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Axion Dark Matter

Back-Reaction on 
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Overview: Neutron stars as axion laboratories

Short take home: 
These approaches allow us to 
probe axion masses that are 
not accessible to conventional 
indirect searches 
(pushing toward QCD axion)
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More “traditional” indirect axion searches

Galactic/Cluster Magnetic Field

High-Energy Photons High-Energy AxionsAstrophysical source 
(e.g. galaxy, SN)
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Works well at axion masses  ma ≲ 10−8 eV Works well at axion masses  ma ≳ 1eVMass Gap

Neutron star magnetospheres

Axion decayAxion-photon mixing ℒ ∼ gaγγ a E ⋅ B

Blazers, SN, etc
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Plot made using cajohare.github.io/AxionLimits/
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A look at axion decay
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τ ∝ 1
m3a g2aγγ

 for τ ≫ τUniverse ma ≪ *(eV)
Background photons with  Eγ ∼ ma/2

 
1

1 + 2fγ

Simulated decay by photon background: Caputo, Garay, SJW (2018), Caputo, Regis, 
Taoso, SJW (2018), Ghosh et al (2020), Sun et al (2022), Buen-Abad et al (2022)

Axion

Dense homogeneous 
axion background

Parametric resonance can lead to exponential decay
Tkachev (1987, 2015), Azra (2018), Hertzberg et al (2018), Alonso-Alvarez et al (2020), Levkov et al 
(2020), Arza et al (2020)

Difficultly stems from 2 requirements: 
1.) Large axion occupation numbers 
2.) Strong homogeneity (gravitational de-tuning)

Using decay to probe lower 
masses is very difficult

Moral of the story

Can we be sensitive to the decay at 
lower masses?
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ℒ ∼ gaγγ a E ⋅ B
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A look at axion-photon mixing

·B
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Outgoing photon

Background magnetic 
field

Incoming axion

pa→γ ∼ g2
aγγ B2 × (Length)2

Large conversion probabilities require: 
• Large magnetic fields 
• Large “Lengths” 

Length of magnetic field

Length set by momentum transfer from 
magnetic field 

δk ∼ m2
a /(2ω)

Lδk ∼ δk−1

Which Length is smaller?
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Example: Galactic/Cluster Magnetic Field

High-Energy Photons High-Energy Axions
Astrophysical 

gamma-ray source 
(e.g. galaxy, 
supernovae)

Lδk ∼ δk−1 ∼ 2ω
m2a

LB ∼ *(kpc)

High-energy indirect axion searches

Absorption,
Excess 

Emission

ma ∼ 10−11 eV
ma ∼ 10−10 eV
ma ∼ 10−9 eV
ma ∼ 10−8 eV

Example: Galactic supernova 

ω ∼ *(10) MeV

Length Scales

Axion Mass
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Axion-photon mixing
Search for gamma ray burst associated to SN 1987A

Length scale set by kpc magnetic field 

Conversion independent of axion mass

Length scale set by momentum mismatch 

Sensitivity loss at higher mass

Payez et al. 2015
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Plasma

ℒ ∼ gaγγ a E ⋅ B
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Axion-photon mixing

·B

<latexit sha1_base64="DTc8mDp/rFQdQjmsRC4eTaMQZP0=">AAAB8XicdVDLSsNAFL3xWeur6tLNYBFcSEmk9bErdeOygn1gE8pkMmmHTiZhZiKU0L9w40IRt/6NO//GaRuhih64cDjnXu69x084U9q2P62l5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP7qe+p0HKhWLxZ0eJ9SL8ECwkBGsjXTvkiDWyD1FjX6pbFfsGdACqdnO1bmDnFwpQ45mv/ThBjFJIyo04VipnmMn2suw1IxwOim6qaIJJiM8oD1DBY6o8rLZxRN0bJQAhbE0JTSaqYsTGY6UGke+6YywHqrf3lT8y+ulOrz0MiaSVFNB5ovClCMdo+n7KGCSEs3HhmAimbkVkSGWmGgTUtGE8P0p+p+0zypOtVK7rZbrjTyOAhzCEZyAAxdQhxtoQgsICHiEZ3ixlPVkvVpv89YlK585gB+w3r8AUt+QDA==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

�

<latexit sha1_base64="sPQL8yqu43205fRK9uKEP1QfFtg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrXq5X2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiYOPHQ==</latexit>

pa→γ ∼ g2
aγγ B2 × (Length)2

Indirect axion searches fundamentally limited 
at large masses by momentum mismatch

Momentum mismatch in vacuum

δk ∼ ω2 − m2
a − ω ∼ m2

a

ω

Momentum mismatch in plasma

 

   if    

δk ∼ ω2 − m2
a − ω2 − ω2

p

δk ∼ 0 ma ∼ ωp

We can reach higher masses by using: Large coherent magnetic fields and background plasma
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Neutron star magnetospheres
~⌦

<latexit sha1_base64="ZOOUJdF2CbTiOoEytlHEkr1b8cI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRizcr2A9oQtlsp+3S3STsbgol9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6QaBY+wYbgR2E4UUhkKbIWju5nfGqPSPI6ezCTBQNJBxPucUWMl3x8jy/wHiQM67ZYrbtWdg6wSLycVyFHvlr/8XsxSiZFhgmrd8dzEBBlVhjOB05KfakwoG9EBdiyNqEQdZPObp+TMKj3Sj5WtyJC5+nsio1LriQxtp6RmqJe9mfif10lN/ybIeJSkBiO2WNRPBTExmQVAelwhM2JiCWWK21sJG1JFmbExlWwI3vLLq6R5UfUuq1ePl5XabR5HEU7gFM7Bg2uowT3UoQEMEniGV3hzUufFeXc+Fq0FJ585hj9wPn8AOeWR0Q==</latexit>

Neutron 
star

Magnetic field lines

Neutron star surface

E

<latexit sha1_base64="TK6Aci0UrFnriFDUnpmtB7x26E0=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0i01XoriuCxBfsBbSib7aZdu9mE3Y1QQn+BFw+KePUnefPfuE0rqOiDgcd7M8zM82POlHacDyu3tLyyupZfL2xsbm3vFHf3WipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1czv31PpWKRuNWTmHohHgoWMIK1kRrX/WLJsSuOe3HmIMd2MmSk6p66yF0oJVig3i++9wYRSUIqNOFYqa7rxNpLsdSMcDot9BJFY0zGeEi7hgocUuWl2aFTdGSUAQoiaUpolKnfJ1IcKjUJfdMZYj1Sv72Z+JfXTXRQ9VIm4kRTQeaLgoQjHaHZ12jAJCWaTwzBRDJzKyIjLDHRJpuCCeHrU/Q/aZ3YbtmuNMql2uUijjwcwCEcgwvnUIMbqEMTCFB4gCd4tu6sR+vFep235qzFzD78gPX2Ccz+jPM=</latexit>

e

<latexit sha1_base64="yHe0qu50/eU95w6W5zZLEOFUjfU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadk1m5jcgl48JmAekCxhdtKbjJmdXWZmhRDyBV48KOLVT/Lm3zh5CCpa0FBUddPdFSScKe04H1ZmbX1jcyu7ndvZ3ds/yB8etVScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywvp777XuQisXiVk8S8CMyFCxklGgjNaCfLzh2tVIueh52bK9cKpaLhriuU/Vc7NrOAgW0Qr2ff+8NYppGIDTlRKmu6yTanxKpGeUwy/VSBQmhYzKErqGCRKD86eLQGT4zygCHsTQlNF6o3yemJFJqEgWmMyJ6pH57c/Evr5vqsOJPmUhSDYIuF4UpxzrG86/xgEmgmk8MIVQycyumIyIJ1SabnAnh61P8P2ld2K5nlxpeoXa1iiOLTtApOkcuukQ1dIPqqIkoAvSAntCzdWc9Wi/W67I1Y61mjtEPWG+fPDWNPg==</latexit>

�

<latexit sha1_base64="aOaN2XHWYNL+hGb2/Q5cxflRT+w=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjK1tXVXdOOygn1AO5RMmmlj8xiSjFBK/8GNC0Xc+j/u/BvTh6CiBy4czrmXe++JEs6MRejDy6ysrq1vZDdzW9s7u3v5/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxpdzfzWPdWGKXlrxwkNBR5IFjOCrZOa3QEWAvfyBeSj81JQDCDyyyioFtGCXFTOYOCjOQpgiXov/97tK5IKKi3h2JhOgBIbTrC2jHA6zXVTQxNMRnhAO45KLKgJJ/Nrp/DEKX0YK+1KWjhXv09MsDBmLCLXKbAdmt/eTPzL66Q2roYTJpPUUkkWi+KUQ6vg7HXYZ5oSy8eOYKKZuxWSIdaYWBdQzoXw9Sn8nzSLflDyyzelQu1yGUcWHIFjcAoCUAE1cA3qoAEIuAMP4Ak8e8p79F6810VrxlvOHIIf8N4+Adi7j1Q=</latexit>

Sources of plasma

!p

<latexit sha1_base64="f94EleYg23iCmbjF4TNbz8n4Vto=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe4n/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AEbqpAG</latexit>

r

<latexit sha1_base64="PaNED8bQbwX/j7m/AtpiNFqtHBI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH37mM/g==</latexit>

rNS

<latexit sha1_base64="f8i4PsFXOwHSg2zOQjN5XTXsvqc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXjxJRfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pts9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Hrmt5+o0kyKBzOJqR/hoWAhI9hYqaX66e39tF+uuFU3A1omXk4qkKPRL3/1BpIkERWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LBY6o9tPs2ik6scoAhVLZEgZl6u+JFEdaT6LAdkbYjPSiNxP/87qJCS/9lIk4MVSQ+aIw4chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheIsvL5PWWdWrVc/vapX6VR5HEY7gGE7Bgwuoww00oAkEHuEZXuHNkc6L8+58zFsLTj5zCH/gfP4AmnOPKA==</latexit>

rmax

<latexit sha1_base64="qi2U6UymbemDhlBynswkDcyNo/E=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHMzIphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntR6oNU/LBThIaCjyULGYEWyd1dT/raYEEfpr2yxW/6s+BVkmQkwrkaPTLX72BIqmg0hKOjekGfmLDDGvLCKfTUi81NMFkjIe066jEgpowm588RWdOGaBYaVfSorn6eyLDwpiJiFynwHZklr2Z+J/XTW18HWZMJqmlkiwWxSlHVqHZ/2jANCWWTxzBRDN3KyIjrDGxLqWSCyFYfnmVtC6qQa16eV+r1G/yOIpwAqdwDgFcQR3uoAFNIKDgGV7hzbPei/fufSxaC14+cwx/4H3+AGtIkVo=</latexit>

maxion

<latexit sha1_base64="KO8ilwf150883qQwlb7nmLSk2mI=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GjJ1tJ1d0Y3LCvYB7VAyaaYNTWbGJFMsQ7/DjQtF3Pox7vwb04egogcunJxzL7n3BAlnSiP0YeVWVtfWN/Kbha3tnd294v5BU8WpJLRBYh7LdoAV5SyiDc00p+1EUiwCTlvB6Grmt8ZUKhZHt3qSUF/gQcRCRrA2ki96WVcKiO/NY9orlpDtVaseciGyXYTcStmQM8/zLhB0bDRHCSxR7xXfu/2YpIJGmnCsVMdBifYzLDUjnE4L3VTRBJMRHtCOoREWVPnZfOkpPDFKH4axNBVpOFe/T2RYKDURgekUWA/Vb28m/uV1Uh1W/YxFSappRBYfhSmHOoazBGCfSUo0nxiCiWRmV0iGWGKiTU4FE8LXpfB/0izbjmuf37il2uUyjjw4AsfgFDigAmrgGtRBAxBwBx7AE3i2xtaj9WK9Llpz1nLmEPyA9fYJg2eSnQ==</latexit>

Plasma density set by: 
• Magnetic field 
• Rotational period 
• Alignment angle

Resonant Photon 
Production

| ~B| . 1015 G

<latexit sha1_base64="5JSFePhINBQCtpbIsUFVozHk1HY=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCwkLArCVqGWGgZwTwgG8Ps5CYZMrO7zMwGwma/wMZfsbFQxNbazr9x8ig08cCFwzn3cu89XsiZ0rb9baXW1jc2t9LbmZ3dvf2D7OFRXQWRpFCjAQ9k0yMKOPOhppnm0AwlEOFxaHjD66nfGIFULPDv9TiEtiB9n/UYJdpInWx+4o6AxpVkgl0OSikmsGM/xE4pwe45jl0p8E3Syebsgj0DXiXOguTQAtVO9svtBjQS4GvKiVItxw51OyZSM8ohybiRgpDQIelDy1CfCFDtePZOgvNG6eJeIE35Gs/U3xMxEUqNhWc6BdEDtexNxf+8VqR7V+2Y+WGkwafzRb2IYx3gaTa4yyRQzceGECqZuRXTAZGEapNgxoTgLL+8SuoXBadYKN0Vc+XKIo40OkGn6Aw56BKV0S2qohqi6BE9o1f0Zj1ZL9a79TFvTVmLmWP0B9bnD2gfmww=</latexit>

Radio BandEγ ∼
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Neutron stars as axion labs

Magnetic field lines

Resonant Production 
of Radio Photons

Axion Dark Matter

Neutron 
star

Photon
Frequency

Flux

ma

<latexit sha1_base64="aJf+6roQwe8ZyQ0jlbQ5AtVMfyA=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoseiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptLckDwoFrz6t4ceJX4BalBgeag+tUfxjSVTFkqiDE930tskBFtORVsVumnhiWETsiI9RxVRDITZPNbZ/jMKUMcxdqVsniu/p7IiDRmKkPXKYkdm2UvF//zeqmNboKMqyS1TNHFoigV2MY4fxwPuWbUiqkjhGrubsV0TDSh1sVTcSH4yy+vkvZF3b+sXz1c1hq3RRxlOIFTOAcfrqEB99CEFlAYwzO8whuS6AW9o49FawkVM8fwB+jzB5zbjfc=</latexit>

Spectral Lines from Axion Dark Matter: 
See e.g.: Pshirkov & Popov (2009), Hook et al. (2018), 
Safdi et al. (2018), Battye et al. (2019, 2021, 2023), 
SJW et al. (2021, 2022), Foster, SJW et al (2022), …

ma ∼ ωp

Ea ∼ ma (1 + v2/2)
v ∼ *(10−3)

Approach #1
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Fl
ux

Frequency

ma

<latexit sha1_base64="1tAaUaxY/XmvRWM6gqqSTNRVfHU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD7JP+uWKV/XmwKvEz0kFcjT65a/eIKapZMpSQYzp+l5ig4xoy6lg01IvNSwhdEyGrOuoIpKZIJufOsVnThngKNaulMVz9fdERqQxExm6TknsyCx7M/E/r5va6DrIuEpSyxRdLIpSgW2MZ3/jAdeMWjFxhFDN3a2Yjogm1Lp0Si4Ef/nlVdK6qPq16uV9rVK/yeMowgmcwjn4cAV1uIMGNIHCEJ7hFd6QQC/oHX0sWgsonzmGP0CfP0ZGjc0=</latexit>

Radio searches for axions

Potential targets:  
- Galactic Center 

- Nearby isolated neutron stars

Observational Strategy: On/off target, time-domain analysis

[pros: more dark matter & neutron stars] [cons: complex modelling] 

[pros: distance] [cons: less dark matter]

Backgrounds: Molecular lines, radio-frequency interference

See recent paper: Battye et al (2023)

Lines oscillate with 
rotation of star (seconds)

Lines shift with 
stellar orbit (weeks)
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Pulsars, what do we know?
Beamed radio 

emission

Neutron 
star

Time

Flux P ·P

• Dipolar field strength
B0 ∝ P ·P

• Rotational period  

• Spin-down rate 

P
·P

• Characteristic age  

• Distance inferred from dispersion measure 
(frequency dependent time delay)

∝ P/ ·P
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Wikipedia: ALPA Pulsars

Earth

Galactic 
Center

Pulsars in the galaxy

• Star formation rates & stellar mass distributions 
tells us about neutron star formation rate 

• Young neutron stars trace stellar distribution 

• Synthesize neutron star population consistent 
with  the observed population

Targeting the Galactic Center requires 
population modelling
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Signals from individual neutron stars

Resonant Conversion  

Location:  

Efficiency: 

ma ∼ ωp

(∂ωp)−1

Example for dead neutron star
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Smaller axion mass   resonant surface is larger 
Larger axion mass     resonant surface is smaller

→
→

Signals from individual neutron stars
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Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (2021)
Tjemsland, SJW, McDonald (To appear)

SJW et al (2021), Battye et al (2021)

Use ray tracing to treat: 

• Evolution of axion-photon and 
photon-axion conversions 

• Non-linear photon propagation 

• Plasma broadening 

• Photon absorption

Phase space evolution

Frequency [1/ma ⇥ 10�5]

<latexit sha1_base64="HkjKow4W+0OZ4QH7+Wp07QzgkYc=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR3FgTadFl0Y3LCvYBaQyT6aQdOjMJMxOhhLrxV9y4UMStf+HOv3HaZqGtBy4czrmXe+8JE0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPh9cRvPxCpaCzu9CghPkd9QSOKkTZSYB94LjyDPECwqyknCrrOfXZaG/uBXXYqzhRwkbg5KYMcjcD+6vZinHIiNGZIKc91Eu1nSGqKGRmXuqkiCcJD1CeeoQKZbX42/WAMj43Sg1EsTQkNp+rviQxxpUY8NJ0c6YGa9ybif56X6ujSz6hIUk0Eni2KUgZ1DCdxwB6VBGs2MgRhSc2tEA+QRFib0EomBHf+5UXSOq+41UrttlquX+VxFMEhOAInwAUXoA5uQAM0AQaP4Bm8gjfryXqx3q2PWWvBymf2wR9Ynz92p5T/</latexit>
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Searching for axions in the galactic center

Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (2022)

Conservative limit

Observational Window

Survey Details:
Data courtesy of the Breakthrough Listen Initiative

• Telescope: Green Bank Telescope (100m) 
Observation Frequency: 4–8 GHz  

• Observation Target: Galactic Center 
• Observation Time: ~4.6 hours

What does “conservative” mean?
• We don’t fully understand mixing

•  

• We don’t understand magnetic field decay 
in neutron stars

• Exponential decay on 1 My

• We don’t understand the adiabatic regime
• Exponentially suppress flux

peff
a→γ ∼ *(10−2) × pa→γ

Tjemsland, SJW, McDonald (To appear)
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Offering a slightly more optimistic look at the future

SKA 10 Sigma Detection

Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (2022)

Keys for improving sensitivity: 
• Understand axion-photon mixing 

• Get out of adiabatic regime 

• Exploit time dependence? 

• Exploit frequency domain info? 

• Extend to other frequencies

See recent paper: Battye et al (2023)

This will occur! Recent collaboration with 
Breakthrough Listen Initiative 

Tjemsland, SJW, McDonald (To appear)
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ASIDE: Transient radio lines from axion miniclusters

See e.g. Ellis et al (2022)

Minicluster formation Structure formation Tidal stripping Neutron star population

Radio SignalMinicluster in-fall

SJW, Baum, Lawson, Millar, Marsh, Salinas (2023)

Encounter #1
Encounter #2

Encounter #N

.

.

.

.

.

Kavanagh et al (2021), Shen et al (2022) 
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Producing axions with electromagnetism

ℒ ∼ gaγγ a E ⋅ B

·B

<latexit sha1_base64="DTc8mDp/rFQdQjmsRC4eTaMQZP0=">AAAB8XicdVDLSsNAFL3xWeur6tLNYBFcSEmk9bErdeOygn1gE8pkMmmHTiZhZiKU0L9w40IRt/6NO//GaRuhih64cDjnXu69x084U9q2P62l5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP7qe+p0HKhWLxZ0eJ9SL8ECwkBGsjXTvkiDWyD1FjX6pbFfsGdACqdnO1bmDnFwpQ45mv/ThBjFJIyo04VipnmMn2suw1IxwOim6qaIJJiM8oD1DBY6o8rLZxRN0bJQAhbE0JTSaqYsTGY6UGke+6YywHqrf3lT8y+ulOrz0MiaSVFNB5ovClCMdo+n7KGCSEs3HhmAimbkVkSGWmGgTUtGE8P0p+p+0zypOtVK7rZbrjTyOAhzCEZyAAxdQhxtoQgsICHiEZ3ixlPVkvVpv89YlK585gB+w3r8AUt+QDA==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

Magnetic Field

Electric 
Field

Axions

Advantage:
Remove dependence on dark matter density 

• Larger axion densities 
• Target nearby pulsar population  

PhotonAxion

E
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Broadband radio emission from locally sourced axions

Photon

Sourced Axions

Axions from Vacuum Gap Collapse: 
Prabhu 2021, 
Noordhuis, Prabhu, SJW, Cruz, Chen, Weniger (2022)
Noordhuis, Prabhu, SJW, Weniger (Appearing soon)
Caputo, Philippov, SJW (Appearing soon)

Frequency

Flux

ma
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⃗E ⋅ ⃗B = 0

⃗E ⋅ ⃗B ≠ 0

Approach #2
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Neutron 
star

Axions from vacuum gap collapse

⃗E ⋅ ⃗B

Electrons/positrons

Photons

Neutron Star Surface

M
ag

n
et

ic
 A

xi
s

3 
Axion spectra

·Na( ⃗k) ∝ |FT(gaγγ
⃗E ⋅ ⃗B ) |2

Synchro-curvature 
radiation

�e ⇠ 107
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Vacuum gap collapse

Simulations curtesy of F. Cruz and A. Chen
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Broadband radio emission

⃗E ⋅ ⃗B Axions Photons

(MHz-GHz)

Photons
Axions
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Radio spectrum

Noordhuis, Prabhu, SJW, Chen, Cruz, Weniger (2022)

Typical Intrinsic 
Spectrum

Roughly Observable
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Constraints

Noordhuis, Prabhu, SJW, Chen, Cruz, Weniger (2022)

Current search: 
•Uses only 27 well-studied pulsars

•Observations at 408 MHz, 1.4 GHz, 
and 8.7 GHz

 Strong agreement between: 
•PIC simulation (accurate non-linear 
dynamics, but not easy to rescale to 
other pulsars)

•Semi-analytic model (applicable to all 
pulsars, but non-linear response 
difficult to capture)
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Axion clouds: 
Noordhuis, Prabhu, Weniger, SJW (Appearing soon)
Caputo, Philippov, SJW (Appearing soon)

29

Axion clouds

Large fraction of axions go into 
gravitationally bound orbits

Density can grow over ~kyr 
timescales

All pulsars are surrounded by 
dense clouds of axions 

(assuming they have )10−10 eV ≲ ma ≲ 10−5 eV
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Axion clouds

Noordhuis, Prabhu, Weniger, SJW(To appear) 

Reduction in density from 
resonant emission

Bands reflect variation of 
pulsar population

No resonance — 
kinematically blocked
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Radio emission of bound cloud

Noordhuis, Prabhu, Weniger, SJW(To appear) 

Magneto-rotational  
spin down 

Charge 
separation at 

death

Equilibrium
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Axion back-reaction

⃗E ⋅ ⃗B

Neutron Star Surface

M
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Axion  
Cloud

 ∇ ⋅ E = ρ − gB ⋅ ∇a

∇ × B − ·E = J + g ·aB − ∇a × E

Axions directly modify Maxwell’s Equations

Large axion densities back-react on electrodynamics

Axion clouds can induce periodic 
nulling of radio emission

Caputo, Philippov, SJW (Appearing soon)

Approach #3
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Conclusions

Axion Dark Matter

Photon

Axion 
Background

Photon

Sourced Axions

e+/e�
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Neutron 
star

Radio Lines from 
Axion Dark Matter

Back-Reaction on 
Magnetosphere

Vacuum Gap 
Collapse

Neutron star magnetospheres offer a powerful 
environment which allow us to probe axions in a new 
mass range, potentially even reaching the QCD axion
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Back-Up


