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

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

B: Magnetic Field



Samuel J. Witte (GRAPPA / Amsterdam)

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

3

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>

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

In vacuum, ka ≪ kγ

B: Magnetic Field



Samuel J. Witte (GRAPPA / Amsterdam)

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

3

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>

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



Samuel J. Witte (GRAPPA / Amsterdam)

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

3

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
~⌦

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

| ~B| . 1015 G

<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
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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>

~⌦

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

| ~B| . 1015 G

<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
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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

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

~⌦

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

| ~B| . 1015 G

<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



Samuel J. Witte (GRAPPA / Amsterdam) 4

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

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

~⌦

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

| ~B| . 1015 G

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

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]  
• Observation Time: ~4.6 hours
• Observation Strategy: On/off target

Data courtesy of the Breakthrough Listen Initiative 

Observing the galactic center with the Green Bank Telescope
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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]  
• 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

Use star formation rates & stellar distributions to get  

1.) Distributions of neutron star birth rate 

2.) Spatial distribution of young neutron stars

 p(tNS−birth)

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

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

  nNS( ⃗r) p(P, B0, θm | tage)
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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


Samuel J. Witte (GRAPPA / Amsterdam) 10

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


Samuel J. Witte (GRAPPA / Amsterdam) 11

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
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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

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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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
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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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SJW, Noordhuis, Edwards, Weniger (2021)

Log10 (Flux)

[Arb. Units]

Radio signal from isolated neutron star

Projected sky flux as viewed from neutron star
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SJW, Noordhuis, Edwards, Weniger (2021)

Frequency [1/ma ⇥ 10�5]
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Radio signal from isolated neutron star

Projected sky flux as viewed from neutron star
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SJW, Noordhuis, Edwards, Weniger (2021)

Frequency [1/ma ⇥ 10�5]
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GBT axion search

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

Fiducial Model (Maximally Conservative)

QCD axion benchmarks



Samuel J. Witte (GRAPPA / Amsterdam)

Future prospects

16

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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Transient radio lines from axion miniclusters

Ellis et al (2022)

Density field at matter-radiation equality

 Rare encounters of miniclusters (& axion 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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Conclusions
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Neutron stars offer powerful and rich laboratory in which 
to look for axion physics

Probes of axion dark matter: 
•Look for:  Radio lines from smooth dark matter 
distribution 

•Look for: Transient lines from minicluster and axion 
star encounters (extragalactic / cosmological)

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

Currently developing novel ways to probe axions 
even if they aren’t dark matter!

Stay tuned for talk by Dion Noordhuis (next!)

https://github.com/SamWitte/GIF_Storage
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