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• Many UV theories predict heavy new states with sizeable 
couplings (e.g. SUSY, GUTs, String Models, …)
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Extra gauge bosons



• For light mediators   kinetic terms can be diagonalised 
by simple field redefinition:

MX ≪ MZ

DARK PHOTONS
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[Okun ’82; Holdom ‘86]

Coupling to EM current suppressed by , where typically   ϵA ϵA ∝ gx /16π2
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smaller couplings 
  smaller mass!⇒MX = gx f
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• If  is broken by VEV  of scalar, mass is related to coupling:U(1)X f
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BEYOND THE MINIMAL
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• SM fields can be charged under new U(1)X

What can these do for us?



• Muon-philic vectors contribute to  at one-loop level 
 
                                                        ,         where  
 
 
 
 
 

• In  this can  

still explain anomaly

(g − 2)μ

U(1)Lμ−Lτ

ANOMALOUS MAGNETIC MOMENT

5

µ µA′

A
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NA64μ



Can we test the remaining  
 solution?(g − 2)μ
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WHITE DWARF COOLING



NEXT—TO—TOPIC
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WHITE DWARFS
• WDs formed after “low-mass” star  

has exhausted fuel 

• Hot dense core of  and  

• Core supported by electron 
degeneracy pressure 
Mass of the sun, radius of the earth! 
       Very dense:  kg/m  
       (solar core  kg/m ) 

• Star cools down over billions of years via photons and neutrinos:

C O

∼ 106 3

∼ 105 3

9

<latexit sha1_base64="euEWxnA4J0ZUN/nLWPz5R8Ej4lI="></latexit>

dTWD

dt
= � L�

4⇡RWD�SBTWD
� L⌫

4⇡RWD�SBTWD

white dwarf
�

<latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit>

⌫
<latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit> volume  

cooling

surface  
cooling

⌫
<latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit>

e
<latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit>

e
<latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit>

TWD = O(few keV)
<latexit sha1_base64="UuCnb9zn7YiP2Nd5BDD8G9PAspg=">AAACEXicbVDJSgNBEO1xjXGLevTSGAS9hBkR1IMQ1IM3IyRGyAyhp1OTNOlZ6K5RwzDf4MVf8eJBxas3b/6NneXg9qDg8V4VVfX8RAqNtv1pTU3PzM7NFxaKi0vLK6ultfUrHaeKQ4PHMlbXPtMgRQQNFCjhOlHAQl9C0++fDv3mDSgt4qiOgwS8kHUjEQjO0Ejt0m697SLcYdY8y+kxdUOGPc5kdpHvjPUAbmkfrvLddqlsV+wR6F/iTEiZTFBrlz7cTszTECLkkmndcuwEvYwpFFxCXnRTDQnjfdaFlqERC0F72eilnG4bpUODWJmKkI7U7xMZC7UehL7pHJ6sf3tD8T+vlWJw6GUiSlKEiI8XBamkGNNhPrQjFHCUA0MYV8LcSnmPKcbRpFg0ITi/X/5LGnuVo4pzuV+unkzSKJBNskV2iEMOSJWckxppEE7uySN5Ji/Wg/VkvVpv49YpazKzQX7Aev8CQlGdbA==</latexit><latexit sha1_base64="UuCnb9zn7YiP2Nd5BDD8G9PAspg=">AAACEXicbVDJSgNBEO1xjXGLevTSGAS9hBkR1IMQ1IM3IyRGyAyhp1OTNOlZ6K5RwzDf4MVf8eJBxas3b/6NneXg9qDg8V4VVfX8RAqNtv1pTU3PzM7NFxaKi0vLK6ultfUrHaeKQ4PHMlbXPtMgRQQNFCjhOlHAQl9C0++fDv3mDSgt4qiOgwS8kHUjEQjO0Ejt0m697SLcYdY8y+kxdUOGPc5kdpHvjPUAbmkfrvLddqlsV+wR6F/iTEiZTFBrlz7cTszTECLkkmndcuwEvYwpFFxCXnRTDQnjfdaFlqERC0F72eilnG4bpUODWJmKkI7U7xMZC7UehL7pHJ6sf3tD8T+vlWJw6GUiSlKEiI8XBamkGNNhPrQjFHCUA0MYV8LcSnmPKcbRpFg0ITi/X/5LGnuVo4pzuV+unkzSKJBNskV2iEMOSJWckxppEE7uySN5Ji/Wg/VkvVpv49YpazKzQX7Aev8CQlGdbA==</latexit><latexit sha1_base64="UuCnb9zn7YiP2Nd5BDD8G9PAspg=">AAACEXicbVDJSgNBEO1xjXGLevTSGAS9hBkR1IMQ1IM3IyRGyAyhp1OTNOlZ6K5RwzDf4MVf8eJBxas3b/6NneXg9qDg8V4VVfX8RAqNtv1pTU3PzM7NFxaKi0vLK6ultfUrHaeKQ4PHMlbXPtMgRQQNFCjhOlHAQl9C0++fDv3mDSgt4qiOgwS8kHUjEQjO0Ejt0m697SLcYdY8y+kxdUOGPc5kdpHvjPUAbmkfrvLddqlsV+wR6F/iTEiZTFBrlz7cTszTECLkkmndcuwEvYwpFFxCXnRTDQnjfdaFlqERC0F72eilnG4bpUODWJmKkI7U7xMZC7UehL7pHJ6sf3tD8T+vlWJw6GUiSlKEiI8XBamkGNNhPrQjFHCUA0MYV8LcSnmPKcbRpFg0ITi/X/5LGnuVo4pzuV+unkzSKJBNskV2iEMOSJWckxppEE7uySN5Ji/Wg/VkvVpv49YpazKzQX7Aev8CQlGdbA==</latexit><latexit sha1_base64="UuCnb9zn7YiP2Nd5BDD8G9PAspg=">AAACEXicbVDJSgNBEO1xjXGLevTSGAS9hBkR1IMQ1IM3IyRGyAyhp1OTNOlZ6K5RwzDf4MVf8eJBxas3b/6NneXg9qDg8V4VVfX8RAqNtv1pTU3PzM7NFxaKi0vLK6ultfUrHaeKQ4PHMlbXPtMgRQQNFCjhOlHAQl9C0++fDv3mDSgt4qiOgwS8kHUjEQjO0Ejt0m697SLcYdY8y+kxdUOGPc5kdpHvjPUAbmkfrvLddqlsV+wR6F/iTEiZTFBrlz7cTszTECLkkmndcuwEvYwpFFxCXnRTDQnjfdaFlqERC0F72eilnG4bpUODWJmKkI7U7xMZC7UehL7pHJ6sf3tD8T+vlWJw6GUiSlKEiI8XBamkGNNhPrQjFHCUA0MYV8LcSnmPKcbRpFg0ITi/X/5LGnuVo4pzuV+unkzSKJBNskV2iEMOSJWckxppEE7uySN5Ji/Wg/VkvVpv49YpazKzQX7Aev8CQlGdbA==</latexit>



WHITE DWARFS
• WDs formed after “low-mass” star  

has exhausted fuel 

• Hot dense core of  and  

• Core supported by electron 
degeneracy pressure 
Mass of the sun, radius of the earth! 
       Very dense:  kg/m  
       (solar core  kg/m ) 

• Star cools down over billions of years via photons and neutrinos:

C O

∼ 106 3

∼ 105 3

9

<latexit sha1_base64="euEWxnA4J0ZUN/nLWPz5R8Ej4lI="></latexit>

dTWD

dt
= � L�

4⇡RWD�SBTWD
� L⌫

4⇡RWD�SBTWD

HOTCOLD

white dwarf
�

<latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit>

⌫
<latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit> volume  

cooling

surface  
cooling

⌫
<latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit>

e
<latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit>

e
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EQUATION OF STATE

• EoS of White Dwarfs  
well-known! 

• Salpeter EoS:  
degenerate ideal gas   
+ corrections (non-uniformity, 
Coulomb potential, …) 

• Tolman-Oppenheimer-Volkoff 
(TOV) equations: solving the 
Einstein field equations in 
Schwarzschild metric with fluid
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dp(r)

dr
= �G

✏(r) + p(r)

r(r � 2Gm(r))
[m(r) + 4⇡ p(r) r3]

<latexit sha1_base64="3J+8uA5TiQVnXYGLe/7jXmsy5kU=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0WoKCUppboRim5cVrAPaGKZTCbt0MkkzEyEEvIRbvwVNy4UcevCnX/jtM1CqwcuHM65l3vv8WJGpbKsL6OwtLyyulZcL21sbm3vmLt7HRklApM2jlgkeh6ShFFO2ooqRnqxICj0GOl646up370nQtKI36pJTNwQDTkNKEZKSwPzxAkEwqkfVsRxlvoigxewDp2YQofEkrKIawM6p1Dc1QZm2apaM8C/xM5JGeRoDcxPx49wEhKuMENS9m0rVm6KhKKYkazkJJLECI/RkPQ15Sgk0k1nT2XwSCs+DCKhiys4U39OpCiUchJ6ujNEaiQXvan4n9dPVHDuppTHiSIczxcFCYMqgtOEoE8FwYpNNEFYUH0rxCOkU1I6x5IOwV58+S/p1Kp2o9q4qZebl3kcRXAADkEF2OAMNME1aIE2wOABPIEX8Go8Gs/Gm/E+by0Y+cw++AXj4xvFjZy/</latexit>

dm(r)

dr
= 4⇡✏(r) r2

[Salpeter; Astrophys. J. 134, 669 (1961)]

Extract 
density profiles

[Tolman, Phys. Rev., 55, 364 (1939)]
[Oppenheimer & Volkoff, Phys. Rev., 55, 374 (1939)]

[Mathew & Nandy, Res. Astron. Astrophys. 17 061]



COOLING: PLASMON DECAY
• Early WD cooling via ``on-shell” photon decay in plasma into neutrinos 

 
 
 
 

• Since in WDs the typical  we can compute this as 
 
 
 
 
 
 
 
 
with effective vertex  for each photon polarization with couplings 

q2 ≪ M2
W, M2

Z

Γμν
λ CSM

V , CSM
A
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M =
GFp
2

⇣
�µ⌫
� "µ(q,�)

⌘
ū(p1)�⌫(1� �5)u(p2)

[Braaten & Segel; Phys.Rev.D 48 (1993) 1478]



• Plasmon decay width in terms of effective vertex  and plasmon frequencies . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Neutrino emissivity & total luminosity:

Γμν
λ ωλ(q)

WD NEUTRINO LUMINOSITY
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��(q) = �G2
F

12⇡

!�(q)2 � q2

!�(q)
(�↵µ

� "µ(q,�))
�
��
↵⇢"

⇢(q,�)
�⇤

<latexit sha1_base64="v3u4rtln3CRuTfnSNEKkqsBcoZE="></latexit>

Q� ⌘
Z

d3~q ��(q) !�(q) nB (!�(q), T )

<latexit sha1_base64="T6AY1Awh+ChCWv4oPZQAYhSfeCk="></latexit>

L⌫ = 4⇡

Z RWD

0

X

�

Q�(r)r
2dr



PLASMON DECAY - DARK PHOTONS

• Leptophilic dark photons contribute 

• Since dark photon couples to plasma electrons have to compute full thermal 
propagtor (Dyson sum) 
 

 =  
         
 

       =  

 

       =  

 
 

with                                   

Dμν
A′￼

−i (gμν − qμqν /m2
A′￼)

q2 − m2
A′￼

+
−i (gμ

λ − qμqλ/m2
A′￼)

q2 − m2
A′￼

(i Πλσ
A′￼)

−i (gν
σ − qσqν /m2

A′￼)
q2 − m2

A′￼

+ . . .

−i gμλ

q2 − m2
A′￼− FA′￼

Pν
Lλ +

−i gμλ

q2 − m2
A′￼− GA′￼

Pν
Tλ

FA′￼=
q2

q2
Π00

A′￼
GA′￼= Πxx

A′￼
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A’

+ + . . .

A′ A′ A′

e−

e+

+

A′ A′
A′

e− e−

e+ e+

Thermal 
loops!

Longitudinal & transverse 
components



• Evaluate  self-energy in thermal background — a beast! 
 
 
 
 
 
 
 
 
with  

• But, this is essentially the plasmon self-energy:     ! 
 

Identify                    with known results!

A′￼

f̃(x) = (1 + eβx)−1

ϵ2
A × Πμν

γ

FA′￼=
q2

q2
Π00

A′￼ = ϵ2
A

q2

q2
Πγ

L GA′￼= Πxx
A′￼ = ϵ2

A Πγ
T

DARK PHOTON SELF ENERGY
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⇧µ⌫
A0 (q) =� ✏2A

Z
d4k

(2⇡)4
tr
⇥
�µ(/k +me)�

⌫(/q � /k �me)
⇤

⇥
⇢

i

k2 �m2
e

� 2⇡
⇥
✓(�k0) + sign(k0) f̃(k0 � µ)

⇤
�
�
k2 �m2

e

��

⇥
⇢

i

(q � k)2 �m2
e

� 2⇡
⇥
✓(�q0 + k0) + sign(q0 � k0) f̃(q0 � k0 + µ)

⇤
�
�
(q � k)2 �m2

e

��

A’A’

Thermal fermion propagators

[Hoefken Zink, Ramirez-Quezada; PRD 108 (2023) 4, 043014]

Finite temperature QFT



PLASMON DECAY - DARK PHOTONS

• Mimic SM-like computation 
 
 
 
but shifting the SM couplings by the  coupling and full propagator: A′￼
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CV,T (q) ! CSM
V +

p
2

2GF

e ✏A gx Q⌫↵

q2 �m2
A0 �GA0
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CV,L(q) ! CSM
V +

p
2

2GF

e ✏A gx Q⌫↵
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A0 � FA0
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p
2

16GF
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q2 �m2
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⇧�
T



THREE REGIMES

• Heavy regime  

• Ultra-light regime : 

• Resonant regime : 
- dark photon goes on resonance w/ plasma frequency ! 
- regulate pole via Breit-Wigner propagator:

(mA′￼ ≫ T, ωP)

(mA′￼ ≪ T, ωP)

(mA′￼ ∼ T, ωP)
ωP(r)
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100 keV
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q2 �m2
A0

⇠ 1
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THREE REGIMES

• Heavy regime  

• Ultra-light regime : 

• Resonant regime : 
- dark photon goes on resonance w/ plasma frequency ! 
- regulate pole via Breit-Wigner propagator:

(mA′￼ ≫ T, ωP)

(mA′￼ ≪ T, ωP)

(mA′￼ ∼ T, ωP)
ωP(r)
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BREIT WIGNER REGULATOR
• Compute the imaginary part of dark photon self-energy 

        In resonant region only due to neutrinos 
 
 

• We find the typical relation  
 

• So the regulators 
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WD COOLING SENSITIVITIES
•  Fraction of extra cooling     

• Existing bounds at 30% extra cooling @ 90% CL from Hubble  

εBSM = LBSM
ν /LSM

ν − 1

18
[PF, Hoefken Zink; 2405.00094]

Finally some plots![Hansen et al., Astrophys. J. 809 (2015) no. 2, 141]

https://arxiv.org/abs/2405.00094


• Current bounds exclude 30% extra cooling                leading limit on g-2 
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WD COOLING & (g − 2)μ

[PF, Hoefken Zink; 2405.00094]

https://arxiv.org/abs/2405.00094


CONCLUSIONS
• Neutrino cooling of White Dwarfs is sensitive laboratory for (light) 

leptophilic mediators 

• First full computation of A’ induced plasmon decay in resonant 
domain. 

• Already at current sensitivities WD cooling excludes unconstraint 
parameter space of   

• Measurements of hot WD neutrino luminosity function is testing
 explanation within ! 

• For all the fun details ask me and check out our paper :) 
 

U(1)Lμ−Lτ

(g − 2)μ U(1)Lμ−Lτ
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THANK YOU!
[arXiv:2405.00094]

https://arxiv.org/abs/2405.00094


BACKUP
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PLASMON PROPAGATOR
• Photon in plasma is on-shell with plasmon frequencies  

• Can extract field strength normalisations Zl(q) & Zt(q)
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PLASMON PROPAGATOR
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[J. Hoefken Zink]

• Obtain dispersion relations



PLASMON DECAY AMPLITUDE

• In effective theory can write the plasmon decay amplitude in the SM as 
 
 
 
 
 
 
 

• Write this in terms of effective vertex  as function of couplings  & Γμν
λ CV CA
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MUON MAGNETIC MOMENT

• The theoretical prediction for  within the SM has been determined 
to  

• The recent Fermilab E989 result  
 
 
 
when combined with the previous BNL results leads to the 5.2  excess of

(g − 2)μ

σ
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[Aoyama et al; Phys.Rept. 887 (2020) 1-166]

<latexit sha1_base64="gi4cQ0g122s7TEZh80bUgngIJ1A="></latexit>

aSMµ = 116 591 810(43)⇥ 10�11

[MUON g-2; PRL 131 (2023), 161802]
<latexit sha1_base64="LdTA8GanTHyZPIJQLT89JXN/b6c="></latexit>

aFNAL
µ = 116 592 059(22)⇥ 10�11

<latexit sha1_base64="JZtmmxgO1GP4Wv7A18DsbRASaJo=">AAACD3icbVC7SgNBFJ2Nrxhfq5Y2g0GJhWE3RI2FENTCMoJ5QDaG2ckkGTL7YOauEJb8gY2/YmOhiK2tnX/jJNlCEw9cOJxzL/fe44aCK7CsbyO1sLi0vJJezaytb2xumds7NRVEkrIqDUQgGy5RTHCfVYGDYI1QMuK5gtXdwdXYrz8wqXjg38EwZC2P9Hze5ZSAltrmoXPNBBBM2o4X4QtcKJ7niqUj7AD3mMK2dR8f2/aobWatvDUBnid2QrIoQaVtfjmdgEYe84EKolTTtkJoxUQCp4KNMk6kWEjogPRYU1Of6G2tePLPCB9opYO7gdTlA56ovydi4ik19Fzd6RHoq1lvLP7nNSPollox98MImE+ni7qRwBDgcTi4wyWjIIaaECq5vhXTPpGEgo4wo0OwZ1+eJ7VC3j7Nn9wWs+XLJI402kP7KIdsdIbK6AZVUBVR9Iie0St6M56MF+Pd+Ji2poxkZhf9gfH5A+4AmXI=</latexit>

�aµ = 249(48)⇥ 10�11



NEUTRINOS AND HUBBLE
• Decay of      heats neutrino gas  

and delays the decoupling 
 
     increase of          at early times 

• Leads to larger  

26 [Escudero, Hooper, Krnjaic, Pierre; JHEP 1903 (2019) 071]
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