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QCD axion: solution for Strong-CP problem
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Axion-photon conversion in an 
external magnetic fieldL � �1
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The QCD axion is a viable and theoretically well-motivated Dark Matter candidate.


‣ The QCD Lagrangian admits CP violating term 𝜃:


‣ However, no evidence of CP violation in QCD sector:


‣ It is dynamically solved by promoting 𝜃 to be a scalar field, the axion.


Most of the axion searches exploits its coupling to the photon field.

Strong CP-problem: why 𝜽 is so small?
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Axion parameter space

Irastorza and Redondo, Prog.Part.Nucl.Phys. 102 (2018) 2
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Multi-messenger Signal of QCD axion

Galaxy clusters Bullet Clusters
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IMBHs may exist in DM haloes and form a DM spike through their adiabatic growth.

4

Dark Matter Spike

DM spike

⇢DM = ⇢sp

✓
r

rsp

◆�↵

<latexit sha1_base64="FA4Mm65SX2zFepusZprRhOijgLI="></latexit>

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

DM halo

⇢DM / r�↵init
<latexit sha1_base64="Y678OwieSPzN/fKe9oS4meL6g58=">AAACIHicbVDLSgNBEJz1bXxFPXoZDIIHDbsq6FHUgxdBwaiQjaF30jGDs7vDTK8gy/6En+BXeNWTN/Go4L84iTloYp2Kqm66qyKtpCXf//BGRsfGJyanpkszs3PzC+XFpQubZkZgTaQqNVcRWFQywRpJUnilDUIcKbyMbg+7/uUdGivT5JzuNTZiuElkWwogJzXLG6HppM08NDE/Oil4qE2qKeXmOt8MQekO/HgykVQUzXLFr/o98GES9EmF9XHaLH+FrVRkMSYkFFhbD3xNjRwMSaGwKIWZRQ3iFm6w7mgCMdpG3ktV8LXMgntFo+FS8Z6IvzdyiK29jyM3GQN17KDXFf/z6hm19xq5THRGmIjuIZIKe4esMNLVhbwlDRJB93N06bkAA0RoJAchnJi5/kquj2Aw/TC52KoG29Wts53K/kG/mSm2wlbZOgvYLttnx+yU1ZhgD+yJPbMX79F79d6895/REa+/s8z+wPv8Bj/eo9E=</latexit>

z = 20
<latexit sha1_base64="9SBJwsbx5SfHR+lGQOvg1K49nbI=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IRS8eK9gPaJeSTbNtaJJdkqxQl/4FLx4U8eof8ua/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNxmfueRKs0i+WCmMfUFHkkWMoJNJj1d19xBueJW3TnQKvFyUoEczUH5qz+MSCKoNIRjrXueGxs/xcowwums1E80jTGZ4BHtWSqxoNpP57fO0JlVhiiMlC1p0Fz9PZFiofVUBLZTYDPWy14m/uf1EhNe+SmTcWKoJItFYcKRiVD2OBoyRYnhU0swUczeisgYK0yMjadkQ/CWX14l7VrVu6jW7uuVxk0eRxFO4BTOwYNLaMAdNKEFBMbwDK/w5gjnxXl3PhatBSefOYY/cD5/AEx1jb8=</latexit>

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

5

Gravitational Wave Signal — Dynamical Friction
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Inspiral 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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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 — Dark Matter density
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LISA Sensitivity — Dark Matter density

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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Neutron Stars — Axion-Photon conversion
Neutron Stars have:


‣ extremely high magnetic fields


‣ long spin periods


‣ a surrounding dense plasma that 
provides an effective photon mass 𝜔p
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resonance
!p(rc; B0, P ) = ma

<latexit sha1_base64="9rZlZ1vrp9xHRZBehKs0nvk88pE=">AAACEnicbVDLSgNBEJz1bXytehRkMAgKIWw0+EAE0YvHCEaFbFh6xzYOmdldZnoFCd78BL/Cq568iVd/wIP/4u4axFediqpuuqvCRElLnvfmDAwODY+Mjo2XJianpmfc2bkTG6dGYFPEKjZnIVhUMsImSVJ4lhgEHSo8DbsHuX96hcbKODqm6wTbGjqRvJACKJMCd9GPNXYgSFZMIHb8yn7gVfxKY5Xvch0AD9yyV/UK8L+k1idl1kcjcN/981ikGiMSCqxt1byE2j0wJIXCm5KfWkxAdKGDrYxGoNG2e0WOG76cWqCYJ2i4VLwQ8ftGD7S11zrMJjXQpf3t5eJ/Xiuli612T0ZJShiJ/BBJhcUhK4zMCkJ+Lg0SQf45chlxAQaI0EgOQmRimjVWKvrYzrHxlf4vOVmr1tar9aN6eW+/38wYW2BLbIXV2CbbY4eswZpMsFt2zx7Yo3PnPDnPzsvn6IDT35lnP+C8fgBWJ5uv</latexit>

see also: Huang et al., PRD 93 (2018), Hook et al., PRL 121 (2018), Safdi et al., PRD 99 (2019)

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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Dark Matter phase-space distribution
Thanks to Eddington’s inversion formula, it is completely determined by the spike slope.
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<latexit sha1_base64="9Bz2L3eYOWkoq+3JOys6R81PzUs=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIDEpRRaCiDREKkxIrWl0045fzQ3RopsiK+ghYqOkTLt1DwL9jGBSRMNZrZ1c6OFylpyLY/rdLK6tr6RnmzsrW9s7tX3T/omjDWAjsiVKHueWBQyQA7JElhL9IIvqfwzpteZf7dA2ojw+CWZhG6PkwCOZYCKJX6Ax/oXoBKWvNhtWbX7Rx8mTgFqbEC7WH1azAKRexjQEKBMX3HjshNQJMUCueVQWwwAjGFCfZTGoCPxk3yyHN+EhugkEeouVQ8F/H3RgK+MTPfSyeziGbRy8T/vH5M40s3kUEUEwYiO0RSYX7ICC3TLpCPpEYiyJIjlwEXoIEIteQgRCrGaTmVtA9n8ftl0m3UnbN64+a81mwVzZTZETtmp8xhF6zJrlmbdZhgIXtiz+zFerRerTfr/We0ZBU7h+wPrI9vP4eV4Q==</latexit>

vpeak
<latexit sha1_base64="+cD7HNJjLgnc/i2pdI/+43Av9ZE=">AAAB/nicbVA9SwNBEN2LXzF+RS1tFoNgFe6ioGXQxjKCiYFcCHObSVyy98HuXCAcAX+FrVZ2YutfsfC/eHdeoYmverw3w5t5XqSkIdv+tEorq2vrG+XNytb2zu5edf+gY8JYC2yLUIW664FBJQNskySF3Ugj+J7Ce29ynfn3U9RGhsEdzSLs+zAO5EgKoFRyp4PE1T6PECbzQbVm1+0cfJk4BamxAq1B9csdhiL2MSChwJieY0fUT0CTFArnFTc2GIGYwBh7KQ3AR9NP8pvn/CQ2QGGarLlUPBfx90YCvjEz30snfaAHs+hl4n9eL6bRZT+RQRQTBiILIqkwDzJCy7QM5EOpkQiyy5HLgAvQQIRachAiFeO0nUrah7P4/TLpNOrOWb1xe15rXhXNlNkRO2anzGEXrMluWIu1mWARe2LP7MV6tF6tN+v9Z7RkFTuH7A+sj2/zpJZE</latexit>

DM velocity distribution

bandwidth

with g(r, v) ⇠

GMBH

r
� v2

2

�↵� 3
2

<latexit sha1_base64="lrHN/fcq9sCvRQ3pMhBOH7Nw1dQ="></latexit>

f (v|r) = 4⇡v2
g(r, v)

⇢(r)
<latexit sha1_base64="QmeB9GNbdsKZjZ26qTwXRl3PdWs="></latexit>

‣ The DM density is obtained by 
means of the Liouville’s theorem:

⇢rcDM frc (v) = ⇢1DM f1 (v1)
<latexit sha1_base64="OUVAJ9D1jnwOoWSS+h42IMTnak4="></latexit>

v2c ⇠ v2
peak

=
2GMBH

rc


↵� 1

2

��1

<latexit sha1_base64="TpAZyHM1dLFPOi/iiI9cJPkgiUI="></latexit>

‣ The DM velocity at the conversion 
radius is found to be:
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Square Kilometre Array Sensitivity
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<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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9

Square Kilometre Array 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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Dependence on the spike slope
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↵ = 2.0
<latexit sha1_base64="H0DsoJzbVTijjj+qG3ylYuGUsE4=">AAAB/nicbVA9SwNBEN2LXzF+RS1tFoNgddxFQRshaGMZwXxAEsLcZpIs2btbdueEcAT8FbZa2Ymtf8XC/+IlptDEVz3em2HevEAracnzPp3cyura+kZ+s7C1vbO7V9w/qNs4MQJrIlaxaQZgUckIayRJYVMbhDBQ2AhGN1O/8YDGyji6p7HGTgiDSPalAMqkdhuUHgK/4mXX6xZLnuvNwJeJPyclNke1W/xq92KRhBiRUGBty/c0dVIwJIXCSaGdWNQgRjDAVkYjCNF20lnmCT9JLFDMNRouFZ+J+HsjhdDacRhkkyHQ0C56U/E/r5VQ/7KTykgnhJGYHiKpcHbICiOzMpD3pEEimCZHLiMuwAARGslBiExMsnYKWR/+4vfLpF52/TO3fHdeqlzPm8mzI3bMTpnPLliF3bIqqzHBNHtiz+zFeXRenTfn/Wc058x3DtkfOB/f1IuU6g==</latexit>

‣ 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|

◆⇥
g2a�� ma ⇢DM(rc) vc

⇤

<latexit sha1_base64="7mdf3P4DL3/nOSuYs4TZVZzCAIc="></latexit>

✓ = ⇡/2
<latexit sha1_base64="p0gGhjXZt1qG7m03LGxbd5zqsto=">AAACAHicbVC7TgJBFJ3FF+ILtbSZSEyscBdNtDEh2lhiIo8EkNwdLjBh9pGZuyZkQ+NX2GplZ2z9Ewv/xWXdQsFTnZxzb+65xw2VNGTbn1ZuaXlldS2/XtjY3NreKe7uNUwQaYF1EahAt1wwqKSPdZKksBVqBM9V2HTH1zO/+YDayMC/o0mIXQ+GvhxIAZRI9x0aIQG/5J1QnlR6xZJdtlPwReJkpMQy1HrFr04/EJGHPgkFxr QdO6RuDJqkUDgtdCKDIYgxDLGdUB88NN04TT3lR5EBCniImkvFUxF/b8TgGTPx3GTSAxqZeW8m/ue1IxpcdGPphxGhL2aHSCpMDxmhZVIH8r7USASz5MilzwVoIEItOQiRiFHSTyHpw5n/fpE0KmXntFy5PStVr7Jm8uyAHbJj5rBzVmU3rMbqTDDNntgze7EerVfrzXr/Gc1Z2c4++wPr4xvZopYU</latexit>

Independent of  
NS parameters

with

Viewing angle 
(benchmark value)
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Take-home messages
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‣ 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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Take-home messages

Thanks for listening
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‣ 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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LIGO and Virgo, Phys. Rev. X9 (2019)

IMBHs are the least constrained mass window:


No detection by GWs so far, but evidences of 
their existence in the centre of small galaxies 
and in globular clusters.


Different possibile formation mechanisms:


• Mergers of stellar mass objects


• Collapse of gas clouds at high redshift


• Collapse of large primordial density 
perturbations before BBN

Intermediate Mass Black Holes

MIMBH = 103 � 105 M�
<latexit sha1_base64="JTTR1Ip7eNrYt8CUnnseCDZ2DC4=">AAACGXicbVC7TsNAEDzzDOFloKQ5EUWigMhOQNAgIWigiAQSCZFiY50vC5xyfuhujRRZ+QI+ga+ghYoO0VJR8C/YwQUEptnRzK52d/xYCo2W9WFMTE5Nz8yW5srzC4tLy+bKaltHieLQ4pGMVMdnGqQIoYUCJXRiBSzwJVz6/ePcv7wDpUUUXuAgBjdgN6G4FpxhJnlmtemljgroafPoZEgPqG1dNeh2XtLdobPV9JyoF6FnVqyaNQL9S+yCVEiBM8/8dHoRTwIIkUumdde2YnRTplBwCcOyk2iIGe+zG+hmNGQBaDcdvTOk1UQzjGgMigpJRyL8nEhZoPUg8LPOgOGtHvdy8T+vm+D1vpuKME4QQp4vQiFhtEhzJbKcgPaEAkSWXw5UhJQzxRBBCco4z8QkC66c5WGPf/+XtOs1u1Grn+9UDo+KZEpknWyQTWKTPXJITsgZaRFO7skjeSLPxoPxYrwab9+tE0Yxs0Z+wXj/Aq9AndM=</latexit>

Miller and Hamilton, MNRAS 330 (2002); Webb et al., 
Science 337 (2012); Ballone et al., MNRAS 480 (2018); 

Woo et al., arXiv:1905.00145

Taniguchi et al., Publ. Astron. Soc. Jap. 52 (2000); Begelman 
et al., MNRAS 370 (2006); Carr and Rees, MNRAS 206 (1984)

Event Horizon Telescope, 
Astrophys.J. 875 (2019)

Intermediate Mass BH

MBH [M�]
<latexit sha1_base64="p/kYBmgMs/kKPk40ocrewBe6XnE=">AAACE3icbVC7TgJBFJ3FF+ILtbRwIjGxIrtooiXBhoYEE3kk7GYzO1xgwuwjM3dNyAY7P8GvsNXKztj6ARb+i7tIoeCpTs65N/ee40VSaDTNTyO3srq2vpHfLGxt7+zuFfcP2jqMFYcWD2Wouh7TIEUALRQooRspYL4noeONrzO/cwdKizC4xUkEjs+GgRgIzjCV3OJxw01s5dNafXpvSxhgr+HaYT9EW4nhCB23WDLL5gx0mVhzUiJzNN3il90PeexDgFwyrXuWGaGTMIWCS5gW7FhDxPiYDaGX0oD5oJ1kFmRKT2PNMKQRKCoknYnweyNhvtYT30snfYYjvehl4n9eL8bBlZOIIIoRAp4dQiFhdkhzJdKGgPaFAkSWfQ5UBJQzxRBBCco4T8U4rayQ9mEtpl8m7UrZOi9Xbi5K1dq8mTw5IifkjFjkklRJnTRJi3DyQJ7IM3kxHo1X4814/xnNGfOdQ/IHxsc3AHGeaA==</latexit>
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104
<latexit sha1_base64="mP32BkS1zl6+rhTWlApF40IpabM=">AAAB9nicbVC7TsNAEFzzDOEVoKQ5ESFRRXaIBGUEDWWQyENKTHS+bJJTzg/drRFRlF+ghYoO0fI7FPwLtnEBCVONZna1s+NFShqy7U9rZXVtfWOzsFXc3tnd2y8dHLZMGGuBTRGqUHc8blDJAJskSWEn0sh9T2Hbm1ynfvsBtZFhcEfTCF2fjwI5lIJTKjn2fa1fKtsVOwNbJk5OypCj0S999QahiH0MSChuTNexI3JnXJMUCufFXmww4mLCR9hNaMB9NO4syzpnp7HhFLIINZOKZSL+3phx35ip7yWTPqexWfRS8T+vG9Pw0p3JIIoJA5EeIqkwO2SElkkJyAZSIxFPkyOTARNccyLUknEhEjFOWikmfTiL3y+TVrXinFeqt7Vy/SpvpgDHcAJn4MAF1OEGGtAEAWN4gmd4sR6tV+vNev8ZXbHynSP4A+vjG7e/kh4=</latexit>

10
<latexit sha1_base64="xSj00WdQ6Zk8v9tXmMXGZ8rtsBQ=">AAAB93icbVC7TsNAEFyHVwivACXNiQiJKrIDEpQRNJRBwkmkJETnyyaccn7obo0UWfkGWqjoEC2fQ8G/YBsXkDDVaGZXOztepKQh2/60Siura+sb5c3K1vbO7l51/6BtwlgLdEWoQt31uEElA3RJksJupJH7nsKON73O/M4jaiPD4I5mEQ58PgnkWApOqeQ69n0yH1Zrdt3OwZaJU5AaFGgNq1/9UShiHwMSihvTc+yIBgnXJIXCeaUfG4y4mPIJ9lIacB/NIMnDztlJbDiFLELNpGK5iL83Eu4bM/O9dNLn9GAWvUz8z+vFNL4cJDKIYsJAZIdIKswPGaFl2gKykdRIxLPkyGTABNecCLVkXIhUjNNaKmkfzuL3y6TdqDtn9cbtea15VTRThiM4hlNw4AKacAMtcEGAhCd4hhdrZr1ab9b7z2jJKnYO4Q+sj28PiJLs</latexit>
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Dependence on the Dark Matter six-dimensional phase-space distribution function:

We consider the Goldreich-Julian model for the NS magnetosphere:

Radio Signal

rc(B0, P, ma) : !p = ma/2⇡
<latexit sha1_base64="flbqOCJJS6LHzJADUuO1YRYNhns=">AAACHnicbVDLSgNBEJz1bXxFPXoZDIKKxN0oKIIgevEYwaiQDUvv2MYhM7vDTK8gQb/BT/ArvOrJm3jVg//ibszBVx2aoqqb7q7YKOnI99+9gcGh4ZHRsfHSxOTU9Ex5du7EpZkV2BCpSu1ZDA6VTLBBkhSeGYugY4Wnceeg8E+v0DqZJsd0bbCloZ3ICymAcikqr9pI8OX9yF8L13i9KDqClZ3bMNXYhsjw3UJYr4VGRuWKX/V74H9J0CcV1kc9Kn+E56nINCYkFDjXDHxDrS5YkkLhTSnMHBoQHWhjM6cJaHStbu+nG76UOaCUG7RcKt4T8ftEF7Rz1zrOOzXQpfvtFeJ/XjOji+1WVyYmI0xEsYikwt4iJ6zMw0J+Li0SQXE5cplwARaI0EoOQuRilqdXyvMIfn//l5zUqsFGtXa0Wdnb7yczxhbYIltmAdtie+yQ1VmDCXbHHtgje/LuvWfvxXv9ah3w+jPz7Ae8t08fB5+f</latexit>

pa� ⇠
g2a��B (rc)

2 L2
conv

2 vc
<latexit sha1_base64="RfsiIHBp/lAoZdvPBQuN5fcE/Bc="></latexit>

• the resonant conversion radius


• the conversion probability
Flux 

density
S ⇠ 2 pa� ⇢DM(rc) vc r2c

B d2
<latexit sha1_base64="Qj1WrfjozquwziiZNSszIRse53c="></latexit>

• DM velocity


• Bandwidth of the radio signal


• DM density

vc
<latexit sha1_base64="S5ZD1DFXOXx0RWImtm1S4Fava6I=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIDEpQRNJRBkIeURNH6sgmnnB+6WwdFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTq5Tvz1FbWTg39MsxL4HY1+OpABKpLvpQAzKFbtqZ+DLxMlJheVoDMpfvWEgIg99EgqM6Tp2SP0YNEmhcF7qRQZDEBMYYzehPnho+nEWdc5PIgMU8BA1l4pnIv7eiMEzZua5yaQH9GAWvVT8z+tGNLrsx9IPI0JfpIdIKswOGaFl0gHyodRIBGly5NLnAjQQoZYchEjEKCmllPThLH6/TFq1qnNWrd2eV+pXeTNFdsSO2Slz2AWrsxvWYE0m2Jg9sWf2Yj1ar9ab9f4zWrDynUP2B9bHN/5Rklk=</latexit>

B
<latexit sha1_base64="9Bz2L3eYOWkoq+3JOys6R81PzUs=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIDEpRRaCiDREKkxIrWl0045fzQ3RopsiK+ghYqOkTLt1DwL9jGBSRMNZrZ1c6OFylpyLY/rdLK6tr6RnmzsrW9s7tX3T/omjDWAjsiVKHueWBQyQA7JElhL9IIvqfwzpteZf7dA2ojw+CWZhG6PkwCOZYCKJX6Ax/oXoBKWvNhtWbX7Rx8mTgFqbEC7WH1azAKRexjQEKBMX3HjshNQJMUCueVQWwwAjGFCfZTGoCPxk3yyHN+EhugkEeouVQ8F/H3RgK+MTPfSyeziGbRy8T/vH5M40s3kUEUEwYiO0RSYX7ICC3TLpCPpEYiyJIjlwEXoIEIteQgRCrGaTmVtA9n8ftl0m3UnbN64+a81mwVzZTZETtmp8xhF6zJrlmbdZhgIXtiz+zFerRerTfr/We0ZBU7h+wPrI9vP4eV4Q==</latexit>

⇢DM (rc)
<latexit sha1_base64="aqUKppSPjRFgHKntzgW7cPvnVzA=">AAACEXicbVC7SgNBFJ31GeMrainCYBBiE3ajoGVQCxshgnlAdllmJzfJkNkHM3eFsKTyE/wKW63sxNYvsPBf3F1TaOKpDufcy73neJEUGk3z01hYXFpeWS2sFdc3Nre2Szu7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PZGl5nfvgelRRjc4TgCx2eDQPQFZ5hKbunAVsPQTWzl06ubiS2hjxXlcluJwRCP3VLZrJo56DyxpqRMpmi4pS+7F/LYhwC5ZFp3LTNCJ2EKBZcwKdqxhojxERtAN6UB80E7SR5jQo9izTCkESgqJM1F+L2RMF/rse+lkz7DoZ71MvE/rxtj/9xJRBDFCAHPDqGQkB/SXIm0H6A9oQCRZZ8DFQHlTDFEUIIyzlMxTgsrpn1Ys+nnSatWtU6qtdvTcv1i2kyB7JNDUiEWOSN1ck0apEk4eSBP5Jm8GI/Gq/FmvP+MLhjTnT3yB8bHN/oMnUQ=</latexit>

Eddington’s inversion formula 
(isotropy and spherical symmetry)

Liuoville’s theorem

and

Goldreich and Julian, ApJ 157 (1969), Huang et al., PRD 93 (2018), 
Hook et al., PRL 121 (2018), Safdi et al., PRD 99 (2019)


