit>

Frequency 
resolution

S(!) / ⇢DM
g2a�
m2

a

f(!)
<latexit sha1_base64="WirnuljbPS8U4pxu4cbA6aUkfRM="></latexit>

Axion lineshape

v ⇠ 10�3
<latexit sha1_base64="QKWU34z0hmxBCQBtu+fxmiky2Vo=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi2W3FfRY9OKxgv2Adi3ZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0e3Mb42p0iySD2YSU1/ggWQhI9hYyR93NRPIcx/Ti+q0Vyy5ZXcOtEq8jJQgQ71X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nRU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJr/2UyTgxVJLFojDhyERolgDqM0WJ4RNLMFHM3orIECtMjM2pYEPwll9eJc1K2auWK/eXpdpNFkceTuAUzsGDK6jBHdShAQSe4Ble4c0ZOy/Ou/OxaM052cwx/IHz+QOVGpFS</latexit>

Narrow lines typically last 

Can be much larger in the resolved 
lineshape in certain frequency bins

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

                streams lead to an overall enhancement of ~7 
w.r.t. background void 

O(days� years)
<latexit sha1_base64="KQ5wy71HeWm9Q3hsNt5JBXQt4C0=">AAACBHicbVDLSsNAFJ3UV62vqMtuBotQF5akCrosunFnBfuANpSbybQdOpmEmYkQQhdu/BU3LhRx60e482+cPhbaeuDC4Zx7ufceP+ZMacf5tnIrq2vrG/nNwtb2zu6evX/QVFEiCW2QiEey7YOinAna0Exz2o4lhdDntOWPrid+64FKxSJxr9OYeiEMBOszAtpIPbvYDUEPCfDsdlzuyhAHkKrTlIJUJz275FScKfAyceekhOao9+yvbhCRJKRCEw5KdVwn1l4GUjPC6bjQTRSNgYxgQDuGCgip8rLpE2N8bJQA9yNpSmg8VX9PZBAqlYa+6ZycrBa9ifif10l0/9LLmIgTTQWZLeonHOsITxLBAZOUaJ4aAkQycysmQ5BAtMmtYEJwF19eJs1qxT2rVO/OS7WreRx5VERHqIxcdIFq6AbVUQMR9Iie0St6s56sF+vd+pi15qz5zCH6A+vzB14Ul+g=</latexit>
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Measurements when                       show a discrete FT the 
distribution of component frequencies.

Tint � ⌧coh
<latexit sha1_base64="ztKS+fyEv37XftWaQrU+CCVfrZY=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVJIq6LHoxWOFfkETwma7bZduNmF3IpSQkxf/ihcPinj1N3jz37htc9DWBwOP92aYmRcmgmtwnG9rZXVtfWOztFXe3tnd27cPDts6ThVlLRqLWHVDopngkrWAg2DdRDEShYJ1wvHt1O88MKV5LJswSZgfkaHkA04JGCmwT5pB5qkIcwm5NxxiD0g6V2g8ygO74lSdGfAycQtSQQUagf3l9WOaRkwCFUTrnusk4GdEAaeC5WUv1SwhdEyGrGeoJBHTfjZ7I8dnRunjQaxMScAz9fdERiKtJ1FoOiMCI73oTcX/vF4Kg2s/4zJJgUk6XzRIBYYYTzPBfa4YBTExhFDFza2YjogiFExyZROCu/jyMmnXqu5FtXZ/WanfFHGU0DE6RefIRVeoju5QA7UQRY/oGb2iN+vJerHerY9564pVzByhP7A+fwBDkpj+</latexit>

! ⇡ ma(1 + v2/2)
<latexit sha1_base64="rB8aGlwWJf0QWE5/8mJwkEJWGgQ=">AAACBHicbVDLSgNBEJyNrxhfUY+5DAYhIsTdKOgx6MVjBPOAbAy9k9lkcGZnmZkNhpCDF3/FiwdFvPoR3vwbJ4+DJhY0FFXddHcFMWfauO63k1paXlldS69nNja3tneyu3s1LRNFaJVILlUjAE05i2jVMMNpI1YURMBpPbi/Gvv1PlWayejWDGLaEtCNWMgIGCu1szlfCtoF7EMcK/mARRsK3nH/rnRSOmpn827RnQAvEm9G8miGSjv75XckSQSNDOGgddNzY9MagjKMcDrK+ImmMZB76NKmpREIqlvDyRMjfGiVDg6lshUZPFF/TwxBaD0Qge0UYHp63huL/3nNxIQXrSGL4sTQiEwXhQnHRuJxIrjDFCWGDywBopi9FZMeKCDG5paxIXjzLy+SWqnonRZLN2f58uUsjjTKoQNUQB46R2V0jSqoigh6RM/oFb05T86L8+58TFtTzmxmH/2B8/kDWoqWmQ==</latexit>

While field is coherent

⌧coh ⇠ 106 m�1
a

⇠ 0.01ms (100µeV/ma)
<latexit sha1_base64="0rKAT4nhEZr1HTGjyJTwLlt8cWM="></latexit>

coherence time

�! =
2⇡

Tint
<latexit sha1_base64="odY8YxFhLlAEFm1cHCzFD0blVk8=">AAACDnicbVA9SwNBEN3zM8avqKXNYhCswl0UtBGCWlhGMBrIhbC3mYuLu3vH7pwQjvsFNv4VGwtFbK3t/DduYgqNPhh4vDfDzLwolcKi7396M7Nz8wuLpaXy8srq2nplY/PKJpnh0OKJTEw7Yhak0NBCgRLaqQGmIgnX0e3pyL++A2NFoi9xmEJXsYEWseAMndSr7IZnIJGFiYIBOw5jw3heD1NR5Je9PDSKCo1F0atU/Zo/Bv1LggmpkgmavcpH2E94pkAjl8zaTuCn2M2ZQcElFOUws5AyfssG0HFUMwW2m4/fKeiuU/o0TowrjXSs/pzImbJ2qCLXqRje2GlvJP7ndTKMj7q50GmGoPn3ojiTFBM6yob2hQGOcugI40a4Wym/YS4SdAmWXQjB9Mt/yVW9FuzX6hcH1cbJJI4S2SY7ZI8E5JA0yDlpkhbh5J48kmfy4j14T96r9/bdOuNNZrbIL3jvX+jCnKk=</latexit>

Frequency 
resolution

S(!) / ⇢DM
g2a�
m2

a

f(!)
<latexit sha1_base64="WirnuljbPS8U4pxu4cbA6aUkfRM="></latexit>

Axion lineshape

v ⇠ 10�3
<latexit sha1_base64="QKWU34z0hmxBCQBtu+fxmiky2Vo=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi2W3FfRY9OKxgv2Adi3ZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0e3Mb42p0iySD2YSU1/ggWQhI9hYyR93NRPIcx/Ti+q0Vyy5ZXcOtEq8jJQgQ71X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nRU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJr/2UyTgxVJLFojDhyERolgDqM0WJ4RNLMFHM3orIECtMjM2pYEPwll9eJc1K2auWK/eXpdpNFkceTuAUzsGDK6jBHdShAQSe4Ble4c0ZOy/Ou/OxaM052cwx/IHz+QOVGpFS</latexit>

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

                streams lead to an overall enhancement of ~7 
w.r.t. background void 

Narrow lines typically last O(days� years)
<latexit sha1_base64="KQ5wy71HeWm9Q3hsNt5JBXQt4C0=">AAACBHicbVDLSsNAFJ3UV62vqMtuBotQF5akCrosunFnBfuANpSbybQdOpmEmYkQQhdu/BU3LhRx60e482+cPhbaeuDC4Zx7ufceP+ZMacf5tnIrq2vrG/nNwtb2zu6evX/QVFEiCW2QiEey7YOinAna0Exz2o4lhdDntOWPrid+64FKxSJxr9OYeiEMBOszAtpIPbvYDUEPCfDsdlzuyhAHkKrTlIJUJz275FScKfAyceekhOao9+yvbhCRJKRCEw5KdVwn1l4GUjPC6bjQTRSNgYxgQDuGCgip8rLpE2N8bJQA9yNpSmg8VX9PZBAqlYa+6ZycrBa9ifif10l0/9LLmIgTTQWZLeonHOsITxLBAZOUaJ4aAkQycysmQ5BAtMmtYEJwF19eJs1qxT2rVO/OS7WreRx5VERHqIxcdIFq6AbVUQMR9Iie0St6s56sF+vd+pi15qz5zCH6A+vzB14Ul+g=</latexit>

Can be much larger in the resolved 
lineshape in certain frequency bins



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



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/

z ⇠ 99
<latexit sha1_base64="Tn/OK9b8/6edCTDMQCFNMWpoMB0=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBe2t6MVjBfsB7VKyabYNTbJrkhXq0j/hxYMiXv073vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCxUuepp5lAtVq/WHLL7hxolXgZKUGGRr/41RtEJBFUGsKx1l3PjY2fYmUY4XRa6CWaxpiM8ZB2LZVYUO2n83un6MwqAxRGypY0aK7+nkix0HoiAtspsBnpZW8m/ud1ExNe+SmTcWKoJItFYcKRidDseTRgihLDJ5Zgopi9FZERVpgYG1HBhuAtv7xKWpWyd1Gu3FVL9essjjycwCmcgweXUIdbaEATCHB4hld4cx6cF+fd+Vi05pxs5hj+wPn8AVO9j38=</latexit>z ⇠ 106

<latexit sha1_base64="EvWDl4NuYmr+RFPLEov3mVg5roE=">AAAB8XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiUY9ELx4xkY8IK+mWLjS03U3bNcEN/8KLB43x6r/x5r+xwB4UfMkkL+/NZGZeEHOmjet+O7mV1bX1jfxmYWt7Z3evuH/Q1FGiCG2QiEeqHWBNOZO0YZjhtB0rikXAaSsYXU/91iNVmkXyzoxj6gs8kCxkBBsr3T91NRPIcx/Oe8WSW3ZnQMvEy0gJMtR7xa9uPyKJoNIQjrXueG5s/BQrwwink0I30TTGZIQHtGOpxIJqP51dPEEnVumjMFK2pEEz9fdEioXWYxHYToHNUC96U/E/r5OY8NJPmYwTQyWZLwoTjkyEpu+jPlOUGD62BBPF7K2IDLHCxNiQCjYEb/HlZdKslL2zcuW2WqpdZXHk4QiO4RQ8uIAa3EAdGkBAwjO8wpujnRfn3fmYt+acbOYQ/sD5/AFp1JAW</latexit>



Axion streams at solar position

We only measure          on scales ⇠ 100 pc
<latexit sha1_base64="knkE8qXl8rdmcLl9CNX9gR0/gPQ=">AAAB+nicbVBNSwMxEJ31s9avrR69BIvgqexWQY9FLx4r2A9ol5JNs21okl2SrFLW+k+8eFDEq7/Em//GtN2Dtj4YeLw3w8y8MOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSscXU/91j1VmsXyzowTGgg8kCxiBBsr9dxSVzOBfM97yrpKoIRMem7Zq3gzoGXi56QMOeo996vbj0kqqDSEY607vpeYIMPKMMLppNhNNU0wGeEB7VgqsaA6yGanT9CJVfooipUtadBM/T2RYaH1WIS2U2Az1IveVPzP66QmugwyJpPUUEnmi6KUIxOjaQ6ozxQlho8twUQxeysiQ6wwMTatog3BX3x5mTSrFf+sUr09L9eu8jgKcATHcAo+XEANbqAODSDwAM/wCm/Oo/PivDsf89YVJ585hD9wPn8ANluTUw==</latexit>

The volumes is filled by           miniclusters

After disruption, they become           long streams⇠ pc
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From our Monte Carlo simulations we find 

•               overlapping streams at a given point 

• Their energy adds up to 80% of the measured 
value 

O(1000)
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Axion stars
Eggemeier, Niemeyer [1906.01348] 

Gorghetto+ [2405.19389] 

Levkov+ [1804.05857] 
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Density fluctuations

Credits: C. O’Hare



Goal: find axion number density  
axion dark matter mass ma =

⇢DM

na
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Implications for haloscopes
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Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Buschmann, 2021
Saikawa, 2024

Gorghetto, 2020
Kawasaki, 2012

Kawasaki, 2014
Fleury, 2015
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Gorghetto, 2020
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⌦a < ⌦DM
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Misalignment 
prediction

Contribution from topological 
defects: strings and domain walls 



Why modelling strings is important?

z = 0z ∼ 102z = 3400z = 1013z = 1024

Inflation PQ PT QCD PT Matter/Radiation equality TodaySimulation ends

Evolve continuously a ~pc box 
from  to  z ∼ 1016 z ∼ 102
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Halo mass function

10°18 10°16 10°14 10°12 10°10 10°8

M [MØ]

100

102

104

106

108

1010

dn
/d

lo
g
M

[p
c°

3 ]

Direct, low ∑, z = 99

Direct, high ∑, z = 499

Indirect, q = 2, z = 99

Full: numerical results

Dashed: prediction from Δ2

Dotted: prediction from   
with cutoff

Δ2

Pierobon+ [2307.]



N-body limitation: box size

Ratio between simulation and linearly evolved 
spectrum  



Axitons
Oscillons 

Pseudo-breathers solutions

Gradient pressure

self-interaction

O’Hare, GP, Redondo, Wong, 2021  

V = �(1� cos ✓)
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Limitation from axitons

Final simulation time

⌧f ⇠ ��2/(n+2)
x
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