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Brief intro to axions
QCD Axion Axion-like particles

•Pseudo Goldstone boson introduced to solve 
strong CP problem

Why does QCD conserve CP (charge-parity) 
symmetry? 

•Pseudo Goldstone bosons, do not solve strong CP 
problem

Generically expect O(100s) of light axions in 
high energy theories (e.g. string theory)

Excellent dark matter candidates

•Effectively a one parameter theory 
(or family of 1 parameter theories)

Characterized by mass  or 
decay constant  

ma
fa

•Two parameter theory (mass  and 
decay constant   uncorrelated)

ma
fa

At low energies, two new parameters:  and   ma fa
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QCD Axion Axion-like particles

a

fa
Fµ⌫ F̃

µ⌫

<latexit sha1_base64="FZmfx1IpniaBEjnUMniM8qp+rAA=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQFyWRii6LQnFZwT6giWEymbRDJ5MwMxFKyD+48VfcuFDErRt3/o3TNoK2HrhwOOde7r3HTxiVyrK+jNLS8srqWnm9srG5tb1j7u51ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPriZ+954ISWN+q8YJcSM04DSkGCkteeaJEwqEM5RnoYdy2PQyJ0odnuaOoiwgWTO/+1E8s2rVrCngIrELUgUFWp756QQxTiPCFWZIyr5tJcrNkFAUM5JXnFSSBOERGpC+phxFRLrZ9KccHmklgGEsdHEFp+rviQxFUo4jX3dGSA3lvDcR//P6qQov3IzyJFWE49miMGVQxXASEAyoIFixsSYIC6pvhXiIdEhKx1jRIdjzLy+SzmnNrtfOburVxmURRxkcgENwDGxwDhrgGrRAG2DwAJ7AC3g1Ho1n4814n7WWjGJmH/yB8fEN+gaffw==</latexit>

·B

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

a

<latexit sha1_base64="VqgrM3kwjyLpwAOgLEwoqYC3yEo=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0i01XorevHYgv2ANpTNdtKubjZhdyOU0F/gxYMiXv1J3vw3btMIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29jooSSaFNIx7Jnk8UcCagrZnm0IslkNDn0PXvruZ+9x6kYpG40dMYvJCMBQsYJdpILTIsVxy75rgXZw52bCdDRuruqYvdXKmgHM1h+X0wimgSgtCUE6X6rhNrLyVSM8phVhokCmJC78gY+oYKEoLy0uzQGT4yyggHkTQlNM7U7xMpCZWahr7pDImeqN/eXPzL6yc6qHspE3GiQdDFoiDhWEd4/jUeMQlU86khhEpmbsV0QiSh2mRTMiF8fYr/J50T263atVa10rjM4yiiA3SIjpGLzlEDXaMmaiOKAD2gJ/Rs3VqP1ov1umgtWPnMPvoB6+0T926NDw==</latexit>

�

<latexit sha1_base64="kt1+JZ0jSH9Zx2/vQoaNxljUJDA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLaat0V3bisYB/QDiWTZtrYZDIkGaEM/Qc3LhRx6/+4829MpyOo6IELh3Pu5d57gpgzbRD6cApLyyura8X10sbm1vZOeXevrWWiCG0RyaXqBlhTziLaMsxw2o0VxSLgtBNMruZ+554qzWR0a6Yx9QUeRSxkBBsrtfsjLAQelCvIrSHv4gxB5KIMGal7px70cqUCcjQH5ff+UJJE0MgQjrXueSg2foqVYYTTWamfaBpjMsEj2rM0woJqP82uncEjqwxhKJWtyMBM/T6RYqH1VAS2U2Az1r+9ufiX10tMWPdTFsWJoRFZLAoTDo2E89fhkClKDJ9agoli9lZIxlhhYmxAJRvC16fwf9I+cb2qW7upVhqXeRxFcAAOwTHwwDlogGvQBC1AwB14AE/g2ZHOo/PivC5aC04+sw9+wHn7BLr8jz8=</latexit>

�

<latexit sha1_base64="kt1+JZ0jSH9Zx2/vQoaNxljUJDA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLaat0V3bisYB/QDiWTZtrYZDIkGaEM/Qc3LhRx6/+4829MpyOo6IELh3Pu5d57gpgzbRD6cApLyyura8X10sbm1vZOeXevrWWiCG0RyaXqBlhTziLaMsxw2o0VxSLgtBNMruZ+554qzWR0a6Yx9QUeRSxkBBsrtfsjLAQelCvIrSHv4gxB5KIMGal7px70cqUCcjQH5ff+UJJE0MgQjrXueSg2foqVYYTTWamfaBpjMsEj2rM0woJqP82uncEjqwxhKJWtyMBM/T6RYqH1VAS2U2Az1r+9ufiX10tMWPdTFsWJoRFZLAoTDo2E89fhkClKDJ9agoli9lZIxlhhYmxAJRvC16fwf9I+cb2qW7upVhqXeRxFcAAOwTHwwDlogGvQBC1AwB14AE/g2ZHOo/PivC5aC04+sw9+wHn7BLr8jz8=</latexit>

�

<latexit sha1_base64="kt1+JZ0jSH9Zx2/vQoaNxljUJDA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLaat0V3bisYB/QDiWTZtrYZDIkGaEM/Qc3LhRx6/+4829MpyOo6IELh3Pu5d57gpgzbRD6cApLyyura8X10sbm1vZOeXevrWWiCG0RyaXqBlhTziLaMsxw2o0VxSLgtBNMruZ+554qzWR0a6Yx9QUeRSxkBBsrtfsjLAQelCvIrSHv4gxB5KIMGal7px70cqUCcjQH5ff+UJJE0MgQjrXueSg2foqVYYTTWamfaBpjMsEj2rM0woJqP82uncEjqwxhKJWtyMBM/T6RYqH1VAS2U2Az1r+9ufiX10tMWPdTFsWJoRFZLAoTDo2E89fhkClKDJ9agoli9lZIxlhhYmxAJRvC16fwf9I+cb2qW7upVhqXeRxFcAAOwTHwwDlogGvQBC1AwB14AE/g2ZHOo/PivC5aC04+sw9+wHn7BLr8jz8=</latexit>

a

<latexit sha1_base64="VqgrM3kwjyLpwAOgLEwoqYC3yEo=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0i01XorevHYgv2ANpTNdtKubjZhdyOU0F/gxYMiXv1J3vw3btMIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29jooSSaFNIx7Jnk8UcCagrZnm0IslkNDn0PXvruZ+9x6kYpG40dMYvJCMBQsYJdpILTIsVxy75rgXZw52bCdDRuruqYvdXKmgHM1h+X0wimgSgtCUE6X6rhNrLyVSM8phVhokCmJC78gY+oYKEoLy0uzQGT4yyggHkTQlNM7U7xMpCZWahr7pDImeqN/eXPzL6yc6qHspE3GiQdDFoiDhWEd4/jUeMQlU86khhEpmbsV0QiSh2mRTMiF8fYr/J50T263atVa10rjM4yiiA3SIjpGLzlEDXaMmaiOKAD2gJ/Rs3VqP1ov1umgtWPnMPvoB6+0T926NDw==</latexit>

Magnetic Field

Electric

Field

Axions

a ~E · ~B

<latexit sha1_base64="ZyGW8YVEbbdo+LWvAohxmAX+6eM=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZQZqeiyVASXFewDOkPJZNI2NJMMSaZQhgE3/oobF4q49Sfc+Tem7Sy09cCFk3PuJfeeIGZUacf5tgorq2vrG8XN0tb2zu6evX/QUiKRmDSxYEJ2AqQIo5w0NdWMdGJJUBQw0g5GN1O/PSZSUcEf9CQmfoQGnPYpRtpIPfsIQe8cemOC09sMejgUev6qZz277FScGeAycXNSBjkaPfvLCwVOIsI1ZkipruvE2k+R1BQzkpW8RJEY4REakK6hHEVE+enshgyeGiWEfSFNcQ1n6u+JFEVKTaLAdEZID9WiNxX/87qJ7l/7KeVxognH84/6CYNawGkgMKSSYM0mhiAsqdkV4iGSCGsTW8mE4C6evExaFxW3Wrm8r5Zr9TyOIjgGJ+AMuOAK1MAdaIAmwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8wd/TZbR</latexit>

Axions

Brief intro to axions
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Requirements for large conversion probability of axions into photons:


• B must be large


• L must be large: for mildly-relativistic to non-relativistic axions, L ∼ (ka − kγ)−1

Plasma

4

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!� ⇠ g2a�� B
2 L2

<latexit sha1_base64="LSJX+2DQleDZ/AP5n9Bm6s0caw4=">AAACJnicbZDLSgMxFIYzXmu9VV26CRbBhZSZUtGNUOrGhYsK9gKdtpxJ02loMjMkGaUMfRo3voobFxURdz6KaTsLbT0Q8vP955Cc34s4U9q2v6yV1bX1jc3MVnZ7Z3dvP3dwWFdhLAmtkZCHsumBopwFtKaZ5rQZSQrC47ThDW+mfuORSsXC4EGPItoW4Aeszwhog7q566ibgCuZP9AgZfjk+iAEjLGrmMD+1JuBFHeK2D3Hlfl11yl2c3m7YM8KLwsnFXmUVrWbm7i9kMSCBppwUKrl2JFuJyA1I5yOs26saARkCD5tGRmAoKqdzNYc41NDergfSnMCjWf090QCQqmR8EynAD1Qi94U/ue1Yt2/aicsiGJNAzJ/qB9zrEM8zQz3mKRE85ERQCQzf8VkABKINslmTQjO4srLol4sOKXCxX0pX66kcWTQMTpBZ8hBl6iMblEV1RBBz+gVTdC79WK9WR/W57x1xUpnjtCfsr5/ACBfpNE=</latexit>

Ideal environments: Large coherent magnetic fields and dilute plasmas

L ⇠ ga�� aE ·B

<latexit sha1_base64="Lsc7WquEUO0tiieqLJgvdRZD/hs=">AAACI3icbVDLSgMxFM34rPU16tJNsAguSpmRiuKqVAQXLirYB3RKuZOmbWgyMyQZoQz9Fzf+ihsXSnHjwn8x085CWw/k5nDuvSTn+BFnSjvOl7Wyura+sZnbym/v7O7t2weHDRXGktA6CXkoWz4oyllA65ppTluRpCB8Tpv+6CbtN5+oVCwMHvU4oh0Bg4D1GQFtpK597QnQQwI8uZ9gTzGBB90EvAEIkdUJxl7RK2IwF75Ni0d6ocbVrl1wSs4MeJm4GSmgDLWuPfV6IYkFDTThoFTbdSLdSUBqRjid5L1Y0QjICAa0bWgAgqpOMvM4wadG6eF+KM0JNJ6pvzcSEEqNhW8mU0dqsZeK//Xase5fdRIWRLGmAZk/1I851iFOA8M9JinRfGwIEMnMXzEZggSiTax5E4K7aHmZNM5Lbrl08VAuVKpZHDl0jE7QGXLRJaqgO1RDdUTQM3pF7+jDerHerKn1OR9dsbKdI/QH1vcPhmOiQQ==</latexit>

L: Length scale

Modify photon dispersion relation (E.g. in a cold plasma , and  possible)kγ = ω2 − ω2
p ka ∼ kγ

In vacuum, ka ≪ kγ

B: Magnetic Field
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Neutron star magnetospheres

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>

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>

Goldreich-Julian Model

(Force-free solution)

Goldreich & Julian 1969

nGJ(~r) = |n+ � n�|

<latexit sha1_base64="Z7tLD8lgjVuHi3LEP7m6vdEhP+s=">AAACDHicbVDNSgMxGMzWv1r/qh69BItQkZZdqehFKHpQPFWwP9AuJZtm29BsdkmyhbLdB/Diq3jxoIhXH8Cbb2O23YO2DoQMM/ORfOMEjEplmt9GZml5ZXUtu57b2Nza3snv7jWkHwpM6thnvmg5SBJGOakrqhhpBYIgz2Gk6QyvE785IkJSnz+ocUBsD/U5dSlGSkvdfIF3o5u7uNgZERyJ+BhewomWTmJYgvouxROY0ymzbE4BF4mVkgJIUevmvzo9H4ce4QozJGXbMgNlR0goihmJc51QkgDhIeqTtqYceUTa0XSZGB5ppQddX+jDFZyqvyci5Ek59hyd9JAayHkvEf/z2qFyL+yI8iBUhOPZQ27IoPJh0gzsUUGwYmNNEBZU/xXiARIIK91fUoI1v/IiaZyWrUr57L5SqF6ldWTBATgERWCBc1AFt6AG6gCDR/AMXsGb8WS8GO/GxyyaMdKZffAHxucP/rCZqg==</latexit>

~E · ~B = 0
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<latexit sha1_base64="5JSFePhINBQCtpbIsUFVozHk1HY=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCwkLArCVqGWGgZwTwgG8Ps5CYZMrO7zMwGwma/wMZfsbFQxNbazr9x8ig08cCFwzn3cu89XsiZ0rb9baXW1jc2t9LbmZ3dvf2D7OFRXQWRpFCjAQ9k0yMKOPOhppnm0AwlEOFxaHjD66nfGIFULPDv9TiEtiB9n/UYJdpInWx+4o6AxpVkgl0OSikmsGM/xE4pwe45jl0p8E3Syebsgj0DXiXOguTQAtVO9svtBjQS4GvKiVItxw51OyZSM8ohybiRgpDQIelDy1CfCFDtePZOgvNG6eJeIE35Gs/U3xMxEUqNhWc6BdEDtexNxf+8VqR7V+2Y+WGkwafzRb2IYx3gaTa4yyRQzceGECqZuRXTAZGEapNgxoTgLL+8SuoXBadYKN0Vc+XKIo40OkGn6Aw56BKV0S2qohqi6BE9o1f0Zj1ZL9a79TFvTVmLmWP0B9bnD2gfmww=</latexit>

rNS ⇠ 10 km

<latexit sha1_base64="jTNj5OoIfM3wgrIToptnStISNJ8=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4kJJIRZdFN66kon1AE8JkOmmHzkzCzEQoIeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rYXFpeWV1dJaeX1jc2vb3tltqTiVmDRxzGLZCZEijArS1FQz0kkkQTxkpB0Or8Z++4FIRWNxr0cJ8TnqCxpRjLSRAntfBtnNXQ49RTl0HeidwMyTHA55HtgVp+pMAOeJW5AKKNAI7C+vF+OUE6ExQ0p1XSfRfoakppiRvOyliiQID1GfdA0ViBPlZ5MfcnhklB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zuqmOLvyMiiTVRODpoihlUMdwHAjsUUmwZiNDEJbU3ArxAEmEtYmtbEJwZ1+eJ63Tqlurnt3WKvXLIo4SOACH4Bi44BzUwTVogCbA4BE8g1fwZj1ZL9a79TFtXbCKmT3wB9bnD82Fllo=</latexit>

Neutron 
star

Magnetic field lines

ma ≲ 10−4 eV
Resonances for:
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Image credit: Ciaran O’hare
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Neutron stars as axion labs

Part 1: Resonant production of radio photons from axion 
dark matter

Part 2: Sourcing axions from the vacuum gap collapse
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Neutron stars as axion labs

Magnetic field lines

Resonant Production 
of Radio Photons

Axion Dark Matter

Photon

Neutron 
star

Frequency

Flux

ma

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

ma

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

Radio Photons from Axion Dark Matter (abridged):

Pshirkov & Popov (2009), Huang et al (2018), Hook et al(2018), 
Safdi et al (2018), Battye et al (2020), Leroy et al (2020), Foster et al 
(2020), Buckley et al (2020), Edwards et al (2019), Edwards et al 
(2020), Darling (2020), Prabhu et al (2020), Witte et al (2021), 
Battye et al (2021), Millar et al (2021), Buckley et al (2021),  Foster et 
al (2022) (many more…)
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Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (2022)

Fl
ux

Frequency

Survey Details:

• Telescope: Green Bank Telescope, 100m Single Dish

• Observation Frequency: 4–8 GHz  [C band]

• Observation Target: Milky Way Galactic Center [inner ~ few pcs]  


      (need high dark matter densities)
• Observation Time: ~4.6 hours

• Observation Strategy: On/off target


Data courtesy of the Breakthrough Listen Initiative 

ma

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

Observing the galactic center with the Green Bank Telescope
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GBT observations of galactic center

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

Population Synthesis

Fl
ux

Frequency

Radio Signal Data Analysis
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Wikipedia: ALPA Pulsars

Earth

Galactic 
Center

Neutron star population modeling
How do we predict what Galactic Center neutron star 
population looks like?

• Star formation rates + stellar mass distributions       
  neutron star formation rate


•Spatial distribution of stars is tracer for spatial 
distribution of neutron stars

→

Do et al (2013), Lu et al (2013), Yusef-Zadeh (2017)

Lets focus for now on the young neutron star population

Gives predictions:   and nNS( ⃗r) p(tNS−birth)

Construct  by simulating magneto-
rotational spin-down, and fitting to observed population

p(P, B0, θm | tage)
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GBT observations of galactic center

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

Population Synthesis

Fl
ux

Frequency

Radio Signal Data Analysis
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Photon production from axion dark matter

Resonant Conversion 


Location: 

Efficiency: 

ma ∼ ωp
∝ (∂xωp)−1

Animations available at: https://github.com/SamWitte/GIF_Storage

Step 1: Define plasma 

structure of magnetosphere

https://github.com/SamWitte/GIF_Storage
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Photon production from axion dark matter

Animations available at: https://github.com/SamWitte/GIF_Storage

Smaller axion mass   resonant surface is larger

Larger axion mass     resonant surface is smaller

→
→

https://github.com/SamWitte/GIF_Storage
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The strong CP problemNeutron Stars as a Probe of Axion Dark Matter

SJW, Noordhuis, Edwards, Weniger (2021)

Conversion Surface

Photons

Final Photon Position

Final Photon Position

Ray tracing allows for:

• Accurate mapping of radio 

flux 

• Line broadening effects

• Path-dependent absorption

Ray tracing

-1.65 -1.60 -1.55 -1.50 -1.45 -1.40 -1.35 -1.30

-1.1

-1.0

-0.9

-0.8

x/R
y/

R

Ray No. 0

Forward

Backward

~ 500 meters
Animations available at: https://github.com/SamWitte/GIF_Storage

Step 2: Axion phase 
space to photon flux

https://github.com/SamWitte/GIF_Storage
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Fl
ux

   
[a

rb
. u

ni
ts

]

Individual Neutron Stars

Plasma Broadening

Doppler Broadening

Axion Mass

Neutron Stars Disappear

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

Stacked signal

17μeV

25μeV

34μeV

Step 3: Generating the 
axion ‘forest’



Samuel J. Witte (GRAPPA / Amsterdam) 17

GBT axion search

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

Fiducial Model (Maximally Conservative)

QCD axion benchmarks
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Future prospects

18

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

SKA 10 Sigma Detection

Improvement needed from theory + experiment

Improvements: 


- Better understanding of 
axion-photon mixing


- Exploit time / frequency 
domain information


- Better telescopes


- ….
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Neutron stars as axion labs

Part 1: Resonant production of radio photons from axion 
dark matter

Part 2: Sourcing axions from the vacuum gap collapse
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Axions from vacuum gap collapse

Neutron 
star

Photon

Sourced Axions

Vacuum Gap Collapse

Axions from Vacuum Gap Collapse:

Prabhu 2021, 

Noordhuis, Prabhu, SJW, Weniger, Cruz, Chen (Appearing soon)

Noordhuis, Prabhu, SJW, Weniger (Appearing soon)

a ~E · ~B

<latexit sha1_base64="ZyGW8YVEbbdo+LWvAohxmAX+6eM=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZQZqeiyVASXFewDOkPJZNI2NJMMSaZQhgE3/oobF4q49Sfc+Tem7Sy09cCFk3PuJfeeIGZUacf5tgorq2vrG8XN0tb2zu6evX/QUiKRmDSxYEJ2AqQIo5w0NdWMdGJJUBQw0g5GN1O/PSZSUcEf9CQmfoQGnPYpRtpIPfsIQe8cemOC09sMejgUev6qZz277FScGeAycXNSBjkaPfvLCwVOIsI1ZkipruvE2k+R1BQzkpW8RJEY4REakK6hHEVE+enshgyeGiWEfSFNcQ1n6u+JFEVKTaLAdEZID9WiNxX/87qJ7l/7KeVxognH84/6CYNawGkgMKSSYM0mhiAsqdkV4iGSCGsTW8mE4C6evExaFxW3Wrm8r5Zr9TyOIjgGJ+AMuOAK1MAdaIAmwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8wd/TZbR</latexit>

Frequency

Flux

ma

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

Axions from vacuum gap collapse

Curvature 
radiation

Synchrotron 
radiation

�e ⇠ 107

<latexit sha1_base64="6JGYp6MtnIbHsiW+r/IQGYGxy9M=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIUo9FLx4r2A9oYthsJ+3S3STsbsQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkpr6xubW+Xtys7u3v6BfVjtqCSTFNo04YnshUQBZzG0NdMceqkEIkIO3XB8M/O7jyAVS+J7PUnBF2QYs4hRoo0U2FVvSIQgAWBPMYFd56ER2DWn7syBV4lbkBoq0ArsL2+Q0ExArCknSvVdJ9V+TqRmlMO04mUKUkLHZAh9Q2MiQPn5/PYpPjXKAEeJNBVrPFd/T+REKDURoekURI/UsjcT//P6mY6u/JzFaaYhpotFUcaxTvAsCDxgEqjmE0MIlczciumISEK1iatiQnCXX14lnfO6e1G/vLuoNa+LOMroGJ2gM+SiBmqiW9RCbUTRE3pGr+jNmlov1rv1sWgtWcXMEfoD6/MHbL2TZQ==</latexit>

⃗E ⋅ ⃗B

Electrons/positrons

Photons

Neutron Star Surface
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3

Axion spectra

·Na( ⃗k ) ∝ |FT(gaγγ
⃗E ⋅ ⃗B ) |2
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Vacuum gap collapse

Simulations curtesy of F. Cruz and A. Chen
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Relativistic axion population

Noordhuis, Prabhu, SJW, Chen, Cruz (To appear)

Plot made using cajohare.github.io/AxionLimits/
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Conclusions

24

Neutron stars offer powerful and rich laboratory 
in which to probe axion physics

Axion Dark Matter


•Look for:  Radio lines from smooth dark matter distribution

•Look for: Transient lines from minicluster and axion star 

encounters (extragalactic / cosmological)


(Axions need not be dark matter)


•Look for: smooth radio flux from relativistic axions 
produced in polar caps


•Look for: Narrow lines from dense axion clouds bound to 
the neutron star 

This is a quickly evolving field with enormous discovery potential!
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Axions from gap collapse

Noordhuis, Prabhu, SJW, Chen, Cruz (To appear) 

Neutron Star

Axions
Photons

Resonant Conversion (relativistic limit)

!p ⇠ ma/ sin ✓k̂·B̂

<latexit sha1_base64="Nze6DL6/g9XVc62bzqd9IyvHLRo=">AAACHXicbZA9TxtBEIb3+AjEJMGQMs0KCymVuYuMoETQUBIpBiSfdZpbj+2V9+O0O4dkne6P0PBX0qQAIQoalH+TtXERPl5ppUfvzGh23rxQ0lMc/42WlldWP6ytf2xsfPr8ZbO5tX3ubekEdoVV1l3m4FFJg12SpPCycAg6V3iRT05m9YsrdF5a84umBfY1jIwcSgEUrKzZSa3GEWQFT73UXGfA92ZoUhojQValY6BqUqdiYGnOx3WdNVtxO56Lv4VkAS220FnWfEwHVpQaDQkF3veSuKB+BY6kUFg30tJjAWICI+wFNKDR96v5dTXfDc6AD60LzxCfu/9PVKC9n+o8dGqgsX9dm5nv1XolDQ/7lTRFSWjE86JhqThZPouKD6RDQWoaAIST4a9cjMGBoBBoI4SQvD75LZz/aCed9v7PTuvoeBHHOvvGdth3lrADdsRO2RnrMsGu2W92y+6im+hPdB89PLcuRYuZr+yFoqd/Q9WitA==</latexit>
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Closed Field Lines

Open Field Lines

~E · ~B = 0

<latexit sha1_base64="NUAsxOF49HexlbiBgf364C3c6ZA=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyWRim6EUhFcVrAPaEKZTCbt0MkkzEwKJQQ3/oobF4q49Svc+TdO0yy09cCFM+fcy9x7vJhRqSzr2yitrK6tb5Q3K1vbO7t75v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre+GbmdydESBrxBzWNiRuiIacBxUhpaWAeOROC09sMOtiPFMxfzQxeQ2tgVq2alQMuE7sgVVCgNTC/HD/CSUi4wgxJ2betWLkpEopiRrKKk0gSIzxGQ9LXlKOQSDfNT8jgqVZ8GERCF1cwV39PpCiUchp6ujNEaiQXvZn4n9dPVHDlppTHiSIczz8KEgZVBGd5QJ8KghWbaoKwoHpXiEdIIKx0ahUdgr148jLpnNfseu3ivl5tNIs4yuAYnIAzYINL0AB3oAXaAINH8AxewZvxZLwY78bHvLVkFDOH4A+Mzx+jtJZL</latexit>

Neutron 
star

3

(⇤+m2

a) a = �ga�� ~E · ~B

<latexit sha1_base64="uUQGVVAW9iYpL04HlmpESNHiGRU="></latexit>

Axion source term1.) Co-rotation

2.)   satisfied 
everywhere on field lines

ρGJ

(Force-free solution)

Polar Cap
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Tracking axion-photon conversion

Adiabatic: Thjemsland, SJW, McDonald (To appear)

Step 2: Axion phase 
space to photon flux

Non-adiabatic: SJW, Noordhuis, Edwards, Weniger (2021)

Inefficient conversion

Efficient conversion
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SJW, Noordhuis, Edwards, Weniger (2021)

Frequency [1/ma ⇥ 10�5]

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

Log10 (Flux)

[Arb. Units]

Radio signal from isolated neutron star

Projected sky flux as viewed from neutron star
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Neutron star population modeling
What about the properties of these neutron stars?

Philippov, Tchekhovskoy, Li (2014)

Gullón et al (2014)

Well-measured quantities: 

• Rotational period 

• Spin-down rate 

P
·P

Neutro
n st

ar d
eath lin

e

We want conditional probability: p(P, B0, θm | tage)

• B0 ∝ P ·P

Adopt initial distributions, simulate evolutionary tracks, 
and fit to the distributions we observe today

•  random, and evolution knownθm(tbirth)

Values today…

Image credit: psrqpy
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Transient radio lines from axion miniclusters

Ellis et al (2022)

Density field at matter-radiation equality

 Rare encounters of miniclusters/stars with neutron stars generate transient radio lines

The taxonomy of axion transients

SJW, Salinas, Baum, Lawson, Millar, Marsh, Weniger  (To appear)

Agrawal, Johsnon, Edwards, Kavanaguh, Marsh, Ransom, Shroyer, Visinelli, SJW, Weniger (Data analysis ongoing)
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Future prospects

31

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

SKA 10 Sigma Detection

Improvement needed from theory… + experiment…
(e.g. Axion-photon mixing) (e.g. better telescopes, time domain information)
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Bound state profiles

Noordhuis, Prabhu, SJW(To appear) 

Frequency

Flux

ma

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

Quenching / back-reaction 

opens novel observables
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Future outlook

-1.65 -1.60 -1.55 -1.50 -1.45 -1.40 -1.35 -1.30

-1.1

-1.0

-0.9

-0.8

x/R

y/
R

Ray No. 0

Forward

Backward

Axion-photon mixing

Uncertainties of the 
magnetosphere

Image credit:

Bransgrove & Beloborodov 

Uncertainties & 

Systematics

Photon trapping

Axion 
Background

e+/e�

<latexit sha1_base64="OWf/NVz9WHeCmW9Z76lPcfiU4dM=">AAAB7nicdVDJSgNBEO2JW4xb1KOXxiAI4jgTEzJzC3rxGMEskExCT6cmadKz0N0jhJCP8OJBEa9+jzf/xs4iqOiDgsd7VVTV8xPOpLKsDyOzsrq2vpHdzG1t7+zu5fcPGjJOBYU6jXksWj6RwFkEdcUUh1YigIQ+h6Y/up75zXsQksXRnRon4IVkELGAUaK01ITu2QV0z3v5gmW6brHolLFllsqu41xqYtsVy3axbVpzFNAStV7+vdOPaRpCpCgnUrZtK1HehAjFKIdprpNKSAgdkQG0NY1ICNKbzM+d4hOt9HEQC12RwnP1+8SEhFKOQ193hkQN5W9vJv7ltVMVON6ERUmqIKKLRUHKsYrx7HfcZwKo4mNNCBVM34rpkAhClU4op0P4+hT/TxpF0y6Z5dtSoXq1jCOLjtAxOkU2qqAqukE1VEcUjdADekLPRmI8Gi/G66I1YyxnDtEPGG+ftymPMA==</latexit>

Back-reaction Birefringence

Novel Observables

Adiabatic 
Conversion

More Data

Currently analyzing: MWA, GBT

Future: FAST, Meerkat, HERA, SKA
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Current limit: ✓  5⇥ 10�11

<latexit sha1_base64="G6Uo2hQVr47xlbjo2zRi39jiUW4=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0G0MexKgpZBG8sI5gHZGGYnN8mQ2Yczd4Ww5BNs/BUbC0VsLe38GyePQhMPDBzOuYc79/ixFBod59vKLC2vrK5l13Mbm1vbO/buXk1HieJQ5ZGMVMNnGqQIoYoCJTRiBSzwJdT9wdXYrz+A0iIKb3EYQytgvVB0BWdopLZ97EXGHqdTD/uAbEQ9Cfe05KEIQFPXuUtPXXfUtvNOwZmALhJ3RvJkhkrb/vI6EU8CCJFLpnXTdWJspUyh4BJGOS/REDM+YD1oGhoys62VTg4a0SOjdGg3UuaFSCfq70TKAq2HgW8mA4Z9Pe+Nxf+8ZoLdi1YqwjhBCPl0UTeRFCM6bod2hAKOcmgI40qYv1LeZ4pxNB3mTAnu/MmLpHZWcIuF0k0xX76c1ZElB+SQnBCXnJMyuSYVUiWcPJJn8krerCfrxXq3PqajGWuW2Sd/YH3+ALlcnFo=</latexit>

Abel et al (2020)

CP violating term in QCD Lagrangian:

LCPV � ✓
g2s

32⇡2
GG̃

<latexit sha1_base64="ntOtvJ9PWd40Dl64tWCJZYrcFVQ="></latexit>

Neutron electric dipole moment (eDM)

The strong CP problem

Why does QCD seem to conserve charge-parity (CP) symmetry?

/ ✓

<latexit sha1_base64="OkF5XSh0kygetPOxf8JjZ8vpO8E=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZmRii6LblxWsA/oDCWTZtrQzGRI7ghlKLjxV9y4UMStP+HOvzHTzkJbDwQO556b5JwgEVyD43xbpZXVtfWN8mZla3tnd8/eP2hrmSrKWlQKqboB0UzwmLWAg2DdRDESBYJ1gvFNPu88MKW5jO9hkjA/IsOYh5wSMFLfPvISJROQ2JPGlt+SeTBiQKa4b1edmjMDXiZuQaqoQLNvf3kDSdOIxUAF0brnOgn4GVHAqWDTipdqlhA6JkPWMzQmEdN+NsswxadGGeBQKnNiwDP190ZGIq0nUWCcEYGRXpzl4n+zXgrhlZ/xOEmBxXT+UJgKbDLnheABV4yCmBhCqOLmr5iOiCIUTG0VU4K7GHmZtM9rbr12cVevNq6LOsroGJ2gM+SiS9RAt6iJWoiiR/SMXtGb9WS9WO/Wx9xasoqdQ/QH1ucPlmmYIQ==</latexit>
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A solution to the strong CP problem: axions

L✓ = �
✓
✓ +

a

fa

◆
g2

32⇡2
Gµ⌫ G̃

µ⌫

<latexit sha1_base64="29X7XOeW29dLPkC4I5yi3EA7ZC8="></latexit>

Solution: Introduce goldstone boson  with parameter  to make theta term dynamicala fa

Peccei & Quinn (1977), Weinberg (1978), Wilczek (1978)

QCD generates a potential for the axion: 

V (a) ⇠ ⇤4
QCD

✓
✓ +

a

fa

◆2

<latexit sha1_base64="F6iFc4V2ED3oQpMOXtyH3nP7kFc="></latexit>

V(a)

Neutron eDM ~ 0
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Properties of the QCD axion

a

fa
Fµ⌫ F̃

µ⌫

<latexit sha1_base64="FZmfx1IpniaBEjnUMniM8qp+rAA=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQFyWRii6LQnFZwT6giWEymbRDJ5MwMxFKyD+48VfcuFDErRt3/o3TNoK2HrhwOOde7r3HTxiVyrK+jNLS8srqWnm9srG5tb1j7u51ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPriZ+954ISWN+q8YJcSM04DSkGCkteeaJEwqEM5RnoYdy2PQyJ0odnuaOoiwgWTO/+1E8s2rVrCngIrELUgUFWp756QQxTiPCFWZIyr5tJcrNkFAUM5JXnFSSBOERGpC+phxFRLrZ9KccHmklgGEsdHEFp+rviQxFUo4jX3dGSA3lvDcR//P6qQov3IzyJFWE49miMGVQxXASEAyoIFixsSYIC6pvhXiIdEhKx1jRIdjzLy+SzmnNrtfOburVxmURRxkcgENwDGxwDhrgGrRAG2DwAJ7AC3g1Ho1n4814n7WWjGJmH/yB8fEN+gaffw==</latexit>

(Electro-Mag)

·B

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

a

<latexit sha1_base64="VqgrM3kwjyLpwAOgLEwoqYC3yEo=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0i01XorevHYgv2ANpTNdtKubjZhdyOU0F/gxYMiXv1J3vw3btMIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29jooSSaFNIx7Jnk8UcCagrZnm0IslkNDn0PXvruZ+9x6kYpG40dMYvJCMBQsYJdpILTIsVxy75rgXZw52bCdDRuruqYvdXKmgHM1h+X0wimgSgtCUE6X6rhNrLyVSM8phVhokCmJC78gY+oYKEoLy0uzQGT4yyggHkTQlNM7U7xMpCZWahr7pDImeqN/eXPzL6yc6qHspE3GiQdDFoiDhWEd4/jUeMQlU86khhEpmbsV0QiSh2mRTMiF8fYr/J50T263atVa10rjM4yiiA3SIjpGLzlEDXaMmaiOKAD2gJ/Rs3VqP1ov1umgtWPnMPvoB6+0T926NDw==</latexit>

�

<latexit sha1_base64="kt1+JZ0jSH9Zx2/vQoaNxljUJDA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLaat0V3bisYB/QDiWTZtrYZDIkGaEM/Qc3LhRx6/+4829MpyOo6IELh3Pu5d57gpgzbRD6cApLyyura8X10sbm1vZOeXevrWWiCG0RyaXqBlhTziLaMsxw2o0VxSLgtBNMruZ+554qzWR0a6Yx9QUeRSxkBBsrtfsjLAQelCvIrSHv4gxB5KIMGal7px70cqUCcjQH5ff+UJJE0MgQjrXueSg2foqVYYTTWamfaBpjMsEj2rM0woJqP82uncEjqwxhKJWtyMBM/T6RYqH1VAS2U2Az1r+9ufiX10tMWPdTFsWJoRFZLAoTDo2E89fhkClKDJ9agoli9lZIxlhhYmxAJRvC16fwf9I+cb2qW7upVhqXeRxFcAAOwTHwwDlogGvQBC1AwB14AE/g2ZHOo/PivC5aC04+sw9+wHn7BLr8jz8=</latexit>

�

<latexit sha1_base64="kt1+JZ0jSH9Zx2/vQoaNxljUJDA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLaat0V3bisYB/QDiWTZtrYZDIkGaEM/Qc3LhRx6/+4829MpyOo6IELh3Pu5d57gpgzbRD6cApLyyura8X10sbm1vZOeXevrWWiCG0RyaXqBlhTziLaMsxw2o0VxSLgtBNMruZ+554qzWR0a6Yx9QUeRSxkBBsrtfsjLAQelCvIrSHv4gxB5KIMGal7px70cqUCcjQH5ff+UJJE0MgQjrXueSg2foqVYYTTWamfaBpjMsEj2rM0woJqP82uncEjqwxhKJWtyMBM/T6RYqH1VAS2U2Az1r+9ufiX10tMWPdTFsWJoRFZLAoTDo2E89fhkClKDJ9agoli9lZIxlhhYmxAJRvC16fwf9I+cb2qW7upVhqXeRxFcAAOwTHwwDlogGvQBC1AwB14AE/g2ZHOo/PivC5aC04+sw9+wHn7BLr8jz8=</latexit>

�

<latexit sha1_base64="kt1+JZ0jSH9Zx2/vQoaNxljUJDA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLaat0V3bisYB/QDiWTZtrYZDIkGaEM/Qc3LhRx6/+4829MpyOo6IELh3Pu5d57gpgzbRD6cApLyyura8X10sbm1vZOeXevrWWiCG0RyaXqBlhTziLaMsxw2o0VxSLgtBNMruZ+554qzWR0a6Yx9QUeRSxkBBsrtfsjLAQelCvIrSHv4gxB5KIMGal7px70cqUCcjQH5ff+UJJE0MgQjrXueSg2foqVYYTTWamfaBpjMsEj2rM0woJqP82uncEjqwxhKJWtyMBM/T6RYqH1VAS2U2Az1r+9ufiX10tMWPdTFsWJoRFZLAoTDo2E89fhkClKDJ9agoli9lZIxlhhYmxAJRvC16fwf9I+cb2qW7upVhqXeRxFcAAOwTHwwDlogGvQBC1AwB14AE/g2ZHOo/PivC5aC04+sw9+wHn7BLr8jz8=</latexit>

a

<latexit sha1_base64="VqgrM3kwjyLpwAOgLEwoqYC3yEo=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0i01XorevHYgv2ANpTNdtKubjZhdyOU0F/gxYMiXv1J3vw3btMIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29jooSSaFNIx7Jnk8UcCagrZnm0IslkNDn0PXvruZ+9x6kYpG40dMYvJCMBQsYJdpILTIsVxy75rgXZw52bCdDRuruqYvdXKmgHM1h+X0wimgSgtCUE6X6rhNrLyVSM8phVhokCmJC78gY+oYKEoLy0uzQGT4yyggHkTQlNM7U7xMpCZWahr7pDImeqN/eXPzL6yc6qHspE3GiQdDFoiDhWEd4/jUeMQlU86khhEpmbsV0QiSh2mRTMiF8fYr/J50T263atVa10rjM4yiiA3SIjpGLzlEDXaMmaiOKAD2gJ/Rs3VqP1ov1umgtWPnMPvoB6+0T926NDw==</latexit>

Magnetic Field

Electric

Field

Axions

a ~E · ~B

<latexit sha1_base64="ZyGW8YVEbbdo+LWvAohxmAX+6eM=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZQZqeiyVASXFewDOkPJZNI2NJMMSaZQhgE3/oobF4q49Sfc+Tem7Sy09cCFk3PuJfeeIGZUacf5tgorq2vrG8XN0tb2zu6evX/QUiKRmDSxYEJ2AqQIo5w0NdWMdGJJUBQw0g5GN1O/PSZSUcEf9CQmfoQGnPYpRtpIPfsIQe8cemOC09sMejgUev6qZz277FScGeAycXNSBjkaPfvLCwVOIsI1ZkipruvE2k+R1BQzkpW8RJEY4REakK6hHEVE+enshgyeGiWEfSFNcQ1n6u+JFEVKTaLAdEZID9WiNxX/87qJ7l/7KeVxognH84/6CYNawGkgMKSSYM0mhiAsqdkV4iGSCGsTW8mE4C6evExaFxW3Wrm8r5Zr9TyOIjgGJ+AMuOAK1MAdaIAmwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8wd/TZbR</latexit>

ma ⇠
⇤2
QCD

fa
⇠ 10�5 eV

✓
1012 GeV

fa

◆

<latexit sha1_base64="8Ghy/M7SmKvKqMGxnsVxGnzp3BY="></latexit>

Axion Couplings: L � a

fa
Gµ⌫G̃

µ⌫

<latexit sha1_base64="qO6UTGrW0brT0w51Zt1m43FQWdI="></latexit>

X

f

1

fa
@µa f̄�

µ�5f

<latexit sha1_base64="tDKj/MH40VZHckSBh0glnWqmUqM="></latexit>

(Term for Strong CP Problem) (Fermions)

Axion Mass:

(Slight model dependence 
in couplings)
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Axion-like particles (ALPs)

a

fa
Fµ⌫ F̃

µ⌫

<latexit sha1_base64="FZmfx1IpniaBEjnUMniM8qp+rAA=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQFyWRii6LQnFZwT6giWEymbRDJ5MwMxFKyD+48VfcuFDErRt3/o3TNoK2HrhwOOde7r3HTxiVyrK+jNLS8srqWnm9srG5tb1j7u51ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPriZ+954ISWN+q8YJcSM04DSkGCkteeaJEwqEM5RnoYdy2PQyJ0odnuaOoiwgWTO/+1E8s2rVrCngIrELUgUFWp756QQxTiPCFWZIyr5tJcrNkFAUM5JXnFSSBOERGpC+phxFRLrZ9KccHmklgGEsdHEFp+rviQxFUo4jX3dGSA3lvDcR//P6qQov3IzyJFWE49miMGVQxXASEAyoIFixsSYIC6pvhXiIdEhKx1jRIdjzLy+SzmnNrtfOburVxmURRxkcgENwDGxwDhrgGrRAG2DwAJ7AC3g1Ho1n4814n7WWjGJmH/yB8fEN+gaffw==</latexit>

(Electro-Mag)

·B

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

a

<latexit sha1_base64="VqgrM3kwjyLpwAOgLEwoqYC3yEo=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0i01XorevHYgv2ANpTNdtKubjZhdyOU0F/gxYMiXv1J3vw3btMIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29jooSSaFNIx7Jnk8UcCagrZnm0IslkNDn0PXvruZ+9x6kYpG40dMYvJCMBQsYJdpILTIsVxy75rgXZw52bCdDRuruqYvdXKmgHM1h+X0wimgSgtCUE6X6rhNrLyVSM8phVhokCmJC78gY+oYKEoLy0uzQGT4yyggHkTQlNM7U7xMpCZWahr7pDImeqN/eXPzL6yc6qHspE3GiQdDFoiDhWEd4/jUeMQlU86khhEpmbsV0QiSh2mRTMiF8fYr/J50T263atVa10rjM4yiiA3SIjpGLzlEDXaMmaiOKAD2gJ/Rs3VqP1ov1umgtWPnMPvoB6+0T926NDw==</latexit>

�

<latexit sha1_base64="kt1+JZ0jSH9Zx2/vQoaNxljUJDA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLaat0V3bisYB/QDiWTZtrYZDIkGaEM/Qc3LhRx6/+4829MpyOo6IELh3Pu5d57gpgzbRD6cApLyyura8X10sbm1vZOeXevrWWiCG0RyaXqBlhTziLaMsxw2o0VxSLgtBNMruZ+554qzWR0a6Yx9QUeRSxkBBsrtfsjLAQelCvIrSHv4gxB5KIMGal7px70cqUCcjQH5ff+UJJE0MgQjrXueSg2foqVYYTTWamfaBpjMsEj2rM0woJqP82uncEjqwxhKJWtyMBM/T6RYqH1VAS2U2Az1r+9ufiX10tMWPdTFsWJoRFZLAoTDo2E89fhkClKDJ9agoli9lZIxlhhYmxAJRvC16fwf9I+cb2qW7upVhqXeRxFcAAOwTHwwDlogGvQBC1AwB14AE/g2ZHOo/PivC5aC04+sw9+wHn7BLr8jz8=</latexit>

�

<latexit sha1_base64="kt1+JZ0jSH9Zx2/vQoaNxljUJDA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLaat0V3bisYB/QDiWTZtrYZDIkGaEM/Qc3LhRx6/+4829MpyOo6IELh3Pu5d57gpgzbRD6cApLyyura8X10sbm1vZOeXevrWWiCG0RyaXqBlhTziLaMsxw2o0VxSLgtBNMruZ+554qzWR0a6Yx9QUeRSxkBBsrtfsjLAQelCvIrSHv4gxB5KIMGal7px70cqUCcjQH5ff+UJJE0MgQjrXueSg2foqVYYTTWamfaBpjMsEj2rM0woJqP82uncEjqwxhKJWtyMBM/T6RYqH1VAS2U2Az1r+9ufiX10tMWPdTFsWJoRFZLAoTDo2E89fhkClKDJ9agoli9lZIxlhhYmxAJRvC16fwf9I+cb2qW7upVhqXeRxFcAAOwTHwwDlogGvQBC1AwB14AE/g2ZHOo/PivC5aC04+sw9+wHn7BLr8jz8=</latexit>
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Axion mass  and decay constant  
uncorrelated 

ma fa

ALPs do not solve strong CP problem, but naturally emerge in String Theory from compactification

No Coupling  other terms⋯ +



Samuel J. Witte (GRAPPA / Amsterdam) 39

Axion dark matter
Requirements for dark matter:

‣ Cosmologically stable

‣ Production mechanism (cold / pressureless)

True for all light (viable) axions

Misalignment Mechanism

See e.g. Turner (1986)

Ωcdm ∼ 0.4 ( θi

π/2 )
2

( ma

10−17 eV )
1/2

( fa
1016 GeV )

2

Decays of Topological Defects

(Defects only produced when    )


• 


• Seeds of axion miniclusters

TPQ ≪ TReheat

Ωcdm ∼ ??

See e.g. Buschmann et al (2021), Gorghetto et al (2020)
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Photon production

40

Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (2021)

Tjemsland, SJW, McDonald (To appear)

Non-adiabatic limit 

(Inefficient conversion)



pa→a ∼ 1
pa→γ ∼ ϵ

Adiabatic limit:

(Efficient conversion)



pa→a ∼ e−x, x ≫ 1
pa→γ ∼ 1

ωp ∼ ma ωp ∼ Ea

Axion Photon

Thjemsland, SJW, McDonald (To appear) 
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Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (arXiv: 2022.08274)

Transition Regime

CAST Limit

Adiabatic Conversion
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Plasma Distribution in Magnetospheres

Electrosphere Model Weak Pular (particle-in-cell simulations)
(GJ-ish at small distances)

Goldreich-Julian

Safdi, Sun, Chen (2018) Credit: Rui Hu, Pigeon code, https://github.com/hoorayphyer/Pigeon

Particle production efficiency / activity

Age

(Dead Neutron Stars) (Active Pulsars)

https://github.com/hoorayphyer/Pigeon
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Magnetosphere Axisymmetric Rotator

Image credit: Bransgrove & Beloborodov 
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Analytic estimates of L ~ 100 m
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The Problem of Time…

Sag A*

Earth

Neutron Star

Frequency
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Neutron star population modeling
How many are there?
Young population:

• Star formation + stellar mass 

distribution

Old population:

• Globular cluster infall, mass 

segregation,  in situ star 
formation

How are they distributed?
Young population:

• Stellar distribution

Old population:

• Numerical simulations of the 

dynamics, in-fall, and capture
Generozov et al (2018)

How do we view each NS?
• Marginalize

What are their properties?
•Use models to spin-down each pulsar 

and decay magnetic field

• Fit initial distributions to observed 

populations
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Fl
ux

   
[a

rb
. u

ni
ts

]

Radio Telescope Sensitivity

Radiometer Equation:

Idealized Searches:

• More Time

• Narrower Line

Tradeoff between looking for brightest neutron 
star and exploiting the entirety of the signal

S/N /
p
�t/�f
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GBT Observations
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Native Resolution Analysis Resolution

GBT Observations
Single “coarse channel”

Downbin data to 91.6 kHz

Large instrumental effects 

Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (arXiv: 2022.08274)

Use parametric modeling and Gaussian processes to model smooth background
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Signal Injection Tests
Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (arXiv: 2022.08274)

Analysis framework leads limits 
with proper coverage and can 

recover injected signals
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GBT Observations

Local significance

Global significance

4.7�
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17 distinct excesses with t > 25

Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (arXiv: 2022.08274)
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Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (arXiv: 2022.08274)
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SJW, Noordhuis, Edwards, Weniger (2021)

QCD Axion 


Direct Axion Searches


Indirect Axion Search
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Axion-Photon Conversion (2D)

Axion (in)

Photon (out)

↵
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⇡/2

<latexit sha1_base64="EZxKAhOtKnLrYh/Dft4ehK1bAEk=">AAAB7HicdVBNS8NAEN34WetX1aOXxSJ4ipuaUnMrevFYwbSFNpTNdtMu3WzC7kYoob/BiwdFvPqDvPlv3LQVVPTBwOO9GWbmhSlnSiP0Ya2srq1vbJa2yts7u3v7lYPDtkoySahPEp7IbogV5UxQXzPNaTeVFMchp51wcl34nXsqFUvEnZ6mNIjxSLCIEayN5PdTdl4bVKrIrnl113Mhsi8QchoOLBTPcxrQsdEcVbBEa1B57w8TksVUaMKxUj0HpTrIsdSMcDor9zNFU0wmeER7hgocUxXk82Nn8NQoQxgl0pTQcK5+n8hxrNQ0Dk1njPVY/fYK8S+vl+noMsiZSDNNBVksijIOdQKLz+GQSUo0nxqCiWTmVkjGWGKiTT5lE8LXp/B/0q7ZjmvXb91q82oZRwkcgxNwBhzQAE1wA1rABwQw8ACewLMlrEfrxXpdtK5Yy5kj8APW2yeoUY6c</latexit>

Lc

<latexit sha1_base64="6mzIP/hvHGOAzR5dXEyINwZmTnI=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0jatPZY9OLBQ0VbC20om+2mXbrZhN2NUEJ/ghcPinj1F3nz37j9EFT0wcDjvRlm5gUJZ0o7zoeVW1ldW9/Ibxa2tnd294r7B20Vp5LQFol5LDsBVpQzQVuaaU47iaQ4Cji9C8YXM//unkrFYnGrJwn1IzwULGQEayPdXPVJv1hybM+peRUXOXbFqdXLniE1t+6Wq8i1nTlKsESzX3zvDWKSRlRowrFSXddJtJ9hqRnhdFropYommIzxkHYNFTiiys/mp07RiVEGKIylKaHRXP0+keFIqUkUmM4I65H67c3Ev7xuqsO6nzGRpJoKslgUphzpGM3+RgMmKdF8YggmkplbERlhiYk26RRMCF+fov9Ju2y7nl299kqN82UceTiCYzgFF86gAZfQhBYQGMIDPMGzxa1H68V6XbTmrOXMIfyA9fYJc32N7g==</latexit>

SJW, Noordhuis, Edwards, Weniger (2021)
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Photon Absorption
. .

 . 

Ee

<latexit sha1_base64="ZQn/v6GwuazNkbWtjV3CMpgr2OI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRBI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNvDXrniVt0ZyDLxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezUCTmxSp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2nZEPwFl9eJs2zqndevbg/r9Su8ziKcATHcAoeXEIN7qAODWAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QMPZo2p</latexit>

�E = qB/me

<latexit sha1_base64="pWrZ0GhUVzJzCJWMIOz4pM2T/ao=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiZS0Y1QqoLLCvYBbQiT6U07dPJwZiKEUH/FjQtF3Poh7vwbp20WWj1w4XDOvdx7jxdzJpVlfRmFpeWV1bXiemljc2t7x9zda8soERRaNOKR6HpEAmchtBRTHLqxABJ4HDre+HLqdx5ASBaFdyqNwQnIMGQ+o0RpyTXL/SvgiuBrfIHvceMYBy64ZsWqWjPgv8TOSQXlaLrmZ38Q0SSAUFFOpOzZVqycjAjFKIdJqZ9IiAkdkyH0NA1JANLJZsdP8KFWBtiPhK5Q4Zn6cyIjgZRp4OnOgKiRXPSm4n9eL1H+uZOxME4UhHS+yE84VhGeJoEHTABVPNWEUMH0rZiOiCBU6bxKOgR78eW/pH1StWvV09tapd7I4yiifXSAjpCNzlAd3aAmaiGKUvSEXtCr8Wg8G2/G+7y1YOQzZfQLxsc3xqSS7A==</latexit>

B0 = 5⇥ 1014G

<latexit sha1_base64="/PD3Wpa9ZNuZwlVOMfw55PLTkxM=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4Kok0qIbodSFLivYB7QxTKaTdujkwcyNUEI2/oobF4q49TPc+TdO2yy09cCFwzn3cu89Xiy4Asv6Ngorq2vrG8XN0tb2zu6euX/QVlEiKWvRSESy6xHFBA9ZCzgI1o0lI4EnWMcbX0/9ziOTikfhPUxi5gRkGHKfUwJacs2jhmvhK1zrAw+Ywrb1kNrVDN+4ZtmqWDPgZWLnpIxyNF3zqz+IaBKwEKggSvVsKwYnJRI4FSwr9RPFYkLHZMh6moZEr3PS2QMZPtXKAPuR1BUCnqm/J1ISKDUJPN0ZEBipRW8q/uf1EvAvnZSHcQIspPNFfiIwRHiaBh5wySiIiSaESq5vxXREJKGgMyvpEOzFl5dJ+7xiVyu1u2q53sjjKKJjdILOkI0uUB3doiZqIYoy9Ixe0ZvxZLwY78bHvLVg5DOH6A+Mzx8xxpQ9</latexit>

Neutron 

Star

B / r�3

<latexit sha1_base64="l3XLI9DhkEz+I6DZoh1AfHLdLZI=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAhuDEltmnZX6sZlBfuANpbJdNIOnSTDzKRQQv/EjQtF3Pon7vwbpw9BRQ9cOJxzL/feE3BGpbLtD2NtfWNzazu3k9/d2z84NI+OWzJJBSZNnLBEdAIkCaMxaSqqGOlwQVAUMNIOxtdzvz0hQtIkvlNTTvwIDWMaUoyUlvqmWYc9LhKuEijus8urWd8s2Fa1Uil7HrStUtH1qmVNXMctV6vQsewFCmCFRt987w0SnEYkVpghKbuOzZWfIaEoZmSW76WScITHaEi6msYoItLPFpfP4LlWBjBMhK5YwYX6fSJDkZTTKNCdEVIj+dubi3953VSFFT+jMU8VifFyUZgyqP+cxwAHVBCs2FQThAXVt0I8QgJhpcPK6xC+PoX/k1bRckqWe1sq1OqrOHLgFJyBC+AAD9TADWiAJsBgAh7AE3g2MuPReDFel61rxmrmBPyA8fYJOOOTbg==</latexit>

�

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

Larger B leads to more absorption**

Landau Levels

SJW, Noordhuis, Edwards, Weniger (2021)
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Minicluster Infall

58



Samuel J. Witte (GRAPPA / Amsterdam) 59

Neutron star population modeling

P [s]

<latexit sha1_base64="tatea+eKg0zUbp+Jz2bnWT+p9zU=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZREK7osunFZwT4gCWUynbRDZyZhZiKUkI0bf8WNC0Xc+g/u/BunbRbaeuDC4Zx7ufeeMGFUacf5tkpLyyura+X1ysbm1vaOvbvXVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3Uz8zgORisbiXo8TEnA0EDSiGGkj9ezDJvRPoT9UCcIkq51jnkMv8yWHKg96dtWpOVPAReIWpAoKNHv2l9+PccqJ0JghpTzXSXSQIakpZiSv+KkiZtEIDYhnqECcqCCbfpHDY6P0YRRLU0LDqfp7IkNcqTEPTSdHeqjmvYn4n+elOroKMiqSVBOBZ4uilEEdw0kksE8lwZqNDUFYUnMrxEMkEdYmuIoJwZ1/eZG0z2puvXZxV682ros4yuAAHIET4IJL0AC3oAlaAINH8AxewZv1ZL1Y79bHrLVkFTP74A+szx+8LJd6</latexit>

Ṗ

<latexit sha1_base64="Gn2/l0DxUAOU/Syy/gGFBt9W7KE=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIiy6LblxWsA9oh5JJM21oJjMkd4Qy9CPcuFDErd/jzr8xbWehrQcCh3PuIfeeIJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnf4wxqw5G5QrbtVdgKwTLycVyNEclL9skqURV8gkNabnuQn6GdUomOSzUj81PKFsQke8Z6miETd+tlh3Ri6sMiRhrO1TSBbq70RGI2OmUWAnI4pjs+rNxf+8XorhjZ8JlaTIFVt+FKaSYEzmt5Oh0JyhnFpCmRZ2V8LGVFOGtqGSLcFbPXmdtK+qXq1af6hVGrd5HUU4g3O4BA+uoQH30IQWMJjAM7zCm5M4L86787EcLTh55hT+wPn8AYVYj7M=</latexit>

Death Line

B
0 =

10 14
G

<latexit sha1_base64="AA5dO/A+js1Igx6+dlRtmtir8ok=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTOrYuhFIXuqxgH9COQyZN29DMgyQj1KFf4saFIm79FHf+jWk7gooeuHA4517uvcePOZMKoQ8jt7K6tr6R3yxsbe/sFs29/baMEkFoi0Q8El0fS8pZSFuKKU67saA48Dnt+JOLud+5o0KyKLxR05i6AR6FbMgIVlryzGLDQ/Ac2ug2tSszeOmZJWQ5Tu20fAaRhRbQxLZRzalCO1NKIEPTM9/7g4gkAQ0V4VjKno1i5aZYKEY4nRX6iaQxJhM8oj1NQxxQ6aaLw2fwWCsDOIyErlDBhfp9IsWBlNPA150BVmP525uLf3m9RA1rbsrCOFE0JMtFw4RDFcF5CnDABCWKTzXBRDB9KyRjLDBROquCDuHrU/g/aZctu2I515VSvZHFkQeH4AicABtUQR1cgSZoAQIS8ACewLNxbzwaL8brsjVnZDMH4AeMt0/lZJFT</latexit>

B
0 =

10 10
G

<latexit sha1_base64="Fi2P3MOxiN3pSTg3A4uvwSMBCOk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTOrYuhFIXuqxgH9COQyZN29DMgyQj1KFf4saFIm79FHf+jWk7gooeuHA4517uvcePOZMKoQ8jt7K6tr6R3yxsbe/sFs29/baMEkFoi0Q8El0fS8pZSFuKKU67saA48Dnt+JOLud+5o0KyKLxR05i6AR6FbMgIVlryzGLDQ/Ac2ug2tdEMXnpmCVmOUzstn0FkoQU0sW1Uc6rQzpQSyND0zPf+ICJJQENFOJayZ6NYuSkWihFOZ4V+ImmMyQSPaE/TEAdUuuni8Bk81soADiOhK1RwoX6fSHEg5TTwdWeA1Vj+9ubiX14vUcOam7IwThQNyXLRMOFQRXCeAhwwQYniU00wEUzfCskYC0yUzqqgQ/j6FP5P2mXLrljOdaVUb2Rx5MEhOAInwAZVUAdXoAlagIAEPIAn8GzcG4/Gi/G6bM0Z2cwB+AHj7RPfSJFP</latexit>

Luminous

Non-lu
minous

Magnetic field 
decay

Converting 
neutron stars

Naive expectation:

Best neutron stars those 
with large | ⃗B (rc) |

Best targets
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Quenching of bound state growth

Noordhuis, Prabhu, SJW  (To appear)

Absorption in Neutron Star:

Back-reaction on vacuum gap:

aNN ! NN

<latexit sha1_base64="P8RjkdWTgFkiPXGpLhwhIiAwAKI=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCqzIjFV0W3biSCvYBbSmZNNOGZpIhyShlKPgrblwo4tbvcOffmGlnoa0nBE7OuZd7c4KYM20879tZWl5ZXVsvbBQ3t7Z3dt29/YaWiSK0TiSXqhVgTTkTtG6Y4bQVK4qjgNNmMLrO/OYDVZpJcW/GMe1GeCBYyAg2Vuq5hxjd2tNRbDA0WCn5mL17bskre1OgReLnpAQ5aj33q9OXJImoMIRjrdu+F5tuipVhhNNJsZNoGmMywgPatlTgiOpuOl1/gk6s0kehVPYKg6bq744UR1qPo8BWRtgM9byXif957cSEl92UiTgxVJDZoDDhyEiUZYH6TFFi+NgSTBSzuyIyxAoTYxMr2hD8+S8vksZZ2a+Uz+8qpepVHkcBjuAYTsGHC6jCDdSgDgRSeIZXeHOenBfn3fmYlS45ec8B/IHz+QM6ipRj</latexit>

�abs,e↵ = �abs

⇣
1� e�E/T

⌘
⇠

✓
E

T

◆
�abs

<latexit sha1_base64="1iFRJR5HEPvP9lNuyhVSu1tG8pw="></latexit>

NS

NS
Caputo, SJW, Phillipov (In progress)

r · ~E = ⇢� ga�� ~B ·ra

<latexit sha1_base64="LdCXSMk0t0qHdfh7IHCLX3qKzcQ=">AAACL3icbVDLSgMxFM3Ud31VXboJFsGNZUYU3QiiKC4r2Ad0SrmTpm1oHkOSEcowf+TGX3Ejoohb/8K0HcHXhYTDeZDcE8WcGev7z15hZnZufmFxqbi8srq2XtrYrBuVaEJrRHGlmxEYypmkNcssp81YUxARp41oeDHWG3dUG6bkrR3FtC2gL1mPEbCO6pSuQgkRBxySrrI4vKMkvczwKQ71QOF93O+kEPZBiPzOppbz7CswTUOnVPYr/mTwXxDkoIzyqXZKj2FXkURQaQkHY1qBH9t2CtoywmlWDBNDYyBD6NOWgxIENe10sm+Gdx3TxT2l3ZEWT9jviRSEMSMROacAOzC/tTH5n9ZKbO+knTIZJ5ZKMn2ol3BsFR6Xh7tMU2L5yAEgmrm/YjIADcS6iouuhOD3yn9B/aASHFaObg7LZ+d5HYtoG+2gPRSgY3SGrlEV1RBB9+gRvaBX78F78t6896m14OWZLfRjvI9P6gaoZw==</latexit>

Absorption heavily suppressed in low 
energy limit

Large axion cloud can modify the plasma 
dynamics that drive production

⇢brmax(ga�� , z = RNS)

<latexit sha1_base64="2z7ef4KpyxRiF4ouN/SI0Jr2zko=">AAACHXicbVDLSgMxFM34tr6qLt0Ei1BByoxUdCMU3bgSX9VCpw530rQNTWaGJCPWYX7Ejb/ixoUiLtyIf2PazkJbDyQczjmX5B4/4kxp2/62Jianpmdm5+ZzC4tLyyv51bVrFcaS0CoJeShrPijKWUCrmmlOa5GkIHxOb/zucd+/uaNSsTC40r2INgS0A9ZiBLSRvHzZlZ3QS1wpsID79DbxZVpsewm4bRAiu9Md/HB4MUydXqbbXr5gl+wB8DhxMlJAGc68/KfbDEksaKAJB6Xqjh3pRgJSM8JpmnNjRSMgXWjTuqEBCKoayWC7FG8ZpYlboTQn0Hig/p5IQCjVE75JCtAdNer1xf+8eqxbB42EBVGsaUCGD7VijnWI+1XhJpOUaN4zBIhk5q+YdEAC0abQnCnBGV15nFzvlpxyae+8XKgcZXXMoQ20iYrIQfuogk7QGaoigh7RM3pFb9aT9WK9Wx/D6ISVzayjP7C+fgDWwaJY</latexit>
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Bound state profiles

Noordhuis, Prabhu, SJW(To appear) 

Frequency

Flux

ma

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



Samuel J. Witte (GRAPPA / Amsterdam) 62

Quenching of bound state growth

Noordhuis, Prabhu, SJW  (To appear)

Resonant Conversion:

Neutron 

Star

Do we hit resonances?

ma ⇠ !p

<latexit sha1_base64="UJTQtaKhQGvJGQ8ku3FNTCggnyY=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRS0WXRjcsK9gFNCJPppB06jzAzUUrsp7hxoYhbv8Sdf+O0zUJbD1w4nHMv994Tp4xq43nfTmltfWNzq7xd2dnd2z9wq4cdLTOFSRtLJlUvRpowKkjbUMNIL1UE8ZiRbjy+mfndB6I0leLeTFIScjQUNKEYGStFbpVHCAaachhIToYoSiO35tW9OeAq8QtSAwVakfsVDCTOOBEGM6R13/dSE+ZIGYoZmVaCTJMU4TEakr6lAnGiw3x++hSeWmUAE6lsCQPn6u+JHHGtJzy2nRyZkV72ZuJ/Xj8zyVWYU5Fmhgi8WJRkDBoJZznAAVUEGzaxBGFF7a0Qj5BC2Ni0KjYEf/nlVdI5r/uN+sVdo9a8LuIog2NwAs6ADy5BE9yCFmgDDB7BM3gFb86T8+K8Ox+L1pJTzByBP3A+fwCtiJOj</latexit>

Image credit: Chen, Cruz, Spitskovski

Age

Image credit: Cerutti & Beloborodov

Active Pulsar Dead Pulsar




dρinj

dt
∼

dρdiss

dt
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Neutron 
star

Neutron 
star

Relativistic axions Bound state axions
Radio signals Noordhuis, Prabhu, SJW (To appear) 

Frequency

Flux

Frequency

Flux

Has the axion cloud 
modified production?

YesNo

We must have a very dense axion cloud!Look for smooth radio signal

Noordhuis, Prabhu, SJW, Chen, Cruz (To appear) 

Can bound axions resonantly convert?

Yes No

 Look for rare radio lines that decay!Look for narrow radio lines

Frequency

Flux

ma

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

“Data driven approach”

~1500 NSs [Age < 30 Myr in inner pc] 300,000 NSs inner few pcs

Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (arXiv: 2022.08274)

Slow Magnetic Field Decay
Dominated by young neutron stars Both young and old neutron stars contribute

Population Modeling

Population Synthesis

Fl
ux

Frequency

Radio Signal Data Analysis
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Transient radio lines

Ellis et al (2022)

• Axion miniclusters (axion stars) form in post-inflationary scenario

• Periodic encounters of miniclusters/stars with neutron stars generate transient radio lines

Reference properties: ,  , MAMC ∼ 10−12 M⊙ RAMC ∼ 109 km τ ∼ [hours − years]
Reference properties: ,     , MAS ∼ 10−13 M⊙ RAS ∼ 104 km τ ∼ seconds

Density field at matter-radiation equality
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Transient radio lines (Pipeline)

Ellis et al (2022)

Minicluster formation Structure formation Tidal stripping Neutron star population

Radio SignalMinicluster in-fall

SJW, Salinas, Baum, Lawson, Millar, Marsh, Weniger  (To appear)

Agrawal, Johsnon, Edwards, Kavanaguh, Marsh, Ransom, Shroyer, Visinelli, SJW, Weniger (Data analysis ongoing)
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Axion dark matter

θi

Heuristic argument (QCD axion): 


10−7 eV ≲ ma ≲ 10−4 eV

Inflation

Pre-Inflationary Scenario  [ ]fa ≫ HI

Inflation

Post-Inflationary Scenario  [ ]fa ≪ HI



Samuel J. Witte (GRAPPA / Amsterdam)

Frequency

Flux

ma
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Neutron stars as axion labs

Magnetic field lines

Resonant Production 
of Radio Photons

Axion Dark Matter

Photon

Photon

Sourced Axions

Vacuum Gap Collapse

Frequency

Flux

ma
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Neutron 
star

a ~E · ~B
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Inflation

Axion dark matter

Post-Inflationary Scenario  [ ]fa ≪ HI

Topological Defects

See e.g. Buschmann et al (2021), 
Gorghetto et al (2020)

Ωcdm = Ωmis−mech + Ωstrings + ΩDW

Can be calculated 
exactly Industry of computationally 

expensive simulations

Current Expectation for QCD axion:


 26 μeV ≲ ma ≲ 10−3 eV

 density perturbations seeds 
axion miniclusters

𝒪(1)
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~⌦
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Observational signature

Neutron star rotation changes 
location of photon over time

As Viewed from Earth
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Bound states

Noordhuis, Prabhu, SJW (To appear) 

Time:    0.0002 seconds                                 0.006 seconds                                   0.05 seconds

Axion production rate constant over ~ Myr timescales
(Assuming one can neglect axion cloud)


