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Thermal Relic

Dark Matter

⇠ 1MeV
<latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit>

⇠ 105GeV
<latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit>



Thermal Relic

Dark Matter

⇠ 1MeV
<latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit>

⇠ 105GeV
<latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit>

Thermal relic or not?



Thermal Relic
The Origin of (Particle) Species

The Early Universe 
Kolb & Turner



Excluded by 

BBN, LSS

Dark 
Radiation Dark Matter ΩΧ > ΩCDM

⇠ 1 eV
<latexit sha1_base64="upNfSHOndN3b1g2AANk3AxoZawQ=">AAAB/XicbVDLSsNAFJ34rPUVFVduBovgQkKS1rbZFd24rGAf0IQymU7boTNJmJkIJRT8FTcuVNz6H+78GydtERUPzHA4517uvSdMGJXKtj+NldW19Y3NwlZxe2d3b988OGzLOBWYtHDMYtENkSSMRqSlqGKkmwiCeMhIJ5xc537nnghJ4+hOTRMScDSK6JBipLTUN499STn0L6CTf5kvOCTtWd8s2ZZX8+xLDy5I2V6SShU6lj1HCSzR7Jsf/iDGKSeRwgxJ2XPsRAUZEopiRmZFP5UkQXiCRqSnaYQ4kUE2X38Gz7QygMNY6BcpOFd/dmSISznloa7kSI3lXy8X//N6qRrWg4xGSapIhBeDhimDKoZ5FnBABcGKTTVBWFC9K8RjJBBWOrHiPAS3XHYdR9++ODkPwau71cp3CC3X8iz7tlJqXC3TKIATcArOgQNqoAFuQBO0AAYZeATP4MV4MJ6MV+NtUbpiLHuOwC8Y71+ht5RZ</latexit><latexit sha1_base64="upNfSHOndN3b1g2AANk3AxoZawQ=">AAAB/XicbVDLSsNAFJ34rPUVFVduBovgQkKS1rbZFd24rGAf0IQymU7boTNJmJkIJRT8FTcuVNz6H+78GydtERUPzHA4517uvSdMGJXKtj+NldW19Y3NwlZxe2d3b988OGzLOBWYtHDMYtENkSSMRqSlqGKkmwiCeMhIJ5xc537nnghJ4+hOTRMScDSK6JBipLTUN499STn0L6CTf5kvOCTtWd8s2ZZX8+xLDy5I2V6SShU6lj1HCSzR7Jsf/iDGKSeRwgxJ2XPsRAUZEopiRmZFP5UkQXiCRqSnaYQ4kUE2X38Gz7QygMNY6BcpOFd/dmSISznloa7kSI3lXy8X//N6qRrWg4xGSapIhBeDhimDKoZ5FnBABcGKTTVBWFC9K8RjJBBWOrHiPAS3XHYdR9++ODkPwau71cp3CC3X8iz7tlJqXC3TKIATcArOgQNqoAFuQBO0AAYZeATP4MV4MJ6MV+NtUbpiLHuOwC8Y71+ht5RZ</latexit><latexit sha1_base64="upNfSHOndN3b1g2AANk3AxoZawQ=">AAAB/XicbVDLSsNAFJ34rPUVFVduBovgQkKS1rbZFd24rGAf0IQymU7boTNJmJkIJRT8FTcuVNz6H+78GydtERUPzHA4517uvSdMGJXKtj+NldW19Y3NwlZxe2d3b988OGzLOBWYtHDMYtENkSSMRqSlqGKkmwiCeMhIJ5xc537nnghJ4+hOTRMScDSK6JBipLTUN499STn0L6CTf5kvOCTtWd8s2ZZX8+xLDy5I2V6SShU6lj1HCSzR7Jsf/iDGKSeRwgxJ2XPsRAUZEopiRmZFP5UkQXiCRqSnaYQ4kUE2X38Gz7QygMNY6BcpOFd/dmSISznloa7kSI3lXy8X//N6qRrWg4xGSapIhBeDhimDKoZ5FnBABcGKTTVBWFC9K8RjJBBWOrHiPAS3XHYdR9++ODkPwau71cp3CC3X8iz7tlJqXC3TKIATcArOgQNqoAFuQBO0AAYZeATP4MV4MJ6MV+NtUbpiLHuOwC8Y71+ht5RZ</latexit><latexit sha1_base64="upNfSHOndN3b1g2AANk3AxoZawQ=">AAAB/XicbVDLSsNAFJ34rPUVFVduBovgQkKS1rbZFd24rGAf0IQymU7boTNJmJkIJRT8FTcuVNz6H+78GydtERUPzHA4517uvSdMGJXKtj+NldW19Y3NwlZxe2d3b988OGzLOBWYtHDMYtENkSSMRqSlqGKkmwiCeMhIJ5xc537nnghJ4+hOTRMScDSK6JBipLTUN499STn0L6CTf5kvOCTtWd8s2ZZX8+xLDy5I2V6SShU6lj1HCSzR7Jsf/iDGKSeRwgxJ2XPsRAUZEopiRmZFP5UkQXiCRqSnaYQ4kUE2X38Gz7QygMNY6BcpOFd/dmSISznloa7kSI3lXy8X//N6qRrWg4xGSapIhBeDhimDKoZ5FnBABcGKTTVBWFC9K8RjJBBWOrHiPAS3XHYdR9++ODkPwau71cp3CC3X8iz7tlJqXC3TKIATcArOgQNqoAFuQBO0AAYZeATP4MV4MJ6MV+NtUbpiLHuOwC8Y71+ht5RZ</latexit><latexit sha1_base64="upNfSHOndN3b1g2AANk3AxoZawQ=">AAAB/XicbVDLSsNAFJ34rPUVFVduBovgQkKS1rbZFd24rGAf0IQymU7boTNJmJkIJRT8FTcuVNz6H+78GydtERUPzHA4517uvSdMGJXKtj+NldW19Y3NwlZxe2d3b988OGzLOBWYtHDMYtENkSSMRqSlqGKkmwiCeMhIJ5xc537nnghJ4+hOTRMScDSK6JBipLTUN499STn0L6CTf5kvOCTtWd8s2ZZX8+xLDy5I2V6SShU6lj1HCSzR7Jsf/iDGKSeRwgxJ2XPsRAUZEopiRmZFP5UkQXiCRqSnaYQ4kUE2X38Gz7QygMNY6BcpOFd/dmSISznloa7kSI3lXy8X//N6qRrWg4xGSapIhBeDhimDKoZ5FnBABcGKTTVBWFC9K8RjJBBWOrHiPAS3XHYdR9++ODkPwau71cp3CC3X8iz7tlJqXC3TKIATcArOgQNqoAFuQBO0AAYZeATP4MV4MJ6MV+NtUbpiLHuOwC8Y71+ht5RZ</latexit>

⇠ 1MeV
<latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit>

⇠ 105GeV
<latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit>

MPl
<latexit sha1_base64="vuR+m3GQrFyQGnGNzS2xkBLOY7Y=">AAAB8nicbZDNSgMxFIUz9a/Wv6pLN8EiuCqZaW07u6IbN0IFawttKZk004ZmMkOSEcowr+HGhYpbn8adb2PaGUTFA4HDufeSez8v4kxphD6twtr6xuZWcbu0s7u3f1A+PLpXYSwJ7ZKQh7LvYUU5E7Srmea0H0mKA4/Tnje/WtZ7D1QqFoo7vYjoKMBTwXxGsDbR8GacJEMZwA5P03G5gqpu00UXLsxMDeWm3oB2Fa1UAbk64/LHcBKSOKBCE46VGtgo0qMES80Ip2lpGCsaYTLHUzowVuCAqlGy2jmFZyaZQD+U5gkNV+nPiQQHSi0Cz3QGWM/U39oy/K82iLXfGiVMRLGmgmQf+TGHOoRLAHDCJCWaL4zBRDKzKyQzLDHRBlNpBcGp1RzbNrdnJy8huC2nUf+G0HWqbhXd1ivty5xGEZyAU3AObNAEbXANOqALCIjAI3gGL1ZsPVmv1lvWWrDymWPwS9b7FxAekg0=</latexit><latexit sha1_base64="vuR+m3GQrFyQGnGNzS2xkBLOY7Y=">AAAB8nicbZDNSgMxFIUz9a/Wv6pLN8EiuCqZaW07u6IbN0IFawttKZk004ZmMkOSEcowr+HGhYpbn8adb2PaGUTFA4HDufeSez8v4kxphD6twtr6xuZWcbu0s7u3f1A+PLpXYSwJ7ZKQh7LvYUU5E7Srmea0H0mKA4/Tnje/WtZ7D1QqFoo7vYjoKMBTwXxGsDbR8GacJEMZwA5P03G5gqpu00UXLsxMDeWm3oB2Fa1UAbk64/LHcBKSOKBCE46VGtgo0qMES80Ip2lpGCsaYTLHUzowVuCAqlGy2jmFZyaZQD+U5gkNV+nPiQQHSi0Cz3QGWM/U39oy/K82iLXfGiVMRLGmgmQf+TGHOoRLAHDCJCWaL4zBRDKzKyQzLDHRBlNpBcGp1RzbNrdnJy8huC2nUf+G0HWqbhXd1ivty5xGEZyAU3AObNAEbXANOqALCIjAI3gGL1ZsPVmv1lvWWrDymWPwS9b7FxAekg0=</latexit><latexit sha1_base64="vuR+m3GQrFyQGnGNzS2xkBLOY7Y=">AAAB8nicbZDNSgMxFIUz9a/Wv6pLN8EiuCqZaW07u6IbN0IFawttKZk004ZmMkOSEcowr+HGhYpbn8adb2PaGUTFA4HDufeSez8v4kxphD6twtr6xuZWcbu0s7u3f1A+PLpXYSwJ7ZKQh7LvYUU5E7Srmea0H0mKA4/Tnje/WtZ7D1QqFoo7vYjoKMBTwXxGsDbR8GacJEMZwA5P03G5gqpu00UXLsxMDeWm3oB2Fa1UAbk64/LHcBKSOKBCE46VGtgo0qMES80Ip2lpGCsaYTLHUzowVuCAqlGy2jmFZyaZQD+U5gkNV+nPiQQHSi0Cz3QGWM/U39oy/K82iLXfGiVMRLGmgmQf+TGHOoRLAHDCJCWaL4zBRDKzKyQzLDHRBlNpBcGp1RzbNrdnJy8huC2nUf+G0HWqbhXd1ivty5xGEZyAU3AObNAEbXANOqALCIjAI3gGL1ZsPVmv1lvWWrDymWPwS9b7FxAekg0=</latexit><latexit sha1_base64="vuR+m3GQrFyQGnGNzS2xkBLOY7Y=">AAAB8nicbZDNSgMxFIUz9a/Wv6pLN8EiuCqZaW07u6IbN0IFawttKZk004ZmMkOSEcowr+HGhYpbn8adb2PaGUTFA4HDufeSez8v4kxphD6twtr6xuZWcbu0s7u3f1A+PLpXYSwJ7ZKQh7LvYUU5E7Srmea0H0mKA4/Tnje/WtZ7D1QqFoo7vYjoKMBTwXxGsDbR8GacJEMZwA5P03G5gqpu00UXLsxMDeWm3oB2Fa1UAbk64/LHcBKSOKBCE46VGtgo0qMES80Ip2lpGCsaYTLHUzowVuCAqlGy2jmFZyaZQD+U5gkNV+nPiQQHSi0Cz3QGWM/U39oy/K82iLXfGiVMRLGmgmQf+TGHOoRLAHDCJCWaL4zBRDKzKyQzLDHRBlNpBcGp1RzbNrdnJy8huC2nUf+G0HWqbhXd1ivty5xGEZyAU3AObNAEbXANOqALCIjAI3gGL1ZsPVmv1lvWWrDymWPwS9b7FxAekg0=</latexit><latexit sha1_base64="vuR+m3GQrFyQGnGNzS2xkBLOY7Y=">AAAB8nicbZDNSgMxFIUz9a/Wv6pLN8EiuCqZaW07u6IbN0IFawttKZk004ZmMkOSEcowr+HGhYpbn8adb2PaGUTFA4HDufeSez8v4kxphD6twtr6xuZWcbu0s7u3f1A+PLpXYSwJ7ZKQh7LvYUU5E7Srmea0H0mKA4/Tnje/WtZ7D1QqFoo7vYjoKMBTwXxGsDbR8GacJEMZwA5P03G5gqpu00UXLsxMDeWm3oB2Fa1UAbk64/LHcBKSOKBCE46VGtgo0qMES80Ip2lpGCsaYTLHUzowVuCAqlGy2jmFZyaZQD+U5gkNV+nPiQQHSi0Cz3QGWM/U39oy/K82iLXfGiVMRLGmgmQf+TGHOoRLAHDCJCWaL4zBRDKzKyQzLDHRBlNpBcGp1RzbNrdnJy8huC2nUf+G0HWqbhXd1ivty5xGEZyAU3AObNAEbXANOqALCIjAI3gGL1ZsPVmv1lvWWrDymWPwS9b7FxAekg0=</latexit>

Thermal Relic
The Origin of (Particle) Species



Dark Radiation ΩΧ > ΩCDM Dark Matter

⇠ 10MeV
<latexit sha1_base64="I42ncB7MmRELzSG9SyWx5oJFJtQ=">AAAB/HicbZBLS8NAFIUn9VXrKz52bgaL4EJKkhZtd0U3boQKpi00oUymk3boTBJmJkINxb/ixoWKW3+IO/+NaRqkPg4MHM65l7l8XsSoVIbxqRWWlldW14rrpY3Nre0dfXevLcNYYGLjkIWi6yFJGA2IrahipBsJgrjHSMcbX876zh0RkobBrZpExOVoGFCfYqTSqK8fOJJyaBowcQSHzim8Ju1pXy8bFSMT/GvM3JRBrlZf/3AGIY45CRRmSMqeaUTKTZBQFDMyLTmxJBHCYzQkvdQGiBPpJtn1U3icJgPohyJ9gYJZuriRIC7lhHvpJEdqJH93s/C/rhcrv+4mNIhiRQI8/8iPGVQhnKGAAyoIVmySGoQFTW+FeIQEwioFVsogWNWqZZqLEBqNunVW+4ZgW5VGxbiplZsXOY0iOARH4ASY4Bw0wRVoARtgcA8ewTN40R60J+1Ve5uPFrR8Zx/8kPb+BaVJk74=</latexit><latexit sha1_base64="I42ncB7MmRELzSG9SyWx5oJFJtQ=">AAAB/HicbZBLS8NAFIUn9VXrKz52bgaL4EJKkhZtd0U3boQKpi00oUymk3boTBJmJkINxb/ixoWKW3+IO/+NaRqkPg4MHM65l7l8XsSoVIbxqRWWlldW14rrpY3Nre0dfXevLcNYYGLjkIWi6yFJGA2IrahipBsJgrjHSMcbX876zh0RkobBrZpExOVoGFCfYqTSqK8fOJJyaBowcQSHzim8Ju1pXy8bFSMT/GvM3JRBrlZf/3AGIY45CRRmSMqeaUTKTZBQFDMyLTmxJBHCYzQkvdQGiBPpJtn1U3icJgPohyJ9gYJZuriRIC7lhHvpJEdqJH93s/C/rhcrv+4mNIhiRQI8/8iPGVQhnKGAAyoIVmySGoQFTW+FeIQEwioFVsogWNWqZZqLEBqNunVW+4ZgW5VGxbiplZsXOY0iOARH4ASY4Bw0wRVoARtgcA8ewTN40R60J+1Ve5uPFrR8Zx/8kPb+BaVJk74=</latexit><latexit sha1_base64="I42ncB7MmRELzSG9SyWx5oJFJtQ=">AAAB/HicbZBLS8NAFIUn9VXrKz52bgaL4EJKkhZtd0U3boQKpi00oUymk3boTBJmJkINxb/ixoWKW3+IO/+NaRqkPg4MHM65l7l8XsSoVIbxqRWWlldW14rrpY3Nre0dfXevLcNYYGLjkIWi6yFJGA2IrahipBsJgrjHSMcbX876zh0RkobBrZpExOVoGFCfYqTSqK8fOJJyaBowcQSHzim8Ju1pXy8bFSMT/GvM3JRBrlZf/3AGIY45CRRmSMqeaUTKTZBQFDMyLTmxJBHCYzQkvdQGiBPpJtn1U3icJgPohyJ9gYJZuriRIC7lhHvpJEdqJH93s/C/rhcrv+4mNIhiRQI8/8iPGVQhnKGAAyoIVmySGoQFTW+FeIQEwioFVsogWNWqZZqLEBqNunVW+4ZgW5VGxbiplZsXOY0iOARH4ASY4Bw0wRVoARtgcA8ewTN40R60J+1Ve5uPFrR8Zx/8kPb+BaVJk74=</latexit><latexit sha1_base64="I42ncB7MmRELzSG9SyWx5oJFJtQ=">AAAB/HicbZBLS8NAFIUn9VXrKz52bgaL4EJKkhZtd0U3boQKpi00oUymk3boTBJmJkINxb/ixoWKW3+IO/+NaRqkPg4MHM65l7l8XsSoVIbxqRWWlldW14rrpY3Nre0dfXevLcNYYGLjkIWi6yFJGA2IrahipBsJgrjHSMcbX876zh0RkobBrZpExOVoGFCfYqTSqK8fOJJyaBowcQSHzim8Ju1pXy8bFSMT/GvM3JRBrlZf/3AGIY45CRRmSMqeaUTKTZBQFDMyLTmxJBHCYzQkvdQGiBPpJtn1U3icJgPohyJ9gYJZuriRIC7lhHvpJEdqJH93s/C/rhcrv+4mNIhiRQI8/8iPGVQhnKGAAyoIVmySGoQFTW+FeIQEwioFVsogWNWqZZqLEBqNunVW+4ZgW5VGxbiplZsXOY0iOARH4ASY4Bw0wRVoARtgcA8ewTN40R60J+1Ve5uPFrR8Zx/8kPb+BaVJk74=</latexit><latexit sha1_base64="I42ncB7MmRELzSG9SyWx5oJFJtQ=">AAAB/HicbZBLS8NAFIUn9VXrKz52bgaL4EJKkhZtd0U3boQKpi00oUymk3boTBJmJkINxb/ixoWKW3+IO/+NaRqkPg4MHM65l7l8XsSoVIbxqRWWlldW14rrpY3Nre0dfXevLcNYYGLjkIWi6yFJGA2IrahipBsJgrjHSMcbX876zh0RkobBrZpExOVoGFCfYqTSqK8fOJJyaBowcQSHzim8Ju1pXy8bFSMT/GvM3JRBrlZf/3AGIY45CRRmSMqeaUTKTZBQFDMyLTmxJBHCYzQkvdQGiBPpJtn1U3icJgPohyJ9gYJZuriRIC7lhHvpJEdqJH93s/C/rhcrv+4mNIhiRQI8/8iPGVQhnKGAAyoIVmySGoQFTW+FeIQEwioFVsogWNWqZZqLEBqNunVW+4ZgW5VGxbiplZsXOY0iOARH4ASY4Bw0wRVoARtgcA8ewTN40R60J+1Ve5uPFrR8Zx/8kPb+BaVJk74=</latexit>

⇠ 109 GeV
<latexit sha1_base64="D6SCWmTCwL6F36gppIsLKK+LrLQ=">AAAB/nicbZBLS8NAFIUnPmt9RQU3bgaL4EJKkhZtdkUXuqxgH9DEMplO2qEzSZiZCCV24V9x40LFrb/Dnf/GNA1SHwcGDufcy1w+L2JUKsP41BYWl5ZXVgtrxfWNza1tfWe3JcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDHt23dESBoGN2ocEZejQUB9ipFKo56+70jKoWnc2jBxBIfOCbwkrUlPLxllIxP8a8zclECuRk//cPohjjkJFGZIyq5pRMpNkFAUMzIpOrEkEcIjNCDd1AaIE+km2f0TeJQmfeiHIn2Bglk6v5EgLuWYe+kkR2oof3fT8L+uGyu/5iY0iGJFAjz7yI8ZVCGcwoB9KghWbJwahAVNb4V4iATCKkVWzCBYlYplmvMQbLtmnVa/ITStsl02rqul+nlOowAOwCE4BiY4A3VwBRqgCTC4B4/gGbxoD9qT9qq9zUYXtHxnD/yQ9v4F1yCUYw==</latexit><latexit sha1_base64="D6SCWmTCwL6F36gppIsLKK+LrLQ=">AAAB/nicbZBLS8NAFIUnPmt9RQU3bgaL4EJKkhZtdkUXuqxgH9DEMplO2qEzSZiZCCV24V9x40LFrb/Dnf/GNA1SHwcGDufcy1w+L2JUKsP41BYWl5ZXVgtrxfWNza1tfWe3JcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDHt23dESBoGN2ocEZejQUB9ipFKo56+70jKoWnc2jBxBIfOCbwkrUlPLxllIxP8a8zclECuRk//cPohjjkJFGZIyq5pRMpNkFAUMzIpOrEkEcIjNCDd1AaIE+km2f0TeJQmfeiHIn2Bglk6v5EgLuWYe+kkR2oof3fT8L+uGyu/5iY0iGJFAjz7yI8ZVCGcwoB9KghWbJwahAVNb4V4iATCKkVWzCBYlYplmvMQbLtmnVa/ITStsl02rqul+nlOowAOwCE4BiY4A3VwBRqgCTC4B4/gGbxoD9qT9qq9zUYXtHxnD/yQ9v4F1yCUYw==</latexit><latexit sha1_base64="D6SCWmTCwL6F36gppIsLKK+LrLQ=">AAAB/nicbZBLS8NAFIUnPmt9RQU3bgaL4EJKkhZtdkUXuqxgH9DEMplO2qEzSZiZCCV24V9x40LFrb/Dnf/GNA1SHwcGDufcy1w+L2JUKsP41BYWl5ZXVgtrxfWNza1tfWe3JcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDHt23dESBoGN2ocEZejQUB9ipFKo56+70jKoWnc2jBxBIfOCbwkrUlPLxllIxP8a8zclECuRk//cPohjjkJFGZIyq5pRMpNkFAUMzIpOrEkEcIjNCDd1AaIE+km2f0TeJQmfeiHIn2Bglk6v5EgLuWYe+kkR2oof3fT8L+uGyu/5iY0iGJFAjz7yI8ZVCGcwoB9KghWbJwahAVNb4V4iATCKkVWzCBYlYplmvMQbLtmnVa/ITStsl02rqul+nlOowAOwCE4BiY4A3VwBRqgCTC4B4/gGbxoD9qT9qq9zUYXtHxnD/yQ9v4F1yCUYw==</latexit><latexit sha1_base64="D6SCWmTCwL6F36gppIsLKK+LrLQ=">AAAB/nicbZBLS8NAFIUnPmt9RQU3bgaL4EJKkhZtdkUXuqxgH9DEMplO2qEzSZiZCCV24V9x40LFrb/Dnf/GNA1SHwcGDufcy1w+L2JUKsP41BYWl5ZXVgtrxfWNza1tfWe3JcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDHt23dESBoGN2ocEZejQUB9ipFKo56+70jKoWnc2jBxBIfOCbwkrUlPLxllIxP8a8zclECuRk//cPohjjkJFGZIyq5pRMpNkFAUMzIpOrEkEcIjNCDd1AaIE+km2f0TeJQmfeiHIn2Bglk6v5EgLuWYe+kkR2oof3fT8L+uGyu/5iY0iGJFAjz7yI8ZVCGcwoB9KghWbJwahAVNb4V4iATCKkVWzCBYlYplmvMQbLtmnVa/ITStsl02rqul+nlOowAOwCE4BiY4A3VwBRqgCTC4B4/gGbxoD9qT9qq9zUYXtHxnD/yQ9v4F1yCUYw==</latexit><latexit sha1_base64="D6SCWmTCwL6F36gppIsLKK+LrLQ=">AAAB/nicbZBLS8NAFIUnPmt9RQU3bgaL4EJKkhZtdkUXuqxgH9DEMplO2qEzSZiZCCV24V9x40LFrb/Dnf/GNA1SHwcGDufcy1w+L2JUKsP41BYWl5ZXVgtrxfWNza1tfWe3JcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDHt23dESBoGN2ocEZejQUB9ipFKo56+70jKoWnc2jBxBIfOCbwkrUlPLxllIxP8a8zclECuRk//cPohjjkJFGZIyq5pRMpNkFAUMzIpOrEkEcIjNCDd1AaIE+km2f0TeJQmfeiHIn2Bglk6v5EgLuWYe+kkR2oof3fT8L+uGyu/5iY0iGJFAjz7yI8ZVCGcwoB9KghWbJwahAVNb4V4iATCKkVWzCBYlYplmvMQbLtmnVa/ITStsl02rqul+nlOowAOwCE4BiY4A3VwBRqgCTC4B4/gGbxoD9qT9qq9zUYXtHxnD/yQ9v4F1yCUYw==</latexit>

MPl
<latexit sha1_base64="YxcRimWB+fhPJ9CLGT5wuTJV5ns=">AAAB8HicbVDLSsNAFJ3UV62vqks3g0VwVZK0aLsrunEjVDC22IYymU7aoTOTMDMRSuhfuHGh4tbPceffOE2D1MeBC4dz7uXee4KYUaVt+9MqrKyurW8UN0tb2zu7e+X9gzsVJRITD0cskt0AKcKoIJ6mmpFuLAniASOdYHI59zsPRCoaiVs9jYnP0UjQkGKkjXR/PUj7ksM2mw3KFbtqZ4B/iZOTCsjRHpQ/+sMIJ5wIjRlSqufYsfZTJDXFjMxK/USRGOEJGpGeoQJxovw0u3gGT4wyhGEkTQkNM3V5IkVcqSkPTCdHeqx+e3PxP6+X6LDhp1TEiSYCLxaFCYM6gvP34ZBKgjWbGoKwpOZWiMdIIqxNSKUsBLdWcx1nOYRms+Ge1b9D8Nxqs2rf1CutizyNIjgCx+AUOOActMAVaAMPYCDAI3gGL5aynqxX623RWrDymUPwA9b7F7LNkJs=</latexit><latexit sha1_base64="YxcRimWB+fhPJ9CLGT5wuTJV5ns=">AAAB8HicbVDLSsNAFJ3UV62vqks3g0VwVZK0aLsrunEjVDC22IYymU7aoTOTMDMRSuhfuHGh4tbPceffOE2D1MeBC4dz7uXee4KYUaVt+9MqrKyurW8UN0tb2zu7e+X9gzsVJRITD0cskt0AKcKoIJ6mmpFuLAniASOdYHI59zsPRCoaiVs9jYnP0UjQkGKkjXR/PUj7ksM2mw3KFbtqZ4B/iZOTCsjRHpQ/+sMIJ5wIjRlSqufYsfZTJDXFjMxK/USRGOEJGpGeoQJxovw0u3gGT4wyhGEkTQkNM3V5IkVcqSkPTCdHeqx+e3PxP6+X6LDhp1TEiSYCLxaFCYM6gvP34ZBKgjWbGoKwpOZWiMdIIqxNSKUsBLdWcx1nOYRms+Ge1b9D8Nxqs2rf1CutizyNIjgCx+AUOOActMAVaAMPYCDAI3gGL5aynqxX623RWrDymUPwA9b7F7LNkJs=</latexit><latexit sha1_base64="YxcRimWB+fhPJ9CLGT5wuTJV5ns=">AAAB8HicbVDLSsNAFJ3UV62vqks3g0VwVZK0aLsrunEjVDC22IYymU7aoTOTMDMRSuhfuHGh4tbPceffOE2D1MeBC4dz7uXee4KYUaVt+9MqrKyurW8UN0tb2zu7e+X9gzsVJRITD0cskt0AKcKoIJ6mmpFuLAniASOdYHI59zsPRCoaiVs9jYnP0UjQkGKkjXR/PUj7ksM2mw3KFbtqZ4B/iZOTCsjRHpQ/+sMIJ5wIjRlSqufYsfZTJDXFjMxK/USRGOEJGpGeoQJxovw0u3gGT4wyhGEkTQkNM3V5IkVcqSkPTCdHeqx+e3PxP6+X6LDhp1TEiSYCLxaFCYM6gvP34ZBKgjWbGoKwpOZWiMdIIqxNSKUsBLdWcx1nOYRms+Ge1b9D8Nxqs2rf1CutizyNIjgCx+AUOOActMAVaAMPYCDAI3gGL5aynqxX623RWrDymUPwA9b7F7LNkJs=</latexit><latexit sha1_base64="YxcRimWB+fhPJ9CLGT5wuTJV5ns=">AAAB8HicbVDLSsNAFJ3UV62vqks3g0VwVZK0aLsrunEjVDC22IYymU7aoTOTMDMRSuhfuHGh4tbPceffOE2D1MeBC4dz7uXee4KYUaVt+9MqrKyurW8UN0tb2zu7e+X9gzsVJRITD0cskt0AKcKoIJ6mmpFuLAniASOdYHI59zsPRCoaiVs9jYnP0UjQkGKkjXR/PUj7ksM2mw3KFbtqZ4B/iZOTCsjRHpQ/+sMIJ5wIjRlSqufYsfZTJDXFjMxK/USRGOEJGpGeoQJxovw0u3gGT4wyhGEkTQkNM3V5IkVcqSkPTCdHeqx+e3PxP6+X6LDhp1TEiSYCLxaFCYM6gvP34ZBKgjWbGoKwpOZWiMdIIqxNSKUsBLdWcx1nOYRms+Ge1b9D8Nxqs2rf1CutizyNIjgCx+AUOOActMAVaAMPYCDAI3gGL5aynqxX623RWrDymUPwA9b7F7LNkJs=</latexit><latexit sha1_base64="YxcRimWB+fhPJ9CLGT5wuTJV5ns=">AAAB8HicbVDLSsNAFJ3UV62vqks3g0VwVZK0aLsrunEjVDC22IYymU7aoTOTMDMRSuhfuHGh4tbPceffOE2D1MeBC4dz7uXee4KYUaVt+9MqrKyurW8UN0tb2zu7e+X9gzsVJRITD0cskt0AKcKoIJ6mmpFuLAniASOdYHI59zsPRCoaiVs9jYnP0UjQkGKkjXR/PUj7ksM2mw3KFbtqZ4B/iZOTCsjRHpQ/+sMIJ5wIjRlSqufYsfZTJDXFjMxK/USRGOEJGpGeoQJxovw0u3gGT4wyhGEkTQkNM3V5IkVcqSkPTCdHeqx+e3PxP6+X6LDhp1TEiSYCLxaFCYM6gvP34ZBKgjWbGoKwpOZWiMdIIqxNSKUsBLdWcx1nOYRms+Ge1b9D8Nxqs2rf1CutizyNIjgCx+AUOOActMAVaAMPYCDAI3gGL5aynqxX623RWrDymUPwA9b7F7LNkJs=</latexit>

Hawking Radiation

Excluded by 

BBN, LSS

Dark 
Radiation Dark Matter ΩΧ > ΩCDM

⇠ 1 eV
<latexit sha1_base64="upNfSHOndN3b1g2AANk3AxoZawQ=">AAAB/XicbVDLSsNAFJ34rPUVFVduBovgQkKS1rbZFd24rGAf0IQymU7boTNJmJkIJRT8FTcuVNz6H+78GydtERUPzHA4517uvSdMGJXKtj+NldW19Y3NwlZxe2d3b988OGzLOBWYtHDMYtENkSSMRqSlqGKkmwiCeMhIJ5xc537nnghJ4+hOTRMScDSK6JBipLTUN499STn0L6CTf5kvOCTtWd8s2ZZX8+xLDy5I2V6SShU6lj1HCSzR7Jsf/iDGKSeRwgxJ2XPsRAUZEopiRmZFP5UkQXiCRqSnaYQ4kUE2X38Gz7QygMNY6BcpOFd/dmSISznloa7kSI3lXy8X//N6qRrWg4xGSapIhBeDhimDKoZ5FnBABcGKTTVBWFC9K8RjJBBWOrHiPAS3XHYdR9++ODkPwau71cp3CC3X8iz7tlJqXC3TKIATcArOgQNqoAFuQBO0AAYZeATP4MV4MJ6MV+NtUbpiLHuOwC8Y71+ht5RZ</latexit><latexit sha1_base64="upNfSHOndN3b1g2AANk3AxoZawQ=">AAAB/XicbVDLSsNAFJ34rPUVFVduBovgQkKS1rbZFd24rGAf0IQymU7boTNJmJkIJRT8FTcuVNz6H+78GydtERUPzHA4517uvSdMGJXKtj+NldW19Y3NwlZxe2d3b988OGzLOBWYtHDMYtENkSSMRqSlqGKkmwiCeMhIJ5xc537nnghJ4+hOTRMScDSK6JBipLTUN499STn0L6CTf5kvOCTtWd8s2ZZX8+xLDy5I2V6SShU6lj1HCSzR7Jsf/iDGKSeRwgxJ2XPsRAUZEopiRmZFP5UkQXiCRqSnaYQ4kUE2X38Gz7QygMNY6BcpOFd/dmSISznloa7kSI3lXy8X//N6qRrWg4xGSapIhBeDhimDKoZ5FnBABcGKTTVBWFC9K8RjJBBWOrHiPAS3XHYdR9++ODkPwau71cp3CC3X8iz7tlJqXC3TKIATcArOgQNqoAFuQBO0AAYZeATP4MV4MJ6MV+NtUbpiLHuOwC8Y71+ht5RZ</latexit><latexit sha1_base64="upNfSHOndN3b1g2AANk3AxoZawQ=">AAAB/XicbVDLSsNAFJ34rPUVFVduBovgQkKS1rbZFd24rGAf0IQymU7boTNJmJkIJRT8FTcuVNz6H+78GydtERUPzHA4517uvSdMGJXKtj+NldW19Y3NwlZxe2d3b988OGzLOBWYtHDMYtENkSSMRqSlqGKkmwiCeMhIJ5xc537nnghJ4+hOTRMScDSK6JBipLTUN499STn0L6CTf5kvOCTtWd8s2ZZX8+xLDy5I2V6SShU6lj1HCSzR7Jsf/iDGKSeRwgxJ2XPsRAUZEopiRmZFP5UkQXiCRqSnaYQ4kUE2X38Gz7QygMNY6BcpOFd/dmSISznloa7kSI3lXy8X//N6qRrWg4xGSapIhBeDhimDKoZ5FnBABcGKTTVBWFC9K8RjJBBWOrHiPAS3XHYdR9++ODkPwau71cp3CC3X8iz7tlJqXC3TKIATcArOgQNqoAFuQBO0AAYZeATP4MV4MJ6MV+NtUbpiLHuOwC8Y71+ht5RZ</latexit><latexit sha1_base64="upNfSHOndN3b1g2AANk3AxoZawQ=">AAAB/XicbVDLSsNAFJ34rPUVFVduBovgQkKS1rbZFd24rGAf0IQymU7boTNJmJkIJRT8FTcuVNz6H+78GydtERUPzHA4517uvSdMGJXKtj+NldW19Y3NwlZxe2d3b988OGzLOBWYtHDMYtENkSSMRqSlqGKkmwiCeMhIJ5xc537nnghJ4+hOTRMScDSK6JBipLTUN499STn0L6CTf5kvOCTtWd8s2ZZX8+xLDy5I2V6SShU6lj1HCSzR7Jsf/iDGKSeRwgxJ2XPsRAUZEopiRmZFP5UkQXiCRqSnaYQ4kUE2X38Gz7QygMNY6BcpOFd/dmSISznloa7kSI3lXy8X//N6qRrWg4xGSapIhBeDhimDKoZ5FnBABcGKTTVBWFC9K8RjJBBWOrHiPAS3XHYdR9++ODkPwau71cp3CC3X8iz7tlJqXC3TKIATcArOgQNqoAFuQBO0AAYZeATP4MV4MJ6MV+NtUbpiLHuOwC8Y71+ht5RZ</latexit><latexit sha1_base64="upNfSHOndN3b1g2AANk3AxoZawQ=">AAAB/XicbVDLSsNAFJ34rPUVFVduBovgQkKS1rbZFd24rGAf0IQymU7boTNJmJkIJRT8FTcuVNz6H+78GydtERUPzHA4517uvSdMGJXKtj+NldW19Y3NwlZxe2d3b988OGzLOBWYtHDMYtENkSSMRqSlqGKkmwiCeMhIJ5xc537nnghJ4+hOTRMScDSK6JBipLTUN499STn0L6CTf5kvOCTtWd8s2ZZX8+xLDy5I2V6SShU6lj1HCSzR7Jsf/iDGKSeRwgxJ2XPsRAUZEopiRmZFP5UkQXiCRqSnaYQ4kUE2X38Gz7QygMNY6BcpOFd/dmSISznloa7kSI3lXy8X//N6qRrWg4xGSapIhBeDhimDKoZ5FnBABcGKTTVBWFC9K8RjJBBWOrHiPAS3XHYdR9++ODkPwau71cp3CC3X8iz7tlJqXC3TKIATcArOgQNqoAFuQBO0AAYZeATP4MV4MJ6MV+NtUbpiLHuOwC8Y71+ht5RZ</latexit>

⇠ 1MeV
<latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit><latexit sha1_base64="8BVVSxJGXfDeSAxEcOCs68YEjac="></latexit>

⇠ 105GeV
<latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit><latexit sha1_base64="PH8LqHZeVgrbSnWvsrcKct7Ximk="></latexit>

MPl
<latexit sha1_base64="vuR+m3GQrFyQGnGNzS2xkBLOY7Y=">AAAB8nicbZDNSgMxFIUz9a/Wv6pLN8EiuCqZaW07u6IbN0IFawttKZk004ZmMkOSEcowr+HGhYpbn8adb2PaGUTFA4HDufeSez8v4kxphD6twtr6xuZWcbu0s7u3f1A+PLpXYSwJ7ZKQh7LvYUU5E7Srmea0H0mKA4/Tnje/WtZ7D1QqFoo7vYjoKMBTwXxGsDbR8GacJEMZwA5P03G5gqpu00UXLsxMDeWm3oB2Fa1UAbk64/LHcBKSOKBCE46VGtgo0qMES80Ip2lpGCsaYTLHUzowVuCAqlGy2jmFZyaZQD+U5gkNV+nPiQQHSi0Cz3QGWM/U39oy/K82iLXfGiVMRLGmgmQf+TGHOoRLAHDCJCWaL4zBRDKzKyQzLDHRBlNpBcGp1RzbNrdnJy8huC2nUf+G0HWqbhXd1ivty5xGEZyAU3AObNAEbXANOqALCIjAI3gGL1ZsPVmv1lvWWrDymWPwS9b7FxAekg0=</latexit><latexit sha1_base64="vuR+m3GQrFyQGnGNzS2xkBLOY7Y=">AAAB8nicbZDNSgMxFIUz9a/Wv6pLN8EiuCqZaW07u6IbN0IFawttKZk004ZmMkOSEcowr+HGhYpbn8adb2PaGUTFA4HDufeSez8v4kxphD6twtr6xuZWcbu0s7u3f1A+PLpXYSwJ7ZKQh7LvYUU5E7Srmea0H0mKA4/Tnje/WtZ7D1QqFoo7vYjoKMBTwXxGsDbR8GacJEMZwA5P03G5gqpu00UXLsxMDeWm3oB2Fa1UAbk64/LHcBKSOKBCE46VGtgo0qMES80Ip2lpGCsaYTLHUzowVuCAqlGy2jmFZyaZQD+U5gkNV+nPiQQHSi0Cz3QGWM/U39oy/K82iLXfGiVMRLGmgmQf+TGHOoRLAHDCJCWaL4zBRDKzKyQzLDHRBlNpBcGp1RzbNrdnJy8huC2nUf+G0HWqbhXd1ivty5xGEZyAU3AObNAEbXANOqALCIjAI3gGL1ZsPVmv1lvWWrDymWPwS9b7FxAekg0=</latexit><latexit sha1_base64="vuR+m3GQrFyQGnGNzS2xkBLOY7Y=">AAAB8nicbZDNSgMxFIUz9a/Wv6pLN8EiuCqZaW07u6IbN0IFawttKZk004ZmMkOSEcowr+HGhYpbn8adb2PaGUTFA4HDufeSez8v4kxphD6twtr6xuZWcbu0s7u3f1A+PLpXYSwJ7ZKQh7LvYUU5E7Srmea0H0mKA4/Tnje/WtZ7D1QqFoo7vYjoKMBTwXxGsDbR8GacJEMZwA5P03G5gqpu00UXLsxMDeWm3oB2Fa1UAbk64/LHcBKSOKBCE46VGtgo0qMES80Ip2lpGCsaYTLHUzowVuCAqlGy2jmFZyaZQD+U5gkNV+nPiQQHSi0Cz3QGWM/U39oy/K82iLXfGiVMRLGmgmQf+TGHOoRLAHDCJCWaL4zBRDKzKyQzLDHRBlNpBcGp1RzbNrdnJy8huC2nUf+G0HWqbhXd1ivty5xGEZyAU3AObNAEbXANOqALCIjAI3gGL1ZsPVmv1lvWWrDymWPwS9b7FxAekg0=</latexit><latexit sha1_base64="vuR+m3GQrFyQGnGNzS2xkBLOY7Y=">AAAB8nicbZDNSgMxFIUz9a/Wv6pLN8EiuCqZaW07u6IbN0IFawttKZk004ZmMkOSEcowr+HGhYpbn8adb2PaGUTFA4HDufeSez8v4kxphD6twtr6xuZWcbu0s7u3f1A+PLpXYSwJ7ZKQh7LvYUU5E7Srmea0H0mKA4/Tnje/WtZ7D1QqFoo7vYjoKMBTwXxGsDbR8GacJEMZwA5P03G5gqpu00UXLsxMDeWm3oB2Fa1UAbk64/LHcBKSOKBCE46VGtgo0qMES80Ip2lpGCsaYTLHUzowVuCAqlGy2jmFZyaZQD+U5gkNV+nPiQQHSi0Cz3QGWM/U39oy/K82iLXfGiVMRLGmgmQf+TGHOoRLAHDCJCWaL4zBRDKzKyQzLDHRBlNpBcGp1RzbNrdnJy8huC2nUf+G0HWqbhXd1ivty5xGEZyAU3AObNAEbXANOqALCIjAI3gGL1ZsPVmv1lvWWrDymWPwS9b7FxAekg0=</latexit><latexit sha1_base64="vuR+m3GQrFyQGnGNzS2xkBLOY7Y=">AAAB8nicbZDNSgMxFIUz9a/Wv6pLN8EiuCqZaW07u6IbN0IFawttKZk004ZmMkOSEcowr+HGhYpbn8adb2PaGUTFA4HDufeSez8v4kxphD6twtr6xuZWcbu0s7u3f1A+PLpXYSwJ7ZKQh7LvYUU5E7Srmea0H0mKA4/Tnje/WtZ7D1QqFoo7vYjoKMBTwXxGsDbR8GacJEMZwA5P03G5gqpu00UXLsxMDeWm3oB2Fa1UAbk64/LHcBKSOKBCE46VGtgo0qMES80Ip2lpGCsaYTLHUzowVuCAqlGy2jmFZyaZQD+U5gkNV+nPiQQHSi0Cz3QGWM/U39oy/K82iLXfGiVMRLGmgmQf+TGHOoRLAHDCJCWaL4zBRDKzKyQzLDHRBlNpBcGp1RzbNrdnJy8huC2nUf+G0HWqbhXd1ivty5xGEZyAU3AObNAEbXANOqALCIjAI3gGL1ZsPVmv1lvWWrDymWPwS9b7FxAekg0=</latexit>

Thermal Relic
The Origin of (Particle) Species
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Black Hole Temperature
• Every black hole emits like a blackbody at a 

temperature (Bekenstein 1973; Hawking 1974):

TBH =
M2

Pl

8⇡MBH
<latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit><latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit><latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit><latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit><latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit>



Black Hole Temperature
• Every black hole emits like a blackbody at a 

temperature (Bekenstein 1973; Hawking 1974): 

• For MBH ~ M⊙, TBH ~ 10-20 GeV

TBH =
M2

Pl

8⇡MBH
<latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit><latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit><latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit><latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit><latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit>



Black Hole Temperature
• Every black hole emits like a blackbody at a 

temperature (Bekenstein 1973; Hawking 1974): 

• For MBH ~ M⊙, TBH ~ 10-20 GeV 

• For MBH ~ 108 gram, TBH ≫ TeV

TBH =
M2

Pl

8⇡MBH
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Black Hole Evaporation
• Evaporation rate formula (Hawking 1974):
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Black Hole Evaporation
• Evaporation rate formula (Hawking 1974): 

• For g★,H constant with MBH, this integrates:
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• Since τ ~ s × (Mi/109g)3: 
• tuniv ~ 1018 s ⟹ black holes as (component 

of) stable relic DM must have Mi ≳ 1015 g 
• intermediate mass black holes constrained by 

CMB (Poulin et al. 1610.10051 & JCAP; Stöcker et al. 1801.01871 & JCAP)  and 
BBN (Kohri and Yokoyama astro-ph/9908160 & PRD; Carr et al. 0912.5297 & PRD) 

• black holes with Mi ≲ 109 g evaporate pre-BBN 
• Can Mi ≲ 109 g black holes impact our universe?

Evaporation Timescales



Black Hole Energy Density
ρ(SM) rad ~ a-4, ρDM ~ a-3

because of this, black holes 
will grow in relative importance 

over cosmic time
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• It’s possible that black holes are the dominant 
source of the stuff in the universe

Black Hole Reheating

T⌧ ' 40[50]MeV

✓
108 g

Mi

◆3/2 ✓g?,H(TBH)

108

◆1/2 ✓ 14

g?(T⌧ )

◆1/4

<latexit sha1_base64="2wMnR1CaZYg0TMSSFVuDdSjFy9w="></latexit><latexit sha1_base64="2wMnR1CaZYg0TMSSFVuDdSjFy9w="></latexit><latexit sha1_base64="2wMnR1CaZYg0TMSSFVuDdSjFy9w="></latexit><latexit sha1_base64="2wMnR1CaZYg0TMSSFVuDdSjFy9w="></latexit><latexit sha1_base64="2wMnR1CaZYg0TMSSFVuDdSjFy9w="></latexit>



• It’s possible that black holes are the dominant 
source of the stuff in the universe 

• Doesn’t matter for the Standard Model — 
thermal equilibrium established before BBN

Black Hole Reheating

T⌧ ' 40[50]MeV

✓
108 g

Mi

◆3/2 ✓g?,H(TBH)

108

◆1/2 ✓ 14

g?(T⌧ )

◆1/4

<latexit sha1_base64="2wMnR1CaZYg0TMSSFVuDdSjFy9w="></latexit><latexit sha1_base64="2wMnR1CaZYg0TMSSFVuDdSjFy9w="></latexit><latexit sha1_base64="2wMnR1CaZYg0TMSSFVuDdSjFy9w="></latexit><latexit sha1_base64="2wMnR1CaZYg0TMSSFVuDdSjFy9w="></latexit><latexit sha1_base64="2wMnR1CaZYg0TMSSFVuDdSjFy9w="></latexit>



• It’s possible that black holes are the dominant 
source of the stuff in the universe 

• Doesn’t matter for the Standard Model — 
thermal equilibrium established before BBN 

• Implications for dark sector?

Black Hole Reheating
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Outline

1. The Mass Range of Primordial Black Holes 

2. Dark Radiation 

3. Superheavy Dark Matter 

4. Concluding Comments



Dark Radiation, I
• Number of degrees of freedom in radiation at 

CMB is conventionally parameterized by ΔNeff:
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Dark Radiation, I
• Number of degrees of freedom in radiation at 

CMB is conventionally parameterized by ΔNeff: 

• Conservation of entropy and equipartition of 
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Dark Radiation, I
• Number of degrees of freedom in radiation at 

CMB is conventionally parameterized by ΔNeff: 
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• Number of degrees of freedom in radiation at 
CMB is conventionally parameterized by ΔNeff: 

• Conservation of entropy and equipartition of 
energy (modulo graybody factors) gives:

�Ne↵ ⌘ 8

7

✓
11

4

◆4/3 ⇢X(TCMB)

⇢�(TCMB)
<latexit sha1_base64="2MUq+tccxZg8uzeNbulcE4mZ+h8="></latexit><latexit sha1_base64="2MUq+tccxZg8uzeNbulcE4mZ+h8="></latexit><latexit sha1_base64="2MUq+tccxZg8uzeNbulcE4mZ+h8="></latexit><latexit sha1_base64="2MUq+tccxZg8uzeNbulcE4mZ+h8="></latexit><latexit sha1_base64="2MUq+tccxZg8uzeNbulcE4mZ+h8="></latexit>

�Ne↵ ⇡ 0.10

✓
gDR,H

4

◆✓
106

g?(TRH)

◆1/3

<latexit sha1_base64="UIBKH0D+NN4UC43eIsMK12ejD6U="></latexit><latexit sha1_base64="UIBKH0D+NN4UC43eIsMK12ejD6U="></latexit><latexit sha1_base64="UIBKH0D+NN4UC43eIsMK12ejD6U="></latexit><latexit sha1_base64="UIBKH0D+NN4UC43eIsMK12ejD6U="></latexit><latexit sha1_base64="UIBKH0D+NN4UC43eIsMK12ejD6U="></latexit>

Dark Radiation, I



Dark Radiation, II
• How light must such a state be to be radiation?
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Dark Radiation, II
• How light must such a state be to be radiation? 

• Slight thermal distortion ⟹ mDR ≲ 5 MeV
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Black Hole Temperature
• Black hole has a temperature (Bekenstein 1973; Hawking 1974):

TBH =
M2
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Black Hole Temperature
• Black hole has a temperature (Bekenstein 1973; Hawking 1974): 

• As MBH decreases, TBH increases

TBH =
M2
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Black Hole Temperature
• Black hole has a temperature (Bekenstein 1973; Hawking 1974): 

• As MBH decreases, TBH increases 

• Continues until TBH ~ MPl (at which point 
Hawking’s calculation breaks down)
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Black Hole Temperature
• Black hole has a temperature (Bekenstein 1973; Hawking 1974): 

• As MBH decreases, TBH increases 

• Continues until TBH ~ MPl (at which point 
Hawking’s calculation breaks down)
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Eventually, particles of 
any sub-Planck scale 

mass can be produced in 
Hawking evaporation!
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Heavy Dark Matter
Two different regimes:

“freeze-in like” “freeze-out like”
(see also Morrison et al., 1812.10606) (see also Lennon et al., 1712.07664)
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Heavy Dark Matter
Two different regimes:
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ηb can be set by initial conditions / very early universe

ηb needs to be accounted for by black hole evap. as well



Outline

1. The Mass Range of Primordial Black Holes 

2. Dark Radiation 

3. Superheavy Dark Matter 
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5. Concluding Comments
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Some Things You  
Might Worry About

(Very) early universe conditions: 

• formation of binaries 

• gravitational wave inspiral 

• accretion of SM stuff



Accretion
Bondi-Hoyle accretion… 
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Accretion
Bondi-Hoyle accretion… 

…slowing / halting the evaporation process?
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Future Directions
• Interesting possibility for a “nightmare-scenario” 

decoupled dark sector 

• Potentially observable in CMBS4 

• Early-universe physics can be treated in greater 
depth in UV-complete scenarios 

• Possibilities for more extended hidden sectors?



Thanks!



Extra

1. Mass Function 

2. Effects on BBN and CMB



Black hole mergers
Binary capture in the early universe… 
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Binary Formation During 
Black Hole Domination

Binary capture in the early universe… 

Black hole domination:

�bc = ⇡

✓
85⇡

3

◆2/7

r2Schwv
�18/7

<latexit sha1_base64="ikM+5+W5RskcfDpQxdnJ6mXg0tM="></latexit><latexit sha1_base64="ikM+5+W5RskcfDpQxdnJ6mXg0tM="></latexit><latexit sha1_base64="ikM+5+W5RskcfDpQxdnJ6mXg0tM="></latexit><latexit sha1_base64="ikM+5+W5RskcfDpQxdnJ6mXg0tM="></latexit><latexit sha1_base64="ikM+5+W5RskcfDpQxdnJ6mXg0tM="></latexit>

Quinlan and Shapiro, 
1989 ApJ

�

H
⇠ ⇢BHMBH

M
4

Pl

MPlp
⇢BH

⇠
r

⇢BH

M
4

Pl

MBH

MPl
<latexit sha1_base64="3Kl+z1WLZczkzOsMYzcnn9wHsEc="></latexit><latexit sha1_base64="3Kl+z1WLZczkzOsMYzcnn9wHsEc="></latexit><latexit sha1_base64="3Kl+z1WLZczkzOsMYzcnn9wHsEc="></latexit><latexit sha1_base64="3Kl+z1WLZczkzOsMYzcnn9wHsEc="></latexit><latexit sha1_base64="3Kl+z1WLZczkzOsMYzcnn9wHsEc="></latexit>



Binary Formation During 
Black Hole Domination

Binary capture in the early universe… 

Black hole domination:
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Binary Formation During 
Black Hole Domination

Binary capture in the early universe… 

Black hole domination:
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Binary Formation During 
Radiation Domination

Binary capture in the early universe… 
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Inspiral
Binary capture in the early universe… 

…leading to mergers?
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Black Hole Temperature
• Black hole has a temperature (Bekenstein 1973; Hawking 1974):
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Black Hole Temperature
• Black hole has a temperature (Bekenstein 1973; Hawking 1974): 

• As MBH decreases, TBH increases
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Black Hole Temperature
• Black hole has a temperature (Bekenstein 1973; Hawking 1974): 

• As MBH decreases, TBH increases 

• Continues until TBH ~ MPl (at which point 
Hawking’s calculation breaks down)
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Black Hole Temperature
• Black hole has a temperature (Bekenstein 1973; Hawking 1974): 

• As MBH decreases, TBH increases 

• Continues until TBH ~ MPl (at which point 
Hawking’s calculation breaks down)

TBH =
M2

Pl

8⇡MBH
<latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit><latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit><latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit><latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit><latexit sha1_base64="mt0i42h2MR50tZGZto+uLggzOjI="></latexit>High energy particles 

(strongly interacting or not) 
can impact n/p freezeout, 

break up nuclei, etc.!
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Next Steps
• Updated observations and nuclear rates



Next Steps
• Updated observations and nuclear rates 

• Effects on CMB spectral distortions



Next Steps
• Updated observations and nuclear rates 

• Effects on CMB spectral distortions 

• Large number of extra sectors (N-naturalness) 

• will change the mass / lifetime relation 

• smaller fraction of energy going to SM stuff


