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Black holes Black hole shadow in front of the milky way. 

Image credit: ESA. 



Black holes in nature

black hole mass (solar masses)

X-ray observations
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<latexit sha1_base64="9qYxpLHzFJ7fb/ykVvqcs/EDEmQ=">AAAB5XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJCHZZdOOygr1AG8tketIMnVyYmQgl9BF0JerOF/IFfBsnNQtt/VffnP8fOP/xU8GVdpwvq7K2vrG5Vd2u7ezu7R/Yh0ddlWSSYYclIpF9nyoUPMaO5lpgP5VII19gz5/eFH7vEaXiSXyvZyl6EZ3EPOCM6mLkOg/NkV13Gs5CZBXcEupQqj2yP4fjhGURxpoJqtTAdVLt5VRqzgTOa8NMYUrZlE5wYDCmESovX+w6J2dBIokOkSzev7M5jZSaRb7JRFSHatkrhv95g0wHTS/ncZppjJmJGC/IBNEJKSqTMZfItJgZoExysyVhIZWUaXOYmqnvLpddhe5Fw3Ua7t1lvXVdHqIKJ3AK5+DCFbTgFtrQAQYhPMMbvFsT68l6sV5/ohWr/HMMf2R9fAMIyosu</latexit><latexit sha1_base64="9qYxpLHzFJ7fb/ykVvqcs/EDEmQ=">AAAB5XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJCHZZdOOygr1AG8tketIMnVyYmQgl9BF0JerOF/IFfBsnNQtt/VffnP8fOP/xU8GVdpwvq7K2vrG5Vd2u7ezu7R/Yh0ddlWSSYYclIpF9nyoUPMaO5lpgP5VII19gz5/eFH7vEaXiSXyvZyl6EZ3EPOCM6mLkOg/NkV13Gs5CZBXcEupQqj2yP4fjhGURxpoJqtTAdVLt5VRqzgTOa8NMYUrZlE5wYDCmESovX+w6J2dBIokOkSzev7M5jZSaRb7JRFSHatkrhv95g0wHTS/ncZppjJmJGC/IBNEJKSqTMZfItJgZoExysyVhIZWUaXOYmqnvLpddhe5Fw3Ua7t1lvXVdHqIKJ3AK5+DCFbTgFtrQAQYhPMMbvFsT68l6sV5/ohWr/HMMf2R9fAMIyosu</latexit><latexit sha1_base64="9qYxpLHzFJ7fb/ykVvqcs/EDEmQ=">AAAB5XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJCHZZdOOygr1AG8tketIMnVyYmQgl9BF0JerOF/IFfBsnNQtt/VffnP8fOP/xU8GVdpwvq7K2vrG5Vd2u7ezu7R/Yh0ddlWSSYYclIpF9nyoUPMaO5lpgP5VII19gz5/eFH7vEaXiSXyvZyl6EZ3EPOCM6mLkOg/NkV13Gs5CZBXcEupQqj2yP4fjhGURxpoJqtTAdVLt5VRqzgTOa8NMYUrZlE5wYDCmESovX+w6J2dBIokOkSzev7M5jZSaRb7JRFSHatkrhv95g0wHTS/ncZppjJmJGC/IBNEJKSqTMZfItJgZoExysyVhIZWUaXOYmqnvLpddhe5Fw3Ua7t1lvXVdHqIKJ3AK5+DCFbTgFtrQAQYhPMMbvFsT68l6sV5/ohWr/HMMf2R9fAMIyosu</latexit><latexit sha1_base64="igNIIXj664y3Gae0TWz7jfUX+FE=">AAAB03icbVBNT8JAFHzFL6yoePaykZh4Iq0XPZp48YiJBRJoyHZ5hQ27bbP7akIa7saLMf4t/4D/xgU5KDineTNzeDNJoaSlIPjyaju7e/sH9UP/qOEfn5w2G12bl0ZgJHKVm37CLSqZYUSSFPYLg1wnCnvJ7H7p957RWJlnTzQvMNZ8kslUCk5O6oyaraAdrMC2SbgmLVhj1PwcjnNRasxIKG7tIAwKiituSAqFC39YWiy4mPEJDhzNuEYbV6s3F+wyzQ2jKbLV/TtbcW3tXCcuozlN7aa3FP/zBiWlt3Els6IkzISLOC8tFaOcLduysTQoSM0d4cJI9yUTU264ILeJ79qHm123Sfe6HQbt8DGAOpzDBVxBCDdwBw/QgQgEjOEVPrzEe/Heflaqeeu5zuAPvPdvUZuH0w==</latexit><latexit sha1_base64="qSCX9KS/oP7DUwRUqT3VVf17A1c=">AAAB2nicbVC9TsMwGPxS/kopUFhZLCokpsphoSMSC2OR6I/UhspxvzRWnTiyHaQq6iPAhICH4gV4G5zSAVpuuu/uhu8uzKQwltIvr7K1vbO7V92vHdQPj44bJ/WeUbnm2OVKKj0ImUEpUuxaYSUOMo0sCSX2w9lt6fefUBuh0gc7zzBI2DQVkeDMlpJPH9vjRpO26BJkk/gr0oQVOuPG52iieJ5garlkxgx9mtmgYNoKLnFRG+UGM8ZnbIpDR1OWoAmK5a8LchEpTWyMZHn/zhYsMWaehC6TMBubda8U//OGuY3aQSHSLLeYchdxXpRLYhUpK5OJ0MitnDvCuBbuS8Jjphm3bpiaq++vl90kvauWT1v+PYUqnME5XIIP13ADd9CBLnCI4QXe4cObes/e689QFW+12Cn8gff2DQhMid4=</latexit><latexit sha1_base64="qSCX9KS/oP7DUwRUqT3VVf17A1c=">AAAB2nicbVC9TsMwGPxS/kopUFhZLCokpsphoSMSC2OR6I/UhspxvzRWnTiyHaQq6iPAhICH4gV4G5zSAVpuuu/uhu8uzKQwltIvr7K1vbO7V92vHdQPj44bJ/WeUbnm2OVKKj0ImUEpUuxaYSUOMo0sCSX2w9lt6fefUBuh0gc7zzBI2DQVkeDMlpJPH9vjRpO26BJkk/gr0oQVOuPG52iieJ5garlkxgx9mtmgYNoKLnFRG+UGM8ZnbIpDR1OWoAmK5a8LchEpTWyMZHn/zhYsMWaehC6TMBubda8U//OGuY3aQSHSLLeYchdxXpRLYhUpK5OJ0MitnDvCuBbuS8Jjphm3bpiaq++vl90kvauWT1v+PYUqnME5XIIP13ADd9CBLnCI4QXe4cObes/e689QFW+12Cn8gff2DQhMid4=</latexit><latexit sha1_base64="2YwPCKvIXjqzKtdg2NKSDLKXBo0=">AAAB5XicbZDNTgIxFIXv4B/iH+rSTSMxcUU6bmRJdOMSEwETGEmn3GEaOj9pOyZkwiPoyqg7X8gX8G3s4CwUPKuv95wm91w/lUIbSr+cytr6xuZWdbu2s7u3f1A/POrpJFMcuzyRibr3mUYpYuwaYSTepwpZ5Evs+9Prwu8/otIiie/MLEUvYpNYBIIzU4xc+tAa1Ru0SRciq+CW0IBSnVH9czhOeBZhbLhkWg9cmhovZ8oILnFeG2YaU8anbIIDizGLUHv5Ytc5OQsSRUyIZPH+nc1ZpPUs8m0mYibUy14x/M8bZCZoebmI08xgzG3EekEmiUlIUZmMhUJu5MwC40rYLQkPmWLc2MPUbH13uewq9C6aLm26t7TRvioPUYUTOIVzcOES2nADHegChxCe4Q3enYnz5Lw4rz/RilP+OYY/cj6+AQeKiyo=</latexit><latexit sha1_base64="9qYxpLHzFJ7fb/ykVvqcs/EDEmQ=">AAAB5XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJCHZZdOOygr1AG8tketIMnVyYmQgl9BF0JerOF/IFfBsnNQtt/VffnP8fOP/xU8GVdpwvq7K2vrG5Vd2u7ezu7R/Yh0ddlWSSYYclIpF9nyoUPMaO5lpgP5VII19gz5/eFH7vEaXiSXyvZyl6EZ3EPOCM6mLkOg/NkV13Gs5CZBXcEupQqj2yP4fjhGURxpoJqtTAdVLt5VRqzgTOa8NMYUrZlE5wYDCmESovX+w6J2dBIokOkSzev7M5jZSaRb7JRFSHatkrhv95g0wHTS/ncZppjJmJGC/IBNEJKSqTMZfItJgZoExysyVhIZWUaXOYmqnvLpddhe5Fw3Ua7t1lvXVdHqIKJ3AK5+DCFbTgFtrQAQYhPMMbvFsT68l6sV5/ohWr/HMMf2R9fAMIyosu</latexit><latexit sha1_base64="9qYxpLHzFJ7fb/ykVvqcs/EDEmQ=">AAAB5XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJCHZZdOOygr1AG8tketIMnVyYmQgl9BF0JerOF/IFfBsnNQtt/VffnP8fOP/xU8GVdpwvq7K2vrG5Vd2u7ezu7R/Yh0ddlWSSYYclIpF9nyoUPMaO5lpgP5VII19gz5/eFH7vEaXiSXyvZyl6EZ3EPOCM6mLkOg/NkV13Gs5CZBXcEupQqj2yP4fjhGURxpoJqtTAdVLt5VRqzgTOa8NMYUrZlE5wYDCmESovX+w6J2dBIokOkSzev7M5jZSaRb7JRFSHatkrhv95g0wHTS/ncZppjJmJGC/IBNEJKSqTMZfItJgZoExysyVhIZWUaXOYmqnvLpddhe5Fw3Ua7t1lvXVdHqIKJ3AK5+DCFbTgFtrQAQYhPMMbvFsT68l6sV5/ohWr/HMMf2R9fAMIyosu</latexit><latexit sha1_base64="9qYxpLHzFJ7fb/ykVvqcs/EDEmQ=">AAAB5XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJCHZZdOOygr1AG8tketIMnVyYmQgl9BF0JerOF/IFfBsnNQtt/VffnP8fOP/xU8GVdpwvq7K2vrG5Vd2u7ezu7R/Yh0ddlWSSYYclIpF9nyoUPMaO5lpgP5VII19gz5/eFH7vEaXiSXyvZyl6EZ3EPOCM6mLkOg/NkV13Gs5CZBXcEupQqj2yP4fjhGURxpoJqtTAdVLt5VRqzgTOa8NMYUrZlE5wYDCmESovX+w6J2dBIokOkSzev7M5jZSaRb7JRFSHatkrhv95g0wHTS/ncZppjJmJGC/IBNEJKSqTMZfItJgZoExysyVhIZWUaXOYmqnvLpddhe5Fw3Ua7t1lvXVdHqIKJ3AK5+DCFbTgFtrQAQYhPMMbvFsT68l6sV5/ohWr/HMMf2R9fAMIyosu</latexit><latexit sha1_base64="9qYxpLHzFJ7fb/ykVvqcs/EDEmQ=">AAAB5XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJCHZZdOOygr1AG8tketIMnVyYmQgl9BF0JerOF/IFfBsnNQtt/VffnP8fOP/xU8GVdpwvq7K2vrG5Vd2u7ezu7R/Yh0ddlWSSYYclIpF9nyoUPMaO5lpgP5VII19gz5/eFH7vEaXiSXyvZyl6EZ3EPOCM6mLkOg/NkV13Gs5CZBXcEupQqj2yP4fjhGURxpoJqtTAdVLt5VRqzgTOa8NMYUrZlE5wYDCmESovX+w6J2dBIokOkSzev7M5jZSaRb7JRFSHatkrhv95g0wHTS/ncZppjJmJGC/IBNEJKSqTMZfItJgZoExysyVhIZWUaXOYmqnvLpddhe5Fw3Ua7t1lvXVdHqIKJ3AK5+DCFbTgFtrQAQYhPMMbvFsT68l6sV5/ohWr/HMMf2R9fAMIyosu</latexit><latexit sha1_base64="9qYxpLHzFJ7fb/ykVvqcs/EDEmQ=">AAAB5XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJCHZZdOOygr1AG8tketIMnVyYmQgl9BF0JerOF/IFfBsnNQtt/VffnP8fOP/xU8GVdpwvq7K2vrG5Vd2u7ezu7R/Yh0ddlWSSYYclIpF9nyoUPMaO5lpgP5VII19gz5/eFH7vEaXiSXyvZyl6EZ3EPOCM6mLkOg/NkV13Gs5CZBXcEupQqj2yP4fjhGURxpoJqtTAdVLt5VRqzgTOa8NMYUrZlE5wYDCmESovX+w6J2dBIokOkSzev7M5jZSaRb7JRFSHatkrhv95g0wHTS/ncZppjJmJGC/IBNEJKSqTMZfItJgZoExysyVhIZWUaXOYmqnvLpddhe5Fw3Ua7t1lvXVdHqIKJ3AK5+DCFbTgFtrQAQYhPMMbvFsT68l6sV5/ohWr/HMMf2R9fAMIyosu</latexit><latexit sha1_base64="9qYxpLHzFJ7fb/ykVvqcs/EDEmQ=">AAAB5XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJCHZZdOOygr1AG8tketIMnVyYmQgl9BF0JerOF/IFfBsnNQtt/VffnP8fOP/xU8GVdpwvq7K2vrG5Vd2u7ezu7R/Yh0ddlWSSYYclIpF9nyoUPMaO5lpgP5VII19gz5/eFH7vEaXiSXyvZyl6EZ3EPOCM6mLkOg/NkV13Gs5CZBXcEupQqj2yP4fjhGURxpoJqtTAdVLt5VRqzgTOa8NMYUrZlE5wYDCmESovX+w6J2dBIokOkSzev7M5jZSaRb7JRFSHatkrhv95g0wHTS/ncZppjJmJGC/IBNEJKSqTMZfItJgZoExysyVhIZWUaXOYmqnvLpddhe5Fw3Ua7t1lvXVdHqIKJ3AK5+DCFbTgFtrQAQYhPMMbvFsT68l6sV5/ohWr/HMMf2R9fAMIyosu</latexit>

1010
<latexit sha1_base64="ZuT+irzk2XkELncbVSrkdXlVC3M=">AAAB6HicbZDLTgIxFIbP4A3xhrp000hMXJHWmOiS6MYlJnJJYCSdcgYqnUvajgmZ8A66MurO5/EFfBsLslDwX309/9/k/CdIlTSW0i+vsLK6tr5R3Cxtbe/s7pX3D5omybTAhkhUotsBN6hkjA0rrcJ2qpFHgcJWMLqe+q1H1EYm8Z0dp+hHfBDLUApu3ajF6H3O6KRXrtAqnYksA5tDBeaq98qf3X4isghjKxQ3psNoav2cayuFwkmpmxlMuRjxAXYcxjxC4+ezdSfkJEw0sUMks/fvbM4jY8ZR4DIRt0Oz6E2H/3mdzIaXfi7jNLMYCxdxXpgpYhMybU36UqOwauyACy3dlkQMuebCutuUXH22WHYZmmdVRqvs9rxSu5ofoghHcAynwOACanADdWiAgBE8wxu8ew/ek/fivf5EC978zyH8kffxDSsYjG0=</latexit><latexit sha1_base64="ZuT+irzk2XkELncbVSrkdXlVC3M=">AAAB6HicbZDLTgIxFIbP4A3xhrp000hMXJHWmOiS6MYlJnJJYCSdcgYqnUvajgmZ8A66MurO5/EFfBsLslDwX309/9/k/CdIlTSW0i+vsLK6tr5R3Cxtbe/s7pX3D5omybTAhkhUotsBN6hkjA0rrcJ2qpFHgcJWMLqe+q1H1EYm8Z0dp+hHfBDLUApu3ajF6H3O6KRXrtAqnYksA5tDBeaq98qf3X4isghjKxQ3psNoav2cayuFwkmpmxlMuRjxAXYcxjxC4+ezdSfkJEw0sUMks/fvbM4jY8ZR4DIRt0Oz6E2H/3mdzIaXfi7jNLMYCxdxXpgpYhMybU36UqOwauyACy3dlkQMuebCutuUXH22WHYZmmdVRqvs9rxSu5ofoghHcAynwOACanADdWiAgBE8wxu8ew/ek/fivf5EC978zyH8kffxDSsYjG0=</latexit><latexit sha1_base64="ZuT+irzk2XkELncbVSrkdXlVC3M=">AAAB6HicbZDLTgIxFIbP4A3xhrp000hMXJHWmOiS6MYlJnJJYCSdcgYqnUvajgmZ8A66MurO5/EFfBsLslDwX309/9/k/CdIlTSW0i+vsLK6tr5R3Cxtbe/s7pX3D5omybTAhkhUotsBN6hkjA0rrcJ2qpFHgcJWMLqe+q1H1EYm8Z0dp+hHfBDLUApu3ajF6H3O6KRXrtAqnYksA5tDBeaq98qf3X4isghjKxQ3psNoav2cayuFwkmpmxlMuRjxAXYcxjxC4+ezdSfkJEw0sUMks/fvbM4jY8ZR4DIRt0Oz6E2H/3mdzIaXfi7jNLMYCxdxXpgpYhMybU36UqOwauyACy3dlkQMuebCutuUXH22WHYZmmdVRqvs9rxSu5ofoghHcAynwOACanADdWiAgBE8wxu8ew/ek/fivf5EC978zyH8kffxDSsYjG0=</latexit><latexit sha1_base64="ZuT+irzk2XkELncbVSrkdXlVC3M=">AAAB6HicbZDLTgIxFIbP4A3xhrp000hMXJHWmOiS6MYlJnJJYCSdcgYqnUvajgmZ8A66MurO5/EFfBsLslDwX309/9/k/CdIlTSW0i+vsLK6tr5R3Cxtbe/s7pX3D5omybTAhkhUotsBN6hkjA0rrcJ2qpFHgcJWMLqe+q1H1EYm8Z0dp+hHfBDLUApu3ajF6H3O6KRXrtAqnYksA5tDBeaq98qf3X4isghjKxQ3psNoav2cayuFwkmpmxlMuRjxAXYcxjxC4+ezdSfkJEw0sUMks/fvbM4jY8ZR4DIRt0Oz6E2H/3mdzIaXfi7jNLMYCxdxXpgpYhMybU36UqOwauyACy3dlkQMuebCutuUXH22WHYZmmdVRqvs9rxSu5ofoghHcAynwOACanADdWiAgBE8wxu8ew/ek/fivf5EC978zyH8kffxDSsYjG0=</latexit>

X-ray observations 
ongoing radio observations 

future GW observations
GW observations



Black holes and black hole mergers

• GWs 

• Shadows 

• Event horizons

Image credit: NASA 



spacetime

Event horizon

surface in spacetime that separates the points 
that are causally connected to asymptotic infinity 
from those that are not

event horizon

infinity

Null



Event horizon

2-sphere

horizon generators: 
light rays

time2-sphere

angles

Schwarzschild example:

surface in spacetime that separates the points 
that are causally connected to asymptotic infinity 
from those that are not

Null



Event horizon of a black hole merger



How do people study event horizons?

very symmetric 
static or stationary 

black holes

black hole mergers 
or 

less symmetric 
stationary black holes



Extreme mass ratio black hole mergers

m

M
⌧ 1

<latexit sha1_base64="FUtcnwSjyWwPSt2qQIGyck2YQe0=">AAAB9HicbZDNSsNAFIUn9a/Wv1SXbgaL4KokIuiyoAs3QgX7A00ok+lNO3QmCTOTSgl5E12JuvNJfAHfxknNQlvP6pt7zsC9J0g4U9pxvqzK2vrG5lZ1u7azu7d/YNcPuypOJYUOjXks+wFRwFkEHc00h34igYiAQy+YXhd+bwZSsTh60PMEfEHGEQsZJdqMhnbdCyWhmcizu9zjHLu1od1wms5CeBXcEhqoVHtof3qjmKYCIk05UWrgOon2MyI1oxzympcqSAidkjEMDEZEgPKzxeo5Pg1jifUE8OL9O5sRodRcBCYjiJ6oZa8Y/ucNUh1e+RmLklRDRE3EeGHKsY5x0QAeMQlU87kBQiUzW2I6IaYFbXoqzneXj12F7nnTdZru/UWjdVMWUUXH6ASdIRddoha6RW3UQRQ9omf0ht6tmfVkvVivP9GKVf45Qn9kfXwDZCeRHQ==</latexit><latexit sha1_base64="FUtcnwSjyWwPSt2qQIGyck2YQe0=">AAAB9HicbZDNSsNAFIUn9a/Wv1SXbgaL4KokIuiyoAs3QgX7A00ok+lNO3QmCTOTSgl5E12JuvNJfAHfxknNQlvP6pt7zsC9J0g4U9pxvqzK2vrG5lZ1u7azu7d/YNcPuypOJYUOjXks+wFRwFkEHc00h34igYiAQy+YXhd+bwZSsTh60PMEfEHGEQsZJdqMhnbdCyWhmcizu9zjHLu1od1wms5CeBXcEhqoVHtof3qjmKYCIk05UWrgOon2MyI1oxzympcqSAidkjEMDEZEgPKzxeo5Pg1jifUE8OL9O5sRodRcBCYjiJ6oZa8Y/ucNUh1e+RmLklRDRE3EeGHKsY5x0QAeMQlU87kBQiUzW2I6IaYFbXoqzneXj12F7nnTdZru/UWjdVMWUUXH6ASdIRddoha6RW3UQRQ9omf0ht6tmfVkvVivP9GKVf45Qn9kfXwDZCeRHQ==</latexit><latexit sha1_base64="FUtcnwSjyWwPSt2qQIGyck2YQe0=">AAAB9HicbZDNSsNAFIUn9a/Wv1SXbgaL4KokIuiyoAs3QgX7A00ok+lNO3QmCTOTSgl5E12JuvNJfAHfxknNQlvP6pt7zsC9J0g4U9pxvqzK2vrG5lZ1u7azu7d/YNcPuypOJYUOjXks+wFRwFkEHc00h34igYiAQy+YXhd+bwZSsTh60PMEfEHGEQsZJdqMhnbdCyWhmcizu9zjHLu1od1wms5CeBXcEhqoVHtof3qjmKYCIk05UWrgOon2MyI1oxzympcqSAidkjEMDEZEgPKzxeo5Pg1jifUE8OL9O5sRodRcBCYjiJ6oZa8Y/ucNUh1e+RmLklRDRE3EeGHKsY5x0QAeMQlU87kBQiUzW2I6IaYFbXoqzneXj12F7nnTdZru/UWjdVMWUUXH6ASdIRddoha6RW3UQRQ9omf0ht6tmfVkvVivP9GKVf45Qn9kfXwDZCeRHQ==</latexit><latexit sha1_base64="FUtcnwSjyWwPSt2qQIGyck2YQe0=">AAAB9HicbZDNSsNAFIUn9a/Wv1SXbgaL4KokIuiyoAs3QgX7A00ok+lNO3QmCTOTSgl5E12JuvNJfAHfxknNQlvP6pt7zsC9J0g4U9pxvqzK2vrG5lZ1u7azu7d/YNcPuypOJYUOjXks+wFRwFkEHc00h34igYiAQy+YXhd+bwZSsTh60PMEfEHGEQsZJdqMhnbdCyWhmcizu9zjHLu1od1wms5CeBXcEhqoVHtof3qjmKYCIk05UWrgOon2MyI1oxzympcqSAidkjEMDEZEgPKzxeo5Pg1jifUE8OL9O5sRodRcBCYjiJ6oZa8Y/ucNUh1e+RmLklRDRE3EeGHKsY5x0QAeMQlU87kBQiUzW2I6IaYFbXoqzneXj12F7nnTdZru/UWjdVMWUUXH6ASdIRddoha6RW3UQRQ9omf0ht6tmfVkvVivP9GKVf45Qn9kfXwDZCeRHQ==</latexit>

m
<latexit sha1_base64="turkoYfNiKnkQbyB2u7/ncVqxS8=">AAAB4nicbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLgi5ctmBroR1KJr3ThiaTIckIZegL6ErUnY/kC/g2pnUW2npWX+45gXtulApurO9/eaW19Y3NrfJ2ZWd3b/+genjUMSrTDNtMCaW7ETUoeIJty63AbqqRykjgQzS5mfsPj6gNV8m9naYYSjpKeMwZtW7UkoNqza/7C5FVCAqoQaHmoPrZHyqWSUwsE9SYXuCnNsyptpwJnFX6mcGUsgkdYc9hQiWaMF8sOiNnsdLEjpEs3r+zOZXGTGXkMpLasVn25sP/vF5m4+sw50maWUyYizgvzgSxisz7kiHXyKyYOqBMc7clYWOqKbPuKhVXP1guuwqdi3rg14PWZa1xWxyiDCdwCucQwBU04A6a0AYGCM/wBu/e0HvyXrzXn2jJK/4cwx95H9/LaYqI</latexit><latexit sha1_base64="turkoYfNiKnkQbyB2u7/ncVqxS8=">AAAB4nicbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLgi5ctmBroR1KJr3ThiaTIckIZegL6ErUnY/kC/g2pnUW2npWX+45gXtulApurO9/eaW19Y3NrfJ2ZWd3b/+genjUMSrTDNtMCaW7ETUoeIJty63AbqqRykjgQzS5mfsPj6gNV8m9naYYSjpKeMwZtW7UkoNqza/7C5FVCAqoQaHmoPrZHyqWSUwsE9SYXuCnNsyptpwJnFX6mcGUsgkdYc9hQiWaMF8sOiNnsdLEjpEs3r+zOZXGTGXkMpLasVn25sP/vF5m4+sw50maWUyYizgvzgSxisz7kiHXyKyYOqBMc7clYWOqKbPuKhVXP1guuwqdi3rg14PWZa1xWxyiDCdwCucQwBU04A6a0AYGCM/wBu/e0HvyXrzXn2jJK/4cwx95H9/LaYqI</latexit><latexit sha1_base64="turkoYfNiKnkQbyB2u7/ncVqxS8=">AAAB4nicbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLgi5ctmBroR1KJr3ThiaTIckIZegL6ErUnY/kC/g2pnUW2npWX+45gXtulApurO9/eaW19Y3NrfJ2ZWd3b/+genjUMSrTDNtMCaW7ETUoeIJty63AbqqRykjgQzS5mfsPj6gNV8m9naYYSjpKeMwZtW7UkoNqza/7C5FVCAqoQaHmoPrZHyqWSUwsE9SYXuCnNsyptpwJnFX6mcGUsgkdYc9hQiWaMF8sOiNnsdLEjpEs3r+zOZXGTGXkMpLasVn25sP/vF5m4+sw50maWUyYizgvzgSxisz7kiHXyKyYOqBMc7clYWOqKbPuKhVXP1guuwqdi3rg14PWZa1xWxyiDCdwCucQwBU04A6a0AYGCM/wBu/e0HvyXrzXn2jJK/4cwx95H9/LaYqI</latexit><latexit sha1_base64="turkoYfNiKnkQbyB2u7/ncVqxS8=">AAAB4nicbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKDLgi5ctmBroR1KJr3ThiaTIckIZegL6ErUnY/kC/g2pnUW2npWX+45gXtulApurO9/eaW19Y3NrfJ2ZWd3b/+genjUMSrTDNtMCaW7ETUoeIJty63AbqqRykjgQzS5mfsPj6gNV8m9naYYSjpKeMwZtW7UkoNqza/7C5FVCAqoQaHmoPrZHyqWSUwsE9SYXuCnNsyptpwJnFX6mcGUsgkdYc9hQiWaMF8sOiNnsdLEjpEs3r+zOZXGTGXkMpLasVn25sP/vF5m4+sw50maWUyYizgvzgSxisz7kiHXyKyYOqBMc7clYWOqKbPuKhVXP1guuwqdi3rg14PWZa1xWxyiDCdwCucQwBU04A6a0AYGCM/wBu/e0HvyXrzXn2jJK/4cwx95H9/LaYqI</latexit>

M
<latexit sha1_base64="q3WC5IioNg7oGxiA0RwGHJXkc3E=">AAAB4nicdVDLSgNBEOyNrxhfUY9eBoPgaZkVUXML6MGLkIAxgWQJs5PeZMjsg5lZISz5AT2JevOT/AH/xkmM4LNO1V3VUNVBKoU2lL45hYXFpeWV4mppbX1jc6u8vXOjk0xxbPJEJqodMI1SxNg0wkhspwpZFEhsBaPzqd66RaVFEl+bcYp+xAaxCAVnxq4aV71yhbpV6lVPPPKbeC6doQJz1Hvl124/4VmEseGSad3xaGr8nCkjuMRJqZtpTBkfsQF2LI1ZhNrPZ0En5CBMFDFDJLP5qzdnkdbjKLCeiJmh/qlNl39pncyEZ34u4jQzGHNrsVqYSWISMu1L+kIhN3JsCeNK2JSED5li3NivlGz9z47kf3Jz5HrU9RrHldrF/BFF2IN9OAQPTqEGl1CHJnBAuIcneHb6zp3z4Dx+WAvO/GYXvsF5eQcK3Iq2</latexit><latexit sha1_base64="q3WC5IioNg7oGxiA0RwGHJXkc3E=">AAAB4nicdVDLSgNBEOyNrxhfUY9eBoPgaZkVUXML6MGLkIAxgWQJs5PeZMjsg5lZISz5AT2JevOT/AH/xkmM4LNO1V3VUNVBKoU2lL45hYXFpeWV4mppbX1jc6u8vXOjk0xxbPJEJqodMI1SxNg0wkhspwpZFEhsBaPzqd66RaVFEl+bcYp+xAaxCAVnxq4aV71yhbpV6lVPPPKbeC6doQJz1Hvl124/4VmEseGSad3xaGr8nCkjuMRJqZtpTBkfsQF2LI1ZhNrPZ0En5CBMFDFDJLP5qzdnkdbjKLCeiJmh/qlNl39pncyEZ34u4jQzGHNrsVqYSWISMu1L+kIhN3JsCeNK2JSED5li3NivlGz9z47kf3Jz5HrU9RrHldrF/BFF2IN9OAQPTqEGl1CHJnBAuIcneHb6zp3z4Dx+WAvO/GYXvsF5eQcK3Iq2</latexit><latexit sha1_base64="q3WC5IioNg7oGxiA0RwGHJXkc3E=">AAAB4nicdVDLSgNBEOyNrxhfUY9eBoPgaZkVUXML6MGLkIAxgWQJs5PeZMjsg5lZISz5AT2JevOT/AH/xkmM4LNO1V3VUNVBKoU2lL45hYXFpeWV4mppbX1jc6u8vXOjk0xxbPJEJqodMI1SxNg0wkhspwpZFEhsBaPzqd66RaVFEl+bcYp+xAaxCAVnxq4aV71yhbpV6lVPPPKbeC6doQJz1Hvl124/4VmEseGSad3xaGr8nCkjuMRJqZtpTBkfsQF2LI1ZhNrPZ0En5CBMFDFDJLP5qzdnkdbjKLCeiJmh/qlNl39pncyEZ34u4jQzGHNrsVqYSWISMu1L+kIhN3JsCeNK2JSED5li3NivlGz9z47kf3Jz5HrU9RrHldrF/BFF2IN9OAQPTqEGl1CHJnBAuIcneHb6zp3z4Dx+WAvO/GYXvsF5eQcK3Iq2</latexit><latexit sha1_base64="q3WC5IioNg7oGxiA0RwGHJXkc3E=">AAAB4nicdVDLSgNBEOyNrxhfUY9eBoPgaZkVUXML6MGLkIAxgWQJs5PeZMjsg5lZISz5AT2JevOT/AH/xkmM4LNO1V3VUNVBKoU2lL45hYXFpeWV4mppbX1jc6u8vXOjk0xxbPJEJqodMI1SxNg0wkhspwpZFEhsBaPzqd66RaVFEl+bcYp+xAaxCAVnxq4aV71yhbpV6lVPPPKbeC6doQJz1Hvl124/4VmEseGSad3xaGr8nCkjuMRJqZtpTBkfsQF2LI1ZhNrPZ0En5CBMFDFDJLP5qzdnkdbjKLCeiJmh/qlNl39pncyEZ34u4jQzGHNrsVqYSWISMu1L+kIhN3JsCeNK2JSED5li3NivlGz9z47kf3Jz5HrU9RrHldrF/BFF2IN9OAQPTqEGl1CHJnBAuIcneHb6zp3z4Dx+WAvO/GYXvsF5eQcK3Iq2</latexit>

m

M ! 1
<latexit sha1_base64="QmrIoaotc+qNtsqE65f3DbpMkaU=">AAAB83icbZDNSsNAFIUn9a/Gv6hLN4PF4qokIuiyoAs3QgX7A00ok+mkHTqZhJmbQgh9El2JuvNNfAHfxmnNQlvP6pt7zsC9J0wF1+C6X1ZlbX1jc6u6be/s7u0fOIdHHZ1kirI2TUSieiHRTHDJ2sBBsF6qGIlDwbrh5Gbud6dMaZ7IR8hTFsRkJHnEKQEzGjhOPfZ9u37vQ+JzGUE+cGpuw10Ir4JXQg2Vag2cT3+Y0CxmEqggWvc9N4WgIAo4FWxm+5lmKaETMmJ9g5LETAfFYvMZPosShWHM8OL9O1uQWOs8Dk0mJjDWy958+J/XzyC6Dgou0wyYpCZivCgTGBI8LwAPuWIURG6AUMXNlpiOiSIUTE22Od9bPnYVOhcNz214D5e15m1ZRBWdoFN0jjx0hZroDrVQG1E0Rc/oDb1bmfVkvVivP9GKVf45Rn9kfXwDNyeQbw==</latexit><latexit sha1_base64="QmrIoaotc+qNtsqE65f3DbpMkaU=">AAAB83icbZDNSsNAFIUn9a/Gv6hLN4PF4qokIuiyoAs3QgX7A00ok+mkHTqZhJmbQgh9El2JuvNNfAHfxmnNQlvP6pt7zsC9J0wF1+C6X1ZlbX1jc6u6be/s7u0fOIdHHZ1kirI2TUSieiHRTHDJ2sBBsF6qGIlDwbrh5Gbud6dMaZ7IR8hTFsRkJHnEKQEzGjhOPfZ9u37vQ+JzGUE+cGpuw10Ir4JXQg2Vag2cT3+Y0CxmEqggWvc9N4WgIAo4FWxm+5lmKaETMmJ9g5LETAfFYvMZPosShWHM8OL9O1uQWOs8Dk0mJjDWy958+J/XzyC6Dgou0wyYpCZivCgTGBI8LwAPuWIURG6AUMXNlpiOiSIUTE22Od9bPnYVOhcNz214D5e15m1ZRBWdoFN0jjx0hZroDrVQG1E0Rc/oDb1bmfVkvVivP9GKVf45Rn9kfXwDNyeQbw==</latexit><latexit sha1_base64="QmrIoaotc+qNtsqE65f3DbpMkaU=">AAAB83icbZDNSsNAFIUn9a/Gv6hLN4PF4qokIuiyoAs3QgX7A00ok+mkHTqZhJmbQgh9El2JuvNNfAHfxmnNQlvP6pt7zsC9J0wF1+C6X1ZlbX1jc6u6be/s7u0fOIdHHZ1kirI2TUSieiHRTHDJ2sBBsF6qGIlDwbrh5Gbud6dMaZ7IR8hTFsRkJHnEKQEzGjhOPfZ9u37vQ+JzGUE+cGpuw10Ir4JXQg2Vag2cT3+Y0CxmEqggWvc9N4WgIAo4FWxm+5lmKaETMmJ9g5LETAfFYvMZPosShWHM8OL9O1uQWOs8Dk0mJjDWy958+J/XzyC6Dgou0wyYpCZivCgTGBI8LwAPuWIURG6AUMXNlpiOiSIUTE22Od9bPnYVOhcNz214D5e15m1ZRBWdoFN0jjx0hZroDrVQG1E0Rc/oDb1bmfVkvVivP9GKVf45Rn9kfXwDNyeQbw==</latexit><latexit sha1_base64="QmrIoaotc+qNtsqE65f3DbpMkaU=">AAAB83icbZDNSsNAFIUn9a/Gv6hLN4PF4qokIuiyoAs3QgX7A00ok+mkHTqZhJmbQgh9El2JuvNNfAHfxmnNQlvP6pt7zsC9J0wF1+C6X1ZlbX1jc6u6be/s7u0fOIdHHZ1kirI2TUSieiHRTHDJ2sBBsF6qGIlDwbrh5Gbud6dMaZ7IR8hTFsRkJHnEKQEzGjhOPfZ9u37vQ+JzGUE+cGpuw10Ir4JXQg2Vag2cT3+Y0CxmEqggWvc9N4WgIAo4FWxm+5lmKaETMmJ9g5LETAfFYvMZPosShWHM8OL9O1uQWOs8Dk0mJjDWy958+J/XzyC6Dgou0wyYpCZivCgTGBI8LwAPuWIURG6AUMXNlpiOiSIUTE22Od9bPnYVOhcNz214D5e15m1ZRBWdoFN0jjx0hZroDrVQG1E0Rc/oDb1bmfVkvVivP9GKVf45Rn9kfXwDNyeQbw==</latexit>
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Our construction

Curvature dominated 
by small black hole

We integrate geodesics in the spacetime of the small black hole



Event horizon and constant time slices

direction of collision



Extreme mass ratio merger



Extreme mass ratio merger



merger instant

throat growth / t

] / |t|1/2

same behaviour in  
3+1 and 4+1 dimensions

same behaviour in  
equal mass merger 

[arXiv:gr-qc/0303109]

non axisymmetric mergers are different!



final comments

• Extreme mass ratio inspirals (EMRIs) will be observed by 
LISA and they are far from being well modelled. 

• We are working now on including finite size corrections to 
the extreme mass ratio merger (hopefully bring back 
GWs). 

• There are people in Leuven (Kwinten Fransen, Thomas 
Hertog) and Brussels (Geoffrey Compère, Jiang Long) 
who have done a very nice work on EMRIs. Check out 
their paper: “Gravitational waves from plunges into 
Gargantua”.



Thank you for your attention!



Non-axisymmetric black hole mergers
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Toroidal topology in non-axisymmetric mergers


