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Interesting signatures…

[Croon et al., 2002.08962]

Direct detection of axions through AMC encounters 
(or lack thereof)

Microlensing (by extended DM substructures)

Axion-photon conversion in NS magnetospheres
aa

γ

https://arxiv.org/abs/2002.08962
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AMC properties?

Over cosmic time?

RAMC
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[Fairbairn et al., 1707.03310]

[BJK, Edwards, Visinelli, Weniger, 2011.05377]

Today, in the Milky Way?

https://arxiv.org/abs/1707.03310
https://arxiv.org/abs/2011.05377
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Axion Miniclusters (AMCs)
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Post-inflationary axions

Fix the axion mass to , although higher values are possible.ma = 20μeV

Consider Dark Matter QCD axions,  
in which the PQ symmetry is broken after inflation

[Gorghetto et al., 2007.04990]

[Vaquero et al., 1809.09241]

[Buschmann et al., 1906.00967]

Axion field has random initial values in  
causally disconnected patches 

https://arxiv.org/abs/2007.04990
https://arxiv.org/abs/1809.09241
https://arxiv.org/abs/1906.00967
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AMC Overdensities
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� = (⇢� ⇢̄)/⇢

[See also Zurek et al., astro-ph/0607341; Vaquero et al., 1809.09241; Eggemeier et al., 1911.09417]

Overdensities act as ‘seeds' for 
bound “axion miniclusters” (AMCs)

For an overdensity of size   
the final density is:

δ = (ρ − ρ̄)/ρ

[Kolb & Tkachev, astro-ph/9403011]

<latexit sha1_base64="bC32fwH2Eo2bJ2p9mVGm1wNU5ZQ="></latexit>

⇢AMC(�) = 140(1 + �)�3⇢eq

Not to be confused with Axion Stars
[See Slide 16] 

https://arxiv.org/abs/1906.00967
https://arxiv.org/abs/astro-ph/0607341
https://arxiv.org/abs/1809.09241
https://arxiv.org/abs/1911.09417
https://arxiv.org/abs/astro-ph/9403011
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AMC mass function

Everything can be recast for different distributions of  or equivalently !(MAMC, δ) (MAMC, ρAMC)

[Eggemeier et al., 1911.09417]

<latexit sha1_base64="bLEQnZZmNTKHevOF4BPBaeLXmtM="></latexit>

dP

d logMAMC
⇠ MAMC

�0.7

[github.com/bradkav/axion-miniclusters]

(Set by the Jeans mass 
 for )ma = 20 μeV

[Fairbairn et al., 1707.03310]

Extend down to MAMC ∼ 10−19 M⊙ Extend up to MAMC ∼ 10−5 M⊙

<latexit sha1_base64="pbZ0GIzwiSYrG/hmwuR5Mmn62F8="></latexit>

M0 ⇡ 10�11M�(1 + �)

✓
20µeV

ma

◆1/2

(Growth of hierarchical structure 
 to today)

https://arxiv.org/abs/1911.09417
https://github.com/bradkav/axion-miniclusters/
https://arxiv.org/abs/1707.03310
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AMC density profiles
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� ⇡ 1.55

For fixed , the mean density of our NFW miniclusters is  times lower 
 than the corresponding PL profile

(MAMC, δ) ∼ 105

Concentrations today are likely to be much higher (e.g. ),  
but this doesn’t make much sense for substructure in the MW 

c ≈ 104

[Ellis et al., 2006.08637]

Power law profile:  

 

(Fix mean density equal to )

ρPL
int (R) ∝ R−9/4

ρAMC(δ)

NFW profile: 

 

(Fix  and )

ρNFW
int =

ρs

(R/Rs)(1 + R/Rs)2

ρs = ρAMC(δ) c = 100
[Fairbairn et al., 1707.03310

https://arxiv.org/abs/2006.08637
https://arxiv.org/abs/1707.03310
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AMCs in the Milky Way
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Milky Way Setup

Caveat: Don’t deal with concurrent structure formation,  
stellar formation & AMC distruption

[McMillan, 1102.4340]
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nAMC(r) = fAMC
⇢DM(r)

hMAMCi
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fAMC ⇡ 100%

hMAMCi ⇡ 10�14 M�

https://arxiv.org/abs/1102.4340
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Monte Carlo procedure

But! Need to know the response of an AMC to stellar perturbations…

Sample interaction properties ( ) and perturb AMCvrel, b

Compute number of stellar interactions: 

N = ∫
TMW

0
dt n⋆(t)VAMC(t) ⋅ πb2

max

Generate sample of AMCs (with correct density 
distribution but log-flat mass function)

Collect surviving AMCs and 
reconstruct true propertiesRemove AMC from simulation

Sample orbital parameters ( , ) e ψ

AMC disrupted

AMC not  
disrupted
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AMC Distribution functions

Describe the AMC by a self-consistent 
distribution function  

(obtained using Eddington’s formula)
f(ℰ)
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[Green & Goodwin, astro-ph/0604142]

‘Distant-tide’ approximation:

https://arxiv.org/abs/astro-ph/0604142
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AMC Distribution functions
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[Green & Goodwin, astro-ph/0604142]

‘Distant-tide’ approximation:

https://arxiv.org/abs/astro-ph/0604142
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AMC Distribution functions

Describe the AMC by a self-consistent 
distribution function  

(obtained using Eddington’s formula)
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[Green & Goodwin, astro-ph/0604142]

‘Distant-tide’ approximation:

https://arxiv.org/abs/astro-ph/0604142
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Mass-loss and remnants
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Fractional energy injection depends predominantly  
on the mean AMC density:
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AMC-Stellar encounters
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Fix  such that  
and truncate at  interactions.

bmax ΔE(bmax) = 10−6 Ebind
Ncut = 106

<latexit sha1_base64="vAijiFDKl258ke+eIMWVzJ3PNyc="></latexit>

N =
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0
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Reconstructing AMC properties
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Map from Monte Carlo output (which assumed a 
log-flat mass function) to ‘true’ distribution. 

Easily recast for different mass-function/cut-offs!

First, need to ‘smear' each AMC by applying a 
spatial weight:
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<latexit sha1_base64="IA+Q246MYhqxHmOdO3sbhkbADA4=">AAACBHicbVDLSgMxFM3UV62vUZfdBItQQcqMKLosunFZwT6gHYZMmmnDZJIhyShl7MKNv+LGhSJu/Qh3/o1pOwttPRA4nHMvN+cECaNKO863VVhaXlldK66XNja3tnfs3b2WEqnEpIkFE7ITIEUY5aSpqWakk0iC4oCRdhBdTfz2HZGKCn6rRwnxYjTgNKQYaSP5dvnej2AvkSLRAjaqEj5A5EfHkPjRkW9XnJozBVwkbk4qIEfDt796fYHTmHCNGVKq6zqJ9jIkNcWMjEu9VJEE4QgNSNdQjmKivGwaYgwPjdKHoZDmcQ2n6u+NDMVKjeLATMZID9W8NxH/87qpDi+8jPIk1YTj2aEwZdAEnjQC+1QSrNnIEIQlNX+FeIgkwtr0VjIluPORF0nrpOae1Zyb00r9Mq+jCMrgAFSBC85BHVyDBmgCDB7BM3gFb9aT9WK9Wx+z0YKV7+yDP7A+fwB+QZaz</latexit>

wk / P (r|ak, ek)

Then we can calculate final distributions based on 
MC samples . E.g.:{νk, ρk}
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Axion Star cores

[Eggemeier et al., 1906.01348]

[Chen et al., 2011.01333]

Apply an AS cut, by requiring:

[Schive et al., 1407.7762, Visinelli et al., 1710.08910]

<latexit sha1_base64="2BplBOIquspB5hhF7aWLKP50zzo=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiSi6EoqdeFGqI8+oA1hMp20QyeTMDMRSsjOjb/ixoUibv0Fd/6NkzaL2nrgwuGce7n3Hi9iVCrL+jEKC4tLyyvF1dLa+sbmlrm905RhLDBp4JCFou0hSRjlpKGoYqQdCYICj5GWN6xlfuuRCElD/qBGEXEC1OfUpxgpLbnm/p3bDZAaiCC5vKml8AJOCfepa5atijUGnCd2TsogR901v7u9EMcB4QozJGXHtiLlJEgoihlJS91YkgjhIeqTjqYcBUQ6yfiPFB5qpQf9UOjiCo7V6YkEBVKOAk93ZifKWS8T//M6sfLPnYTyKFaE48kiP2ZQhTALBfaoIFixkSYIC6pvhXiABMJKR1fSIdizL8+T5nHFPq1Ytyfl6lUeRxHsgQNwBGxwBqrgGtRBA2DwBF7AG3g3no1X48P4nLQWjHxmF/yB8fULJqWY3A==</latexit>

RAMC > RAS

<latexit sha1_base64="iwp5vBXqeupfNj5ojqFGjJ8l4OI="></latexit>

RAS = 2.47⇥ 105 m

✓
20µeV

ma

◆✓
MAMC

1M�

◆�1/3

https://arxiv.org/abs/1906.01348
https://arxiv.org/abs/2011.01333
https://arxiv.org/abs/1407.7762
https://arxiv.org/abs/1710.08910
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AMC Properties Today
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[Distributions and tools for re-casting available online: github.com/bradkav/axion-miniclusters]

Example of AMC properties at  for NFW internal density profiles:rGC ≈ 7 kpc

<latexit sha1_base64="Pq5eeqikEMm5tLBJ62anhpupnaY="></latexit>

fNFW
cut = 1.5⇥ 10�2

<latexit sha1_base64="ZOfsOiH6KmhIQezeAXFtIEG9Qjw="></latexit>

fPL
cut = 2.7⇥ 10�4

http://GitHub.com/bradkav/axion-miniclusters
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Survival probabilities
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Survival probability at Solar circle: 
    for NFW profiles 

 for PL profiles
𝒪(40%)
𝒪(99%)

[See also previous work, e.g. Tinyakov et al., 1512.02884; Dokuchaev et al., 1710.09586]

But remember that even ‘surviving' AMCs may be drastically altered.

https://arxiv.org/abs/1512.02884
https://arxiv.org/abs/1710.09586
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Impact of concentration
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[Thanks to Doddy for discussing some of this with us.]

Perform some ‘toy' Monte Carlos using different NFW 
concentrations.   

Fix  and :MAMC,i = 10−10 M⊙ ρAMC,i = 106 M⊙ pc−3



20

Observational Consequences
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Axion Direct Detection

� � � � � ��

���

���

����

� ��� ��� ��� ��� ������

���

���

���

��	

<latexit sha1_base64="zZSmmGb22zRh7RCBmix5a0RXqMs="></latexit>

�� = nAMC (r�) h�ui (r�)

 for PL profiles 
    for NFW profiles

Γ⊙ ≈ (3 × 106 years )−1

Γ⊙ ≈ (4 × 103 years )−1

[See also Sikivie, astro-ph/0610440]

https://arxiv.org/abs/astro-ph/0610440
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Minicluster lensing

<latexit sha1_base64="IUnmhWga4ur6slu+7Ebi2xH/HBw=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0YtQtAcPHirYD0hD2Gw37dLNJuxuxBL6M7x4UMSrv8ab/8Ztm4O2Phh4vDfDzLwg4Uxp2/62CkvLK6trxfXSxubW9k55d6+l4lQS2iQxj2UnwIpyJmhTM81pJ5EURwGn7WB4M/Hbj1QqFosHPUqoF+G+YCEjWBvJfUJXqO7fndR95ZcrdtWeAi0SJycVyNHwy1/dXkzSiApNOFbKdexEexmWmhFOx6VuqmiCyRD3qWuowBFVXjY9eYyOjNJDYSxNCY2m6u+JDEdKjaLAdEZYD9S8NxH/89xUh5dexkSSairIbFGYcqRjNPkf9ZikRPORIZhIZm5FZIAlJtqkVDIhOPMvL5LWadU5r9r3Z5XadR5HEQ7gEI7BgQuowS00oAkEYniGV3iztPVivVsfs9aClc/swx9Ynz98GpAV</latexit>

x = DL/Ds

[MACHO, astro-ph/0001272]

<latexit sha1_base64="/RiIX8p4LK6haeO37IhhgfVA3po="></latexit>

hbti ⇡ (MAMC/M�)
1/2 ⇥ 140 days

[See e.g. Fairbairn et al., 1701.04787, 1707.03310]

But properties of lensing events would be altered:

<latexit sha1_base64="LkmxF1IcelsaMNnu0imaT8nL5kQ="></latexit>

N̄ex /
Z

dt

Z
dx

d2�

dx dt
<latexit sha1_base64="uddDM3PHPPtOU5V9eeUdC8GBx+c="></latexit>

d2�

dx dt
⇠ nAMC(x)

92% fewer events for NFW

19% fewer events for NFW

https://arxiv.org/abs/astro-ph/0001272
https://arxiv.org/abs/1701.04787
https://arxiv.org/abs/1707.03310
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NS-AMC Encounters
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Axion-photon Conversion

[Hook et al., 1804.03145; Safdi et al., 1811.01020; Edwards, Chianese, BJK, Nissanke, Weniger, 1905.04686; Foster et al., 2004.00011]

[Battye et al., 1910.11907; Leroy et al., 1912.08815]

<latexit sha1_base64="weviG19N97kKk4b85yHGO0TRUWM=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WsICURRVdSdOPOCvYBTQiT6aQdOpmEmYlQQj/Bjb/ixoUibl2682+cpFlo64ELh3Pu5d57/JhRqSzr2ygtLC4tr5RXK2vrG5tb5vZOW0aJwKSFIxaJro8kYZSTlqKKkW4sCAp9Rjr+6DrzOw9ESBrxezWOiRuiAacBxUhpyTMPHTGMPAwvoRMiNcSIpbeTmm1ZR9A5zj2H8kCNPbNq1a0ccJ7YBamCAk3P/HL6EU5CwhVmSMqebcXKTZFQFDMyqTiJJDHCIzQgPU05Col00/yhCTzQSh8GkdDFFczV3xMpCqUch77uzK6Ws14m/uf1EhVcuCnlcaIIx9NFQcKgimCWDuxTQbBiY00QFlTfCvEQCYSVzrCiQ7BnX54n7ZO6fVa37k6rjasijjLYA/ugBmxwDhrgBjRBC2DwCJ7BK3gznowX4934mLaWjGJmF/yB8fkDj/ubqw==</latexit>

⇢c > O(100) ⇢1

Assuming a Goldreich-Julian model for the NS 
magnetosphere, emitted radio power:

[Goldreich & Julian (1969)]

Plenty of uncertainties on magnetosphere 
properties, conversion probabilities, anisotropy…

Assume isotropic emission and focus on 
enhancements to  due to AMC encounters.ρc

<latexit sha1_base64="2/DP/WG2xuctrhTRwYQ3g8WECwE="></latexit>

dPa

d⌦
⇠ ⇡

3
g2a��B

2
0
RNS

6

Rc
3

⇢c
ma

<latexit sha1_base64="Tbdk0uKukSJGGGf8RAmNrPF9oCU=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhIpGI3QtGFXVawD2hCmUwn7dCZJMxMhBrqxl9x40IRt/6FO//GSZuFth64cDjnXu69x48Zlcq2v43C0vLK6lpxvbSxubW9Y+7utWSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj64zv31PhKRReKfGMfE4GoQ0oBgpLfXMgwBewopVrUD31OVIDQVPb+oPk1LPLNuWPQVcJE5OyiBHo2d+uf0IJ5yECjMkZdexY+WlSCiKGZmU3ESSGOERGpCupiHiRHrp9IMJPNZKHwaR0BUqOFV/T6SISznmvu7MjpTzXib+53UTFVS9lIZxokiIZ4uChEEVwSwO2KeCYMXGmiAsqL4V4iESCCsdWhaCM//yImmdWc65Zd9WyrWrPI4iOARH4AQ44ALUQB00QBNg8AiewSt4M56MF+Pd+Ji1Fox8Zh/8gfH5A1KmlOg=</latexit>

f = 4.84GHz

https://arxiv.org/abs/1804.03145
https://arxiv.org/abs/1811.01020
https://arxiv.org/abs/1905.04686
https://arxiv.org/abs/2004.00011
https://arxiv.org/abs/1910.11907
https://arxiv.org/abs/1912.08815
https://ui.adsabs.harvard.edu/abs/1969ApJ...157..869G/abstract


25

Neutron Star Distributions

[Lorimer et al., astro-ph/0607640, Bates et al., 1311.3427]

Assume  NSs born in the MW (60% in the bulge, 40% in the disk). 
~20% of these ejected due to Natal kicks.

109

[Sartore et al., 0908.3182]

[As in Safdi et al., 1811.01020]

Assume that the spatial distribution of old NSs follows that of  
millisecond pulsars in the MW
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TotalAssume log-normal distributions  
for B-field and Period:

<latexit sha1_base64="mNp/Iy9S4v/GXWV8pz/eHw8bm8g="></latexit>

log10(B0/G) = 12.65; �B0 = 0.55

log10(P/ms) = 2.7; �P = 0.34

https://arxiv.org/abs/astro-ph/0607640
https://arxiv.org/abs/1311.3427
https://arxiv.org/abs/0908.3182
https://arxiv.org/abs/1811.01020
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Encounter Rate
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<latexit sha1_base64="/0tlpf6L2mkawWOxWcp/PQAY9KY="></latexit>

� =

Z
d3r

Z
dR

dnAMC(r)

dR
nNS(r)hf�ui(r)

Without stellar disruption, 
encounter rate would be: 

   39.3x larger for NFW profiles 
1.4x larger for PL profiles

<latexit sha1_base64="I60SP/aV1rVr+SliaZXG3AC1n7c=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAIFaTMFEWXRTcuq9gLdMYhk6ZtaJIZchFK6Uu48VXcuFDEreDOtzHTzkJbfwj8+c45JOePEkaVdt1vJ7e0vLK6ll8vbGxube8Ud/eaKjYSkwaOWSzbEVKEUUEammpG2okkiEeMtKLhVVpvPRCpaCzu9CghAUd9QXsUI21RWDzxGRJ9RnxF+xxB48vptSyPoUUcznho4O19tRAWS27FnQouGi8zJZCpHha//G6MDSdCY4aU6nhuooMxkppiRiYF3yiSIDxEfdKxViBOVDCebjWBR5Z0YS+W9ggNp/T3xBhxpUY8sp0c6YGar6Xwv1rH6N5FMKYiMZoIPHuoZxjUMUwjgl0qCdZsZA3Cktq/QjxAEmFtg0xD8OZXXjTNasU7q7g3p6XaZRZHHhyAQ1AGHjgHNXAN6qABMHgEz+AVvDlPzovz7nzMWnNONrMP/sj5/AHyn54C</latexit>

h�ui(r) ⇠ �uR
2
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Signal Flux and Duration
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<latexit sha1_base64="iklIUSDHGJwCLmJR22fuWxEhfY4="></latexit>

S =
1

BW

1

4⇡s2
dPa

d⌦

Based on velocity dispersion of AMC, expect an incredibly narrow line. 
Instead, fix bandwidth BW = 1 kHz (based on telescope resolution).
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Sky Distributions
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For PL profiles, 68% of events lie with 7 degrees of the GC.
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Summary

• Lasting days to years 
• Within reach of current & future searches 
• Expect O(1) bright event on the sky at all 

times 
• Concentrated towards the Galactic 

Centre

AMC-NS radio transients Missing ingredients

• Concurrent structure formation & 
disruption 

• Realistic input to Monte Carlo simulations 
(e.g. density profiles, ) 

• Understanding axion star formation at the 
low-mass end

P(M, δ)

Please re-cast the results and re-use the code!

2011.05377, 2011.05378 
github.com/bradkav/axion-miniclusters 

https://arxiv.org/abs/2011.05377
https://arxiv.org/abs/2011.05378
https://github.com/bradkav/axion-miniclusters
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Summary

• Lasting days to years 
• Within reach of current & future searches 
• Expect O(1) bright event on the sky at all 

times 
• Concentrated towards the Galactic 

Centre

AMC-NS radio transients Missing ingredients

• Concurrent structure formation & 
disruption 

• Realistic input to Monte Carlo simulations 
(e.g. density profiles, ) 

• Understanding axion star formation at the 
low-mass end

P(M, δ)

Thank you!
Please re-cast the results and re-use the code!

2011.05377, 2011.05378 
github.com/bradkav/axion-miniclusters 

https://arxiv.org/abs/2011.05377
https://arxiv.org/abs/2011.05378
https://github.com/bradkav/axion-miniclusters
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Backup slides
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Flux Distribution
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AMC mass dependence
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Impact of the AS cut (1)
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Impact of the AS cut (2)

Without axion star cut

With axion star cut
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