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What is the axion?
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Axion-photon 
conversion in an 

external magnetic field Reviews: Irastorza and Redondo, PPNP 102 (2018) 
  Di Luzio et al., PR 870 (2020)
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‣ Originally introduced to solve the 
QCD strong CP problem


‣ Axion Like Particles (APLs) 
predicted in many BSM theories


‣ It is a viable DM candidate


‣ Most of the axion searches 
exploits its coupling  ga𝛾𝛾 to 
photons
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Multi-messenger signal of QCD axion

Galaxy clusters
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Distinct phase shift in 
the GW strain

Gravitational Waves

Radio emission from 
axion-photon conversion 
in the NS magnetosphere

Electromagnetic emission

and

Experimental setup (forecast)
‣ LISA GW-interferometer


‣ SKA radio telescope

Inspirals of intermediate-mass Black Hole 
(IMBH) and Neutron Star (NS) with an axionic 

DM spike

Astrophysical system
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IMBHs may exist in DM haloes and form a DM spike through their adiabatic growth.
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Dark Matter Spike

DM spike
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Navarro, Frenk, White, ApJ 462 (1996); Gondolo and Silk, 
PRL 83 (1999); Zhao and Silk, PRL 95 (2005); Bertone, 

Zentner and Silk, PRD 72 (1999).
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The DM density is extremely enhanced towards 
innermost stable circular orbit (ISCO).
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The presence of a DM halo causes additional 
energy loss:


‣ GW emission


‣ Dynamical Friction

4

Gravitational Wave signal: dynamical friction

Eda et al., PRL 110 (2013), PRD 91 (2015); 
Kavanagh et al., PRD 102 (2020)

dEGW

dt
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32
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Inspiral takes less time than in vacuum 
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dEDF
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in vacuumwith DM spike

see Bradley Kavanagh’s talk at 13:40 (GMT-3)!
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Gravitational Wave signal: dynamical friction

Phase shift in the GW signalInspiral takes less time than in vacuum 
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Gravitational Wave signal: dynamical friction

Phase shift in the GW signalInspiral takes less time than in vacuum 
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Gravitational Wave signal: dynamical friction

Phase shift in the GW signalInspiral takes less time than in vacuum 
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Measuring the phase shift constrains the DM density 
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LISA sensitivity

Three effects: 1) GW dominates over DF; 
2) low number of cycles; 3) LISA sensitivity 

decreases at higher frequencies (signal 
ends at 0.44 Hz)

Very tight constraints

*Caveats: measurements of individual masses 
and spins (high order post-Newtonian effects)
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Radio signal: axion-photon conversion

Neutron Stars have:


‣ extremely high magnetic fields B


‣ long spin periods P


‣ a surrounding dense plasma that 
provides an effective photon mass 𝜔p
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Resonant Axion-Photon Conversion
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see also: Huang et al., PRD 93 (2018); Hook et al., PRL 121 (2018); Safdi et al., PRD 99 (2019); Battye et 
al., PRD 102 (2020); Foster et al., PRL 125 (2020); Darling, PRL 125 (2020).

dP
d⌦

= 2⇥ pa� ⇢DM(rc) vc r
2
c

<latexit sha1_base64="4U3Gz5RmlCnEBmhnZak90hEj8Hk="></latexit>

For radial trajectories, the radiated power is:
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SKA sensitivity
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B0 = 1012 G

r = 3 ⇥ 10�9 pc

r = 6 ⇥ 10�9 pc

⌧obs = 100 hr
<latexit sha1_base64="QtQliVD+aLoDF7AVDXGtP6gvOCs=">AAACFHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZEPAqkCBrKIBFAiqNofdnAiTvbulsjRVYo+QS+ghYqOkRLT8G/YJsI8ZpqNLOrnZ0gVtKS6745Y+MTk1PTpZny7Nz8wmJlafnURokR2BKRisx5ABaVDLFFkhSexwZBBwrPgqvD3D+7RmNlFJ7QIMaOhotQ9qUAyqRuhfsESTf1jeZRYId8n3uue+NroEuj00sz7Faqbs0twP8Sb0SqbIRmt/Lu9yKRaAxJKLC27bkxdVIwJIXCYdlPLMYgruAC2xkNQaPtpMUnQ76eWKCIx2i4VLwQ8ftGCtragQ6yyTyi/e3l4n9eO6H+bieVYZwQhiI/RFJhccgKI7OKkPekQSLIkyOXIRdggAiN5CBEJiZZZ+Wij70c21/f/yWnmzVvq1Y/rlcbB6NmSmyVrbEN5rEd1mBHrMlaTLBbds8e2KNz5zw5z87L5+iYM9pZYT/gvH4AEt+ehw==</latexit>

Detection rate in LISA: R ⇠ 3� 10 Gpc�3 yr�1
<latexit sha1_base64="4yRlPy+tq0JQb75insLpTe40ckk=">AAACIHicbVC7TsNAEDzzDOEVoKQ5ESFRkMgmSFAiKKAMiABSHKL1scCJO9u6WyNFlvkIPoGvoIWKDlGCxL9ghxRAmOZGM7vamwliJS257rszMjo2PjFZmipPz8zOzVcWFk9slBiBLRGpyJwFYFHJEFskSeFZbBB0oPA0uNkr/NNbNFZG4TH1YuxouArlpRRAudStrPsa6FqASo8y7lupeaPmuXepbzTfj8V5Wmtkdz2Tv16WdStVt+72wYeJNyBVNkCzW/n0LyKRaAxJKLC27bkxdVIwJIXCrOwnFmMQN3CF7ZyGoNF20n6qjK8mFijiMRouFe+L+HMjBW1tTwf5ZJHB/vUK8T+vndDldieVYZwQhqI4RFJh/5AVRuZ1Ib+QBomg+DlyGXIBBojQSA5C5GKS91fO+/D+ph8mJxt1r1HfONys7uwOmimxZbbC1pjHttgOO2BN1mKC3bNH9sSenQfnxXl13r5HR5zBzhL7BefjC6BZotA=</latexit>

Fragione et al., ApJ 856 (2018)
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⌧obs = 100 hr
<latexit sha1_base64="QtQliVD+aLoDF7AVDXGtP6gvOCs=">AAACFHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZEPAqkCBrKIBFAiqNofdnAiTvbulsjRVYo+QS+ghYqOkRLT8G/YJsI8ZpqNLOrnZ0gVtKS6745Y+MTk1PTpZny7Nz8wmJlafnURokR2BKRisx5ABaVDLFFkhSexwZBBwrPgqvD3D+7RmNlFJ7QIMaOhotQ9qUAyqRuhfsESTf1jeZRYId8n3uue+NroEuj00sz7Faqbs0twP8Sb0SqbIRmt/Lu9yKRaAxJKLC27bkxdVIwJIXCYdlPLMYgruAC2xkNQaPtpMUnQ76eWKCIx2i4VLwQ8ftGCtragQ6yyTyi/e3l4n9eO6H+bieVYZwQhiI/RFJhccgKI7OKkPekQSLIkyOXIRdggAiN5CBEJiZZZ+Wij70c21/f/yWnmzVvq1Y/rlcbB6NmSmyVrbEN5rEd1mBHrMlaTLBbds8e2KNz5zw5z87L5+iYM9pZYT/gvH4AEt+ehw==</latexit>

7

SKA sensitivity

Lower cut-off: set 
by lowest frequency 

probed by SKA

Upper cut-off: conversion 
to photon must occur 

outside the NS
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Take-home messages

3 4 5 6 7 8 10 12 14
Radius, r

⇥
10�9 pc

⇤
1020

1021

1022

1023

1024

D
M

D
en

si
ty

,
⇢ D

M

⇥ M
�

p
c�

3
⇤

3 days 10 days 30 days 100 days 1 year 4 years

Time to merger

↵ = 7/3

10�7 10�6 10�5 10�4

Axion Mass, ma [eV]

10�18

10�17

10�16

10�15

10�14

10�13

10�12

10�11

10�10

A
xi

on
-P

h
ot

on
C

ou
p
li
n
g,

g a
�
�
[G

eV
�

1
]

A
D

M
X

A
D

M
X

p
ro

je
ct

io
n

QCD axion

d = 1.00 Gpc

d = 0.01 Gpc

↵ = 7/3

P = 10 s
B0 = 1012 G

r = 3 ⇥ 10�9 pc

r = 6 ⇥ 10�9 pc

‣ Difficult to set robust limits due to the uncertainty in the NS properties


‣ Extremely complementary to direct axion searches


‣ QCD axion Dark Matter can be potentially discovered through multi-messenger 
observations  with future GW detectors and radio telescopes.
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Numerical ray-tracing calculation

9

NS
<latexit sha1_base64="JqqCBGkvhUcr1FlAc0j+0qnxCXE=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXZaYKuiy6cSUV7QOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/nZXVtfWNzdJWeXtnd2+/cnDYNirVlLWoEkp3Q2KY4JK1gINg3UQzEoeCdcLxTe53npg2XMlHmCQsiMlQ8ohTAlbyezGBkY6zu4dpv1J1a+4MeJl4BamiAs1+5as3UDSNmQQqiDG+5yYQZEQDp4JNy73UsITQMRky31JJYmaCbBZ5ik+tMsCR0vZJwDP190ZGYmMmcWgn84hm0cvF/zw/hegqyLhMUmCSzj+KUoFB4fx+POCaURATSwjV3GbFdEQ0oWBbKtsSvMWTl0m7XvPOa/X7i2rjuqijhI7RCTpDHrpEDXSLmqiFKFLoGb2iNwecF+fd+ZiPrjjFzhH6A+fzB4i4kWo=</latexit>

✓m
<latexit sha1_base64="SmESDWGuApXW8E4Z+ry9zx+Jijc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpbhJ3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUkS8iQIl7ySaUxVI3g7GtzO//cS1EXH0gJOE+4oOIxEKRtFKnR6OONK+6pcrbtWdg6wSLycVyNHol796g5ilikfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGtpRBU3fja/d0rOrDIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieO1nIkpS5BFbLApTSTAms+fJQGjOUE4soUwLeythI6opQxtRyYbgLb+8Slq1qndRrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QMptJAM</latexit>

✓
<latexit sha1_base64="ihL0YB0/hT2vkkCDBf/MgSRy7VM=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GnqyMPEW9OIxglkgGUJPp5O06VnorhHCkH/w4kERr/6PN//GniSCij4oeLxXRVU9P5ZCAyEfVm5tfWNzK79d2Nnd2z8oHh61dZQoxlsskpHq+lRzKULeAgGSd2PFaeBL3vGnV5nfuedKiyi8hVnMvYCOQzESjIKR2n2YcKCDYonYpFZxyy4mduXCrdXrhhBSrREHO4ZkKKEVmoPie38YsSTgITBJte45JAYvpQoEk3xe6Ceax5RN6Zj3DA1pwLWXLq6d4zOjDPEoUqZCwAv1+0RKA61ngW86AwoT/dvLxL+8XgKjupeKME6Ah2y5aJRIDBHOXsdDoTgDOTOEMiXMrZhNqKIMTEAFE8LXp/h/0i7bTsUu31RLjctVHHl0gk7ROXKQixroGjVRCzF0hx7QE3q2IuvRerFel605azVzjH7AevsEEM+Pdg==</latexit>

!
<latexit sha1_base64="QQHzpIQMAIKATKN5gody5JEJuXc=">AAAB+HicbVDLSgMxFL3js9ZHqy7dBIvgqsxUQZdFNy4r2Ad0hpJJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnTDjTxnW/nbX1jc2t7dJOeXdv/6BSPTzq6DhVhLZJzGPVC7GmnEnaNsxw2ksUxSLktBtObnO/+0iVZrF8MNOEBgKPJIsYwcZKg2rFF9iMwyjzY0FHeDao1ty6OwdaJV5BalCgNah++cOYpIJKQzjWuu+5iQkyrAwjnM7KfqppgskEj2jfUokF1UE2Dz5DZ1YZoihW9kmD5urvjQwLracitJN5TL3s5eJ/Xj810XWQMZmkhkqyOBSlHJkY5S2gIVOUGD61BBPFbFZExlhhYmxXZVuCt/zlVdJp1L2LeuP+sta8KeoowQmcwjl4cAVNuIMWtIFACs/wCm/Ok/PivDsfi9E1p9g5hj9wPn8AMveTcA==</latexit>

z
<latexit sha1_base64="VLEo6VgUnu2TnOxoOkqsMPXvyTo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOqPjQI=</latexit>

x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

y
<latexit sha1_base64="mEcz1FLhuG1BpP6c5hi50qAIJ0g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6QuNAQ==</latexit>

m
<latexit sha1_base64="QOsluVjDBnWu2DBCezCR6gRGmd0=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkmTY0yQxJRihD/8KNC0Xc+jfu/Bsz01lo64HA4Zx7ybkniDnTxnW/ndLa+sbmVnm7srO7t39QPTzq6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtMbzO/+0SVZpF8MLOY+gKPJQsZwcZKjwOBzSQIUzEfVmtu3c2BVolXkBoUaA2rX4NRRBJBpSEca9333Nj4KVaGEU7nlUGiaYzJFI9p31KJBdV+mieeozOrjFAYKfukQbn6eyPFQuuZCOxkllAve5n4n9dPTHjtp0zGiaGSLD4KE45MhLLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwVs+eZV0GnXvot64v6w1b4o6ynACp3AOHlxBE+6gBW0gIOEZXuHN0c6L8+58LEZLTrFzDH/gfP4A7dCRFQ==</latexit>

�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

magnetosphere

rotation
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Numerical ray-tracing calculation

NS
<latexit sha1_base64="JqqCBGkvhUcr1FlAc0j+0qnxCXE=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXZaYKuiy6cSUV7QOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/nZXVtfWNzdJWeXtnd2+/cnDYNirVlLWoEkp3Q2KY4JK1gINg3UQzEoeCdcLxTe53npg2XMlHmCQsiMlQ8ohTAlbyezGBkY6zu4dpv1J1a+4MeJl4BamiAs1+5as3UDSNmQQqiDG+5yYQZEQDp4JNy73UsITQMRky31JJYmaCbBZ5ik+tMsCR0vZJwDP190ZGYmMmcWgn84hm0cvF/zw/hegqyLhMUmCSzj+KUoFB4fx+POCaURATSwjV3GbFdEQ0oWBbKtsSvMWTl0m7XvPOa/X7i2rjuqijhI7RCTpDHrpEDXSLmqiFKFLoGb2iNwecF+fd+ZiPrjjFzhH6A+fzB4i4kWo=</latexit>

✓m
<latexit sha1_base64="SmESDWGuApXW8E4Z+ry9zx+Jijc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpbhJ3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUkS8iQIl7ySaUxVI3g7GtzO//cS1EXH0gJOE+4oOIxEKRtFKnR6OONK+6pcrbtWdg6wSLycVyNHol796g5ilikfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGtpRBU3fja/d0rOrDIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieO1nIkpS5BFbLApTSTAms+fJQGjOUE4soUwLeythI6opQxtRyYbgLb+8Slq1qndRrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QMptJAM</latexit>

✓
<latexit sha1_base64="ihL0YB0/hT2vkkCDBf/MgSRy7VM=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GnqyMPEW9OIxglkgGUJPp5O06VnorhHCkH/w4kERr/6PN//GniSCij4oeLxXRVU9P5ZCAyEfVm5tfWNzK79d2Nnd2z8oHh61dZQoxlsskpHq+lRzKULeAgGSd2PFaeBL3vGnV5nfuedKiyi8hVnMvYCOQzESjIKR2n2YcKCDYonYpFZxyy4mduXCrdXrhhBSrREHO4ZkKKEVmoPie38YsSTgITBJte45JAYvpQoEk3xe6Ceax5RN6Zj3DA1pwLWXLq6d4zOjDPEoUqZCwAv1+0RKA61ngW86AwoT/dvLxL+8XgKjupeKME6Ah2y5aJRIDBHOXsdDoTgDOTOEMiXMrZhNqKIMTEAFE8LXp/h/0i7bTsUu31RLjctVHHl0gk7ROXKQixroGjVRCzF0hx7QE3q2IuvRerFel605azVzjH7AevsEEM+Pdg==</latexit>

!
<latexit sha1_base64="QQHzpIQMAIKATKN5gody5JEJuXc=">AAAB+HicbVDLSgMxFL3js9ZHqy7dBIvgqsxUQZdFNy4r2Ad0hpJJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnTDjTxnW/nbX1jc2t7dJOeXdv/6BSPTzq6DhVhLZJzGPVC7GmnEnaNsxw2ksUxSLktBtObnO/+0iVZrF8MNOEBgKPJIsYwcZKg2rFF9iMwyjzY0FHeDao1ty6OwdaJV5BalCgNah++cOYpIJKQzjWuu+5iQkyrAwjnM7KfqppgskEj2jfUokF1UE2Dz5DZ1YZoihW9kmD5urvjQwLracitJN5TL3s5eJ/Xj810XWQMZmkhkqyOBSlHJkY5S2gIVOUGD61BBPFbFZExlhhYmxXZVuCt/zlVdJp1L2LeuP+sta8KeoowQmcwjl4cAVNuIMWtIFACs/wCm/Ok/PivDsfi9E1p9g5hj9wPn8AMveTcA==</latexit>

z
<latexit sha1_base64="VLEo6VgUnu2TnOxoOkqsMPXvyTo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOqPjQI=</latexit>

x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

y
<latexit sha1_base64="mEcz1FLhuG1BpP6c5hi50qAIJ0g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6QuNAQ==</latexit>

m
<latexit sha1_base64="QOsluVjDBnWu2DBCezCR6gRGmd0=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkmTY0yQxJRihD/8KNC0Xc+jfu/Bsz01lo64HA4Zx7ybkniDnTxnW/ndLa+sbmVnm7srO7t39QPTzq6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtMbzO/+0SVZpF8MLOY+gKPJQsZwcZKjwOBzSQIUzEfVmtu3c2BVolXkBoUaA2rX4NRRBJBpSEca9333Nj4KVaGEU7nlUGiaYzJFI9p31KJBdV+mieeozOrjFAYKfukQbn6eyPFQuuZCOxkllAve5n4n9dPTHjtp0zGiaGSLD4KE45MhLLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwVs+eZV0GnXvot64v6w1b4o6ynACp3AOHlxBE+6gBW0gIOEZXuHN0c6L8+58LEZLTrFzDH/gfP4A7dCRFQ==</latexit>

�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

magnetosphere

rotation

infalling 
DM axions Phase-Space Distribution (PSD)

Using Liouville’s theorem, we get:


‣ Isotropic PSD (not radial!)


‣ DM density and velocity at NS surface


‣ Intrinsic bandwidth of the radio signal
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Numerical ray-tracing calculation

NS
<latexit sha1_base64="JqqCBGkvhUcr1FlAc0j+0qnxCXE=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXZaYKuiy6cSUV7QOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/nZXVtfWNzdJWeXtnd2+/cnDYNirVlLWoEkp3Q2KY4JK1gINg3UQzEoeCdcLxTe53npg2XMlHmCQsiMlQ8ohTAlbyezGBkY6zu4dpv1J1a+4MeJl4BamiAs1+5as3UDSNmQQqiDG+5yYQZEQDp4JNy73UsITQMRky31JJYmaCbBZ5ik+tMsCR0vZJwDP190ZGYmMmcWgn84hm0cvF/zw/hegqyLhMUmCSzj+KUoFB4fx+POCaURATSwjV3GbFdEQ0oWBbKtsSvMWTl0m7XvPOa/X7i2rjuqijhI7RCTpDHrpEDXSLmqiFKFLoGb2iNwecF+fd+ZiPrjjFzhH6A+fzB4i4kWo=</latexit>

✓m
<latexit sha1_base64="SmESDWGuApXW8E4Z+ry9zx+Jijc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpbhJ3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUkS8iQIl7ySaUxVI3g7GtzO//cS1EXH0gJOE+4oOIxEKRtFKnR6OONK+6pcrbtWdg6wSLycVyNHol796g5ilikfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGtpRBU3fja/d0rOrDIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieO1nIkpS5BFbLApTSTAms+fJQGjOUE4soUwLeythI6opQxtRyYbgLb+8Slq1qndRrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QMptJAM</latexit>

✓
<latexit sha1_base64="ihL0YB0/hT2vkkCDBf/MgSRy7VM=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GnqyMPEW9OIxglkgGUJPp5O06VnorhHCkH/w4kERr/6PN//GniSCij4oeLxXRVU9P5ZCAyEfVm5tfWNzK79d2Nnd2z8oHh61dZQoxlsskpHq+lRzKULeAgGSd2PFaeBL3vGnV5nfuedKiyi8hVnMvYCOQzESjIKR2n2YcKCDYonYpFZxyy4mduXCrdXrhhBSrREHO4ZkKKEVmoPie38YsSTgITBJte45JAYvpQoEk3xe6Ceax5RN6Zj3DA1pwLWXLq6d4zOjDPEoUqZCwAv1+0RKA61ngW86AwoT/dvLxL+8XgKjupeKME6Ah2y5aJRIDBHOXsdDoTgDOTOEMiXMrZhNqKIMTEAFE8LXp/h/0i7bTsUu31RLjctVHHl0gk7ROXKQixroGjVRCzF0hx7QE3q2IuvRerFel605azVzjH7AevsEEM+Pdg==</latexit>

!
<latexit sha1_base64="QQHzpIQMAIKATKN5gody5JEJuXc=">AAAB+HicbVDLSgMxFL3js9ZHqy7dBIvgqsxUQZdFNy4r2Ad0hpJJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnTDjTxnW/nbX1jc2t7dJOeXdv/6BSPTzq6DhVhLZJzGPVC7GmnEnaNsxw2ksUxSLktBtObnO/+0iVZrF8MNOEBgKPJIsYwcZKg2rFF9iMwyjzY0FHeDao1ty6OwdaJV5BalCgNah++cOYpIJKQzjWuu+5iQkyrAwjnM7KfqppgskEj2jfUokF1UE2Dz5DZ1YZoihW9kmD5urvjQwLracitJN5TL3s5eJ/Xj810XWQMZmkhkqyOBSlHJkY5S2gIVOUGD61BBPFbFZExlhhYmxXZVuCt/zlVdJp1L2LeuP+sta8KeoowQmcwjl4cAVNuIMWtIFACs/wCm/Ok/PivDsfi9E1p9g5hj9wPn8AMveTcA==</latexit>

z
<latexit sha1_base64="VLEo6VgUnu2TnOxoOkqsMPXvyTo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOqPjQI=</latexit>

x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

y
<latexit sha1_base64="mEcz1FLhuG1BpP6c5hi50qAIJ0g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6QuNAQ==</latexit>

m
<latexit sha1_base64="QOsluVjDBnWu2DBCezCR6gRGmd0=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkmTY0yQxJRihD/8KNC0Xc+jfu/Bsz01lo64HA4Zx7ybkniDnTxnW/ndLa+sbmVnm7srO7t39QPTzq6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtMbzO/+0SVZpF8MLOY+gKPJQsZwcZKjwOBzSQIUzEfVmtu3c2BVolXkBoUaA2rX4NRRBJBpSEca9333Nj4KVaGEU7nlUGiaYzJFI9p31KJBdV+mieeozOrjFAYKfukQbn6eyPFQuuZCOxkllAve5n4n9dPTHjtp0zGiaGSLD4KE45MhLLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwVs+eZV0GnXvot64v6w1b4o6ynACp3AOHlxBE+6gBW0gIOEZXuHN0c6L8+58LEZLTrFzDH/gfP4A7dCRFQ==</latexit>

�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

magnetosphere

rotation

infalling 
DM axions

resonant 
conversion

Phase-Space Distribution (PSD)

Using Liouville’s theorem, we get:


‣ Isotropic PSD (not radial!)


‣ DM density and velocity at NS surface


‣ Intrinsic bandwidth of the radio signal

‣ Dipole magnetic field along the 
direction m (𝜃m = misalignment angle)


‣ Well-defined plasma mass 𝜔p


‣ Resonant conversion surface:


‣ Conversion probability:

<latexit sha1_base64="ncDWZX3IeRwrRb1KlZ77jbLXmKA=">AAACGHicbVA9S8RAEN347fl1ammzeAoKciSiaCOINpYK3gdcQpjsjefibhJ2J4KE+wP+BH+FrVZ2Ymtn4X8xOa/Q09fM470ZZuZFqZKWXPfDGRufmJyanpmtzM0vLC5Vl1eaNsmMwIZIVGLaEVhUMsYGSVLYTg2CjhS2opvT0m/dorEyiS/pLsVAQy+WV1IAFVJY3fATjT0IU77lR4nq2jtdlNz0Q7HDaZsfcR1CWK25dXcA/pd4Q1JjQ5yH1U+/m4hMY0xCgbUdz00pyMGQFAr7FT+zmIK4gR52ChqDRhvkg2/6fDOzQAlP0XCp+EDEnxM5aFueWXRqoGs76pXif14no6vDIJdxmhHGolxEUuFgkRVGFjEh70qDRFBejlzGXIABIjSSgxCFmBW5VYo8vNHv/5Lmbt3br7sXe7Xjk2EyM2yNrbMt5rEDdszO2DlrMMHu2SN7Ys/Og/PivDpv361jznBmlf2C8/4FO9Kfag==</latexit>

!p(rc, t) = ma

<latexit sha1_base64="sjJPKXNAD72qNu+eEEToWa3krAg="></latexit>

Pa!� =
⇡

2
(ga��B?)

2 1

vc|!p|0

Goldreich-Julian magnetosphere
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Numerical ray-tracing calculation

NS
<latexit sha1_base64="JqqCBGkvhUcr1FlAc0j+0qnxCXE=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXZaYKuiy6cSUV7QOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/nZXVtfWNzdJWeXtnd2+/cnDYNirVlLWoEkp3Q2KY4JK1gINg3UQzEoeCdcLxTe53npg2XMlHmCQsiMlQ8ohTAlbyezGBkY6zu4dpv1J1a+4MeJl4BamiAs1+5as3UDSNmQQqiDG+5yYQZEQDp4JNy73UsITQMRky31JJYmaCbBZ5ik+tMsCR0vZJwDP190ZGYmMmcWgn84hm0cvF/zw/hegqyLhMUmCSzj+KUoFB4fx+POCaURATSwjV3GbFdEQ0oWBbKtsSvMWTl0m7XvPOa/X7i2rjuqijhI7RCTpDHrpEDXSLmqiFKFLoGb2iNwecF+fd+ZiPrjjFzhH6A+fzB4i4kWo=</latexit>

✓m
<latexit sha1_base64="SmESDWGuApXW8E4Z+ry9zx+Jijc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpbhJ3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUkS8iQIl7ySaUxVI3g7GtzO//cS1EXH0gJOE+4oOIxEKRtFKnR6OONK+6pcrbtWdg6wSLycVyNHol796g5ilikfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGtpRBU3fja/d0rOrDIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieO1nIkpS5BFbLApTSTAms+fJQGjOUE4soUwLeythI6opQxtRyYbgLb+8Slq1qndRrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QMptJAM</latexit>

✓
<latexit sha1_base64="ihL0YB0/hT2vkkCDBf/MgSRy7VM=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GnqyMPEW9OIxglkgGUJPp5O06VnorhHCkH/w4kERr/6PN//GniSCij4oeLxXRVU9P5ZCAyEfVm5tfWNzK79d2Nnd2z8oHh61dZQoxlsskpHq+lRzKULeAgGSd2PFaeBL3vGnV5nfuedKiyi8hVnMvYCOQzESjIKR2n2YcKCDYonYpFZxyy4mduXCrdXrhhBSrREHO4ZkKKEVmoPie38YsSTgITBJte45JAYvpQoEk3xe6Ceax5RN6Zj3DA1pwLWXLq6d4zOjDPEoUqZCwAv1+0RKA61ngW86AwoT/dvLxL+8XgKjupeKME6Ah2y5aJRIDBHOXsdDoTgDOTOEMiXMrZhNqKIMTEAFE8LXp/h/0i7bTsUu31RLjctVHHl0gk7ROXKQixroGjVRCzF0hx7QE3q2IuvRerFel605azVzjH7AevsEEM+Pdg==</latexit>

!
<latexit sha1_base64="QQHzpIQMAIKATKN5gody5JEJuXc=">AAAB+HicbVDLSgMxFL3js9ZHqy7dBIvgqsxUQZdFNy4r2Ad0hpJJM21okhmSjFCHfokbF4q49VPc+Tdm2llo64HA4Zx7uScnTDjTxnW/nbX1jc2t7dJOeXdv/6BSPTzq6DhVhLZJzGPVC7GmnEnaNsxw2ksUxSLktBtObnO/+0iVZrF8MNOEBgKPJIsYwcZKg2rFF9iMwyjzY0FHeDao1ty6OwdaJV5BalCgNah++cOYpIJKQzjWuu+5iQkyrAwjnM7KfqppgskEj2jfUokF1UE2Dz5DZ1YZoihW9kmD5urvjQwLracitJN5TL3s5eJ/Xj810XWQMZmkhkqyOBSlHJkY5S2gIVOUGD61BBPFbFZExlhhYmxXZVuCt/zlVdJp1L2LeuP+sta8KeoowQmcwjl4cAVNuIMWtIFACs/wCm/Ok/PivDsfi9E1p9g5hj9wPn8AMveTcA==</latexit>

z
<latexit sha1_base64="VLEo6VgUnu2TnOxoOkqsMPXvyTo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOqPjQI=</latexit>

x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

y
<latexit sha1_base64="mEcz1FLhuG1BpP6c5hi50qAIJ0g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6QuNAQ==</latexit>

m
<latexit sha1_base64="QOsluVjDBnWu2DBCezCR6gRGmd0=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkmTY0yQxJRihD/8KNC0Xc+jfu/Bsz01lo64HA4Zx7ybkniDnTxnW/ndLa+sbmVnm7srO7t39QPTzq6ChRhLZJxCPVC7CmnEnaNsxw2osVxSLgtBtMbzO/+0SVZpF8MLOY+gKPJQsZwcZKjwOBzSQIUzEfVmtu3c2BVolXkBoUaA2rX4NRRBJBpSEca9333Nj4KVaGEU7nlUGiaYzJFI9p31KJBdV+mieeozOrjFAYKfukQbn6eyPFQuuZCOxkllAve5n4n9dPTHjtp0zGiaGSLD4KE45MhLLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwVs+eZV0GnXvot64v6w1b4o6ynACp3AOHlxBE+6gBW0gIOEZXuHN0c6L8+58LEZLTrFzDH/gfP4A7dCRFQ==</latexit>
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magnetosphere

rotation

infalling 
DM axions

resonant 
conversion

radio photon

ROI

3D ray-tracing calculation

‣ We define photon trajectories according to a 
pixellated Region Of Interest (ROI)


‣ We back-propagate the photons to compute 
the radiated power for each pixel

Phase-Space Distribution (PSD)

Using Liouville’s theorem, we get:


‣ Isotropic PSD (not radial!)


‣ DM density and velocity at NS surface


‣ Intrinsic bandwidth of the radio signal

‣ Dipole magnetic field along the 
direction m (𝜃m = misalignment angle)


‣ Well-defined plasma mass 𝜔p


‣ Resonant conversion surface:


‣ Conversion probability:
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!p(rc, t) = ma

<latexit sha1_base64="sjJPKXNAD72qNu+eEEToWa3krAg="></latexit>

Pa!� =
⇡

2
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Goldreich-Julian magnetosphere
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Simulation of NS J0806.4-4123

Video at the link:

62772  pixels

https://youtu.be/VyA1-qbIqB4
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Radiated power: isotropic vs radial PSD
✓m = 18�
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Main results 

‣ The signal normalization is typically a factor 
of 2-10 smaller.


‣ Radio signal is still present at large axion 
masses (                         )


‣ Time variability is almost washed out
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ma & 10 µeV
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Flux Sensitivity

Flux Sensitivity
(Doppler Broadened)

Time Sensitivity

12

Conclusions
SKA sensitivity for NS J0806.4-4123

Take-home messages 

‣ crucial step forwards in 
calculating the true signal


‣ ray-tracing code can be 
generalized (NS plasma 
simulations, 3D axion-
photon mixing equations)Thanks for listening

Main results 

‣ sensitivity reduced up 
to a factor of 3


‣ extended to larger axion 
masses


‣ time variability hard to 
detect

public code at

https://github.com/mikaelLEROY/AxionNS_RayTracing
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‣ The larger the slope, the larger the DM density 
close the IMBH.


‣ For small values of the spike slope, the GW 
phase difference becomes difficult to probe.

Larger Radio Signal!
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Dependence on NS parameters

The radiated power of the radio signal roughly scales as

dP
d⌦

⇠ B0 P

✓
3 cos2 ✓ + 1

|3 cos ✓ � 1|
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Independent of  
NS parameters
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Viewing angle 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Average and variance over NS rotation

Variance range 
0.5 - 3.7 %
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