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Massive Black Holes
• MBHs: occupy the center of ≈ all massive galaxies


• active galactic nuclei (AGN): bright, accreting MBHs

Gene Smith | UCSD

<latexit sha1_base64="2Y6BlD29/TDhGouDFlX4If/hT3k=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUCWIAmMFC0ulItGH1JbIcZ3WqhNH9g2oivoDLPwKCwMIsbKz8Te4jwFajnR1j865V/Y9fiy4Bsf5tjILi0vLK9nV3Nr6xuaWvb1T0zJRlFWpFFI1fKKZ4BGrAgfBGrFiJPQFq/v9q5Ffv2dKcxndwiBm7ZB0Ix5wSsBInn1Qxi3Fuz0gSskH7Dp3RXw8aqnrDHHZa8mOBM/OOwVnDDxP3CnJoykqnv3V6kiahCwCKojWTdeJoZ0SBZwKNsy1Es1iQvuky5qGRiRkup2OrxniQ6N0cCCVqQjwWP29kZJQ60Hom8mQQE/PeiPxP6+ZQHDRTnkUJ8AiOnkoSAQGiUfR4A5XjIIYGEKo4uavmPaIIhRMgDkTgjt78jypnRTcs0Lx5jRfupzGkUV7aB8dIRedoxK6RhVURRQ9omf0it6sJ+vFerc+JqMZa7qzi/7A+vwBBbyZpg==</latexit>

M ! 105 � 1010M�

<latexit sha1_base64="vqfK+TUI4U+xYsmpwvBo8o7oYHg=">AAACEHicbZC7TsMwFIadcivlFmBksagQLFQJosBYwcLQoUj0IrWlcly3terEkX0CqqI8AguvwsIAQqyMbLwNbpsBWn7J0qf/nKPj83uh4Boc59vKLCwuLa9kV3Nr6xubW/b2Tk3LSFFWpVJI1fCIZoIHrAocBGuEihHfE6zuDa/G9fo9U5rL4BZGIWv7pB/wHqcEjNWxD8u4pXh/AEQp+YBd5y523QQfT6mY4HKnJbsSOnbeKTgT4XlwU8ijVJWO/dXqShr5LAAqiNZN1wmhHRMFnAqW5FqRZiGhQ9JnTYMB8Zlux5ODEnxgnC7uSWVeAHji/p6Iia/1yPdMp09goGdrY/O/WjOC3kU75kEYAQvodFEvEhgkHqeDu1wxCmJkgFDFzV8xHRBFKJgMcyYEd/bkeaidFNyzQvHmNF+6TOPIoj20j46Qi85RCV2jCqoiih7RM3pFb9aT9WK9Wx/T1oyVzuyiP7I+fwBezZrs</latexit>

L ! 1011 � 1015L�



3

Massive Black Holes & Active Galactic Nuclei

Behroozi et al. 2013
Tojeiro et al. 2013 Schutte et al. 2019

• MBHs: occupy the center of ≈ all massive galaxies


• active galactic nuclei (AGN): bright, accreting MBHs 
 

• responsible for “quenching” the most massive galaxies


• closely correlated with galaxy across all masses


• mostly mysterious


• formation?


• growth?


• accretion?


• feedback?

<latexit sha1_base64="2Y6BlD29/TDhGouDFlX4If/hT3k=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUCWIAmMFC0ulItGH1JbIcZ3WqhNH9g2oivoDLPwKCwMIsbKz8Te4jwFajnR1j865V/Y9fiy4Bsf5tjILi0vLK9nV3Nr6xuaWvb1T0zJRlFWpFFI1fKKZ4BGrAgfBGrFiJPQFq/v9q5Ffv2dKcxndwiBm7ZB0Ix5wSsBInn1Qxi3Fuz0gSskH7Dp3RXw8aqnrDHHZa8mOBM/OOwVnDDxP3CnJoykqnv3V6kiahCwCKojWTdeJoZ0SBZwKNsy1Es1iQvuky5qGRiRkup2OrxniQ6N0cCCVqQjwWP29kZJQ60Hom8mQQE/PeiPxP6+ZQHDRTnkUJ8AiOnkoSAQGiUfR4A5XjIIYGEKo4uavmPaIIhRMgDkTgjt78jypnRTcs0Lx5jRfupzGkUV7aB8dIRedoxK6RhVURRQ9omf0it6sJ+vFerc+JqMZa7qzi/7A+vwBBbyZpg==</latexit>

M ! 105 � 1010M�

<latexit sha1_base64="vqfK+TUI4U+xYsmpwvBo8o7oYHg=">AAACEHicbZC7TsMwFIadcivlFmBksagQLFQJosBYwcLQoUj0IrWlcly3terEkX0CqqI8AguvwsIAQqyMbLwNbpsBWn7J0qf/nKPj83uh4Boc59vKLCwuLa9kV3Nr6xubW/b2Tk3LSFFWpVJI1fCIZoIHrAocBGuEihHfE6zuDa/G9fo9U5rL4BZGIWv7pB/wHqcEjNWxD8u4pXh/AEQp+YBd5y523QQfT6mY4HKnJbsSOnbeKTgT4XlwU8ijVJWO/dXqShr5LAAqiNZN1wmhHRMFnAqW5FqRZiGhQ9JnTYMB8Zlux5ODEnxgnC7uSWVeAHji/p6Iia/1yPdMp09goGdrY/O/WjOC3kU75kEYAQvodFEvEhgkHqeDu1wxCmJkgFDFzV8xHRBFKJgMcyYEd/bkeaidFNyzQvHmNF+6TOPIoj20j46Qi85RCV2jCqoiih7RM3pFb9aT9WK9Wx/T1oyVzuyiP7I+fwBezZrs</latexit>

L ! 1011 � 1015L�
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Massive Black Holes Binaries
• Galaxy mergers – key to growth of massive galaxies


IllustrisTNG | illustris collaborationC.Mundy & C.Conselice et al.
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Massive Black Holes Binaries
• Galaxy mergers – key to growth of massive galaxies


• “dual” MBHs in post-merger galaxy

<latexit sha1_base64="3lHi6yorqCw1OG14qg9END/g0kU=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5L4XhbduKxgH9DEMplO2qEzSZi5EUuoG3/FjQtF3PoX7vwbp20W2nrgwuGce7n3niARXIPjfFtz8wuLS8uFleLq2vrGpr21Xddxqiir0VjEqhkQzQSPWA04CNZMFCMyEKwR9K9GfuOeKc3j6BYGCfMl6UY85JSAkdr2rsKe5hK7zt0x9oA9gJIZTuiwbZecsjMGniVuTkooR7Vtf3mdmKaSRUAF0brlOgn4GVHAqWDDopdqlhDaJ13WMjQikmk/G38wxAdG6eAwVqYiwGP190RGpNYDGZhOSaCnp72R+J/XSiG88DMeJSmwiE4WhanAEONRHLjDFaMgBoYQqri5FdMeUYSCCa1oQnCnX54l9aOye1Y+vTkpVS7zOApoD+2jQ+Sic1RB16iKaoiiR/SMXtGb9WS9WO/Wx6R1zspndtAfWJ8/+KKV+Q==</latexit>

r ⇠ 103 pc
<latexit sha1_base64="hcEqWrFtXChffuYW98CGMgyjJUo=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4KjOi1mXRhW6ECvYBnVoyadqGJpkhuSMOQ//Cjb/ixoUibnXn35g+Ftp6IHByzr0k5wSR4AZc99vJLCwuLa9kV3Nr6xubW/ntnZoJY01ZlYYi1I2AGCa4YlXgIFgj0ozIQLB6MLgY+fV7pg0P1S0kEWtJ0lO8yykBK7XzRWj7kkBfy9QHrhJ8WR9i33CJPfcu9Ur2AuwBrI2vEz1s5wtu0R0DzxNvSgpoiko7/+V3QhpLpoAKYkzTcyNopUQDp4INc35sWETogPRY01JFJDOtdJxriA+s0sHdUNujAI/V3xspkcYkMrCTowxm1huJ/3nNGLpnrZSrKAam6OShbiwwhHhUEu5wzSiIxBJCNbd/xbRPNKFgq8zZErzZyPOkdlT0TosnN8eF8vm0jizaQ/voEHmohMroClVQFVH0iJ7RK3pznpwX5935mIxmnOnOLvoD5/MHfyafgw==</latexit>

tGW ⇠ 1017 Myr

Begelman, Blandford & Rees 1980
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Massive Black Holes Binaries
• Galaxy mergers – key to growth of massive galaxies


• “dual” MBHs in post-merger galaxy


• MBH sphere of influence 


<latexit sha1_base64="3lHi6yorqCw1OG14qg9END/g0kU=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5L4XhbduKxgH9DEMplO2qEzSZi5EUuoG3/FjQtF3PoX7vwbp20W2nrgwuGce7n3niARXIPjfFtz8wuLS8uFleLq2vrGpr21Xddxqiir0VjEqhkQzQSPWA04CNZMFCMyEKwR9K9GfuOeKc3j6BYGCfMl6UY85JSAkdr2rsKe5hK7zt0x9oA9gJIZTuiwbZecsjMGniVuTkooR7Vtf3mdmKaSRUAF0brlOgn4GVHAqWDDopdqlhDaJ13WMjQikmk/G38wxAdG6eAwVqYiwGP190RGpNYDGZhOSaCnp72R+J/XSiG88DMeJSmwiE4WhanAEONRHLjDFaMgBoYQqri5FdMeUYSCCa1oQnCnX54l9aOye1Y+vTkpVS7zOApoD+2jQ+Sic1RB16iKaoiiR/SMXtGb9WS9WO/Wx6R1zspndtAfWJ8/+KKV+Q==</latexit>

r ⇠ 103 pc
<latexit sha1_base64="hcEqWrFtXChffuYW98CGMgyjJUo=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4KjOi1mXRhW6ECvYBnVoyadqGJpkhuSMOQ//Cjb/ixoUibnXn35g+Ftp6IHByzr0k5wSR4AZc99vJLCwuLa9kV3Nr6xubW/ntnZoJY01ZlYYi1I2AGCa4YlXgIFgj0ozIQLB6MLgY+fV7pg0P1S0kEWtJ0lO8yykBK7XzRWj7kkBfy9QHrhJ8WR9i33CJPfcu9Ur2AuwBrI2vEz1s5wtu0R0DzxNvSgpoiko7/+V3QhpLpoAKYkzTcyNopUQDp4INc35sWETogPRY01JFJDOtdJxriA+s0sHdUNujAI/V3xspkcYkMrCTowxm1huJ/3nNGLpnrZSrKAam6OShbiwwhHhUEu5wzSiIxBJCNbd/xbRPNKFgq8zZErzZyPOkdlT0TosnN8eF8vm0jizaQ/voEHmohMroClVQFVH0iJ7RK3pznpwX5935mIxmnOnOLvoD5/MHfyafgw==</latexit>

tGW ⇠ 1017 Myr

<latexit sha1_base64="JVr+qe7qFmam7rvAcr6EOuCP9Ps=">AAACFnicbVDLSgMxFM34rPVVdekmWAQ3lhnR6rLoQjdCBfuATi2ZNG1Dk8yQ3BGHoV/hxl9x40IRt+LOvzF9LLT1QOBwzr3cnBNEghtw3W9nbn5hcWk5s5JdXVvf2MxtbVdNGGvKKjQUoa4HxDDBFasAB8HqkWZEBoLVgv7F0K/dM214qG4hiVhTkq7iHU4JWKmVO4SWLwn0tEx94CrBl7UB9g2X2HPv0qLlwB7Auvg60YNWLu8W3BHwLPEmJI8mKLdyX347pLFkCqggxjQ8N4JmSjRwKtgg68eGRYT2SZc1LFVEMtNMR7EGeN8qbdwJtX0K8Ej9vZESaUwiAzs5jGCmvaH4n9eIoXPWTLmKYmCKjg91YoEhxMOOcJtrRkEklhCquf0rpj2iCQXbZNaW4E1HniXVo4JXLJzcHOdL55M6MmgX7aED5KFTVEJXqIwqiKJH9Ixe0Zvz5Lw4787HeHTOmezsoD9wPn8AADefRw==</latexit>

tGW ⇠ 106 Myr

<latexit sha1_base64="rni0GGoUXcVXn6tLLz2vzJRhO28=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQhDLjeykq4kaoYFXo1JJJ0zaYZIbkjjgM8xFu/BU3LhRx68Kdf2NaZ+HrQOBwzr3cnBPGghvwvA+nNDI6Nj5RnqxMTc/MzrnzC+cmSjRlDRqJSF+GxDDBFWsAB8EuY82IDAW7CK8PBv7FDdOGR+oM0pi1JOkp3uWUgJXa7hq0A0mgr2UWAFcpPjzKcWC4xL53tYEDYLdgPXyS6rztVr2aNwT+S/yCVFGBett9DzoRTSRTQAUxpul7MbQyooFTwfJKkBgWE3pNeqxpqSKSmVY2DJXjFat0cDfS9inAQ/X7RkakMakM7eQggPntDcT/vGYC3d1WxlWcAFP061A3ERgiPGgId7hmFERqCaGa279i2ieaULA9VmwJ/u/If8n5es3frm2dblb39os6ymgJLaNV5KMdtIeOUR01EEV36AE9oWfn3nl0XpzXr9GSU+wsoh9w3j4B9V2eJA==</latexit>

tDF ⇠ 103 Myr

<latexit sha1_base64="nZpxuTFZY//1wVcZIbtu1I/WK00=">AAACFHicbVDLSgMxFM34tr6qLt0EiyAIZcb3sujGjaBoH9CpJZOmNTTJDMkdcRjmI9z4K25cKOLWhTv/xkztQlsPBA7n3MvNOUEkuAHX/XImJqemZ2bn5gsLi0vLK8XVtZoJY01ZlYYi1I2AGCa4YlXgIFgj0ozIQLB60D/N/fod04aH6hqSiLUk6Sne5ZSAldrFHWj7ksCtlqkPXCX46jTDvuESe+7NHvaB3YP18Hmis3ax5JbdAfA48YakhIa4aBc//U5IY8kUUEGMaXpuBK2UaOBUsKzgx4ZFhPZJjzUtVUQy00oHoTK8ZZUO7obaPgV4oP7eSIk0JpGBncwDmFEvF//zmjF0j1spV1EMTNGfQ91YYAhx3hDucM0oiMQSQjW3f8X0lmhCwfZYsCV4o5HHSW237B2WDy73S5WTYR1zaANtom3koSNUQWfoAlURRQ/oCb2gV+fReXbenPef0QlnuLOO/sD5+AYI154w</latexit>

tSC ⇠ 103 Myr
<latexit sha1_base64="/paTQOONunJNHJ7b40XhbAB6Ko4=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEfC2LblxWsA9oYplMJ+3QmSTM3Igl1I2/4saFIm79C3f+jdM2C209cOFwzr3ce0+QCK7Bcb6twsLi0vJKcbW0tr6xuWVv7zR0nCrK6jQWsWoFRDPBI1YHDoK1EsWIDARrBoOrsd+8Z0rzOLqFYcJ8SXoRDzklYKSOvaewp7nErnPnYg/YAyiZ4YSOOnbZqTgT4Hni5qSMctQ69pfXjWkqWQRUEK3brpOAnxEFnAo2KnmpZgmhA9JjbUMjIpn2s8kHI3xolC4OY2UqAjxRf09kRGo9lIHplAT6etYbi/957RTCCz/jUZICi+h0UZgKDDEex4G7XDEKYmgIoYqbWzHtE0UomNBKJgR39uV50jiuuGeV05uTcvUyj6OI9tEBOkIuOkdVdI1qqI4oekTP6BW9WU/Wi/VufUxbC1Y+s4v+wPr8AfWAlfc=</latexit>

r ⇠ 101 pc

dynamical

friction

Begelman, Blandford & Rees 1980
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Massive Black Holes Binaries
• Galaxy mergers – key to growth of massive galaxies


• “dual” MBHs in post-merger galaxy


• MBH sphere of influence 


• GW dominated evolution

<latexit sha1_base64="3lHi6yorqCw1OG14qg9END/g0kU=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5L4XhbduKxgH9DEMplO2qEzSZi5EUuoG3/FjQtF3PoX7vwbp20W2nrgwuGce7n3niARXIPjfFtz8wuLS8uFleLq2vrGpr21Xddxqiir0VjEqhkQzQSPWA04CNZMFCMyEKwR9K9GfuOeKc3j6BYGCfMl6UY85JSAkdr2rsKe5hK7zt0x9oA9gJIZTuiwbZecsjMGniVuTkooR7Vtf3mdmKaSRUAF0brlOgn4GVHAqWDDopdqlhDaJ13WMjQikmk/G38wxAdG6eAwVqYiwGP190RGpNYDGZhOSaCnp72R+J/XSiG88DMeJSmwiE4WhanAEONRHLjDFaMgBoYQqri5FdMeUYSCCa1oQnCnX54l9aOye1Y+vTkpVS7zOApoD+2jQ+Sic1RB16iKaoiiR/SMXtGb9WS9WO/Wx6R1zspndtAfWJ8/+KKV+Q==</latexit>

r ⇠ 103 pc
<latexit sha1_base64="hcEqWrFtXChffuYW98CGMgyjJUo=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4KjOi1mXRhW6ECvYBnVoyadqGJpkhuSMOQ//Cjb/ixoUibnXn35g+Ftp6IHByzr0k5wSR4AZc99vJLCwuLa9kV3Nr6xubW/ntnZoJY01ZlYYi1I2AGCa4YlXgIFgj0ozIQLB6MLgY+fV7pg0P1S0kEWtJ0lO8yykBK7XzRWj7kkBfy9QHrhJ8WR9i33CJPfcu9Ur2AuwBrI2vEz1s5wtu0R0DzxNvSgpoiko7/+V3QhpLpoAKYkzTcyNopUQDp4INc35sWETogPRY01JFJDOtdJxriA+s0sHdUNujAI/V3xspkcYkMrCTowxm1huJ/3nNGLpnrZSrKAam6OShbiwwhHhUEu5wzSiIxBJCNbd/xbRPNKFgq8zZErzZyPOkdlT0TosnN8eF8vm0jizaQ/voEHmohMroClVQFVH0iJ7RK3pznpwX5935mIxmnOnOLvoD5/MHfyafgw==</latexit>

tGW ⇠ 1017 Myr

<latexit sha1_base64="JVr+qe7qFmam7rvAcr6EOuCP9Ps=">AAACFnicbVDLSgMxFM34rPVVdekmWAQ3lhnR6rLoQjdCBfuATi2ZNG1Dk8yQ3BGHoV/hxl9x40IRt+LOvzF9LLT1QOBwzr3cnBNEghtw3W9nbn5hcWk5s5JdXVvf2MxtbVdNGGvKKjQUoa4HxDDBFasAB8HqkWZEBoLVgv7F0K/dM214qG4hiVhTkq7iHU4JWKmVO4SWLwn0tEx94CrBl7UB9g2X2HPv0qLlwB7Auvg60YNWLu8W3BHwLPEmJI8mKLdyX347pLFkCqggxjQ8N4JmSjRwKtgg68eGRYT2SZc1LFVEMtNMR7EGeN8qbdwJtX0K8Ej9vZESaUwiAzs5jGCmvaH4n9eIoXPWTLmKYmCKjg91YoEhxMOOcJtrRkEklhCquf0rpj2iCQXbZNaW4E1HniXVo4JXLJzcHOdL55M6MmgX7aED5KFTVEJXqIwqiKJH9Ixe0Zvz5Lw4787HeHTOmezsoD9wPn8AADefRw==</latexit>

tGW ⇠ 106 Myr

<latexit sha1_base64="rni0GGoUXcVXn6tLLz2vzJRhO28=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQhDLjeykq4kaoYFXo1JJJ0zaYZIbkjjgM8xFu/BU3LhRx68Kdf2NaZ+HrQOBwzr3cnBPGghvwvA+nNDI6Nj5RnqxMTc/MzrnzC+cmSjRlDRqJSF+GxDDBFWsAB8EuY82IDAW7CK8PBv7FDdOGR+oM0pi1JOkp3uWUgJXa7hq0A0mgr2UWAFcpPjzKcWC4xL53tYEDYLdgPXyS6rztVr2aNwT+S/yCVFGBett9DzoRTSRTQAUxpul7MbQyooFTwfJKkBgWE3pNeqxpqSKSmVY2DJXjFat0cDfS9inAQ/X7RkakMakM7eQggPntDcT/vGYC3d1WxlWcAFP061A3ERgiPGgId7hmFERqCaGa279i2ieaULA9VmwJ/u/If8n5es3frm2dblb39os6ymgJLaNV5KMdtIeOUR01EEV36AE9oWfn3nl0XpzXr9GSU+wsoh9w3j4B9V2eJA==</latexit>

tDF ⇠ 103 Myr

<latexit sha1_base64="nZpxuTFZY//1wVcZIbtu1I/WK00=">AAACFHicbVDLSgMxFM34tr6qLt0EiyAIZcb3sujGjaBoH9CpJZOmNTTJDMkdcRjmI9z4K25cKOLWhTv/xkztQlsPBA7n3MvNOUEkuAHX/XImJqemZ2bn5gsLi0vLK8XVtZoJY01ZlYYi1I2AGCa4YlXgIFgj0ozIQLB60D/N/fod04aH6hqSiLUk6Sne5ZSAldrFHWj7ksCtlqkPXCX46jTDvuESe+7NHvaB3YP18Hmis3ax5JbdAfA48YakhIa4aBc//U5IY8kUUEGMaXpuBK2UaOBUsKzgx4ZFhPZJjzUtVUQy00oHoTK8ZZUO7obaPgV4oP7eSIk0JpGBncwDmFEvF//zmjF0j1spV1EMTNGfQ91YYAhx3hDucM0oiMQSQjW3f8X0lmhCwfZYsCV4o5HHSW237B2WDy73S5WTYR1zaANtom3koSNUQWfoAlURRQ/oCb2gV+fReXbenPef0QlnuLOO/sD5+AYI154w</latexit>

tSC ⇠ 103 Myr
<latexit sha1_base64="/paTQOONunJNHJ7b40XhbAB6Ko4=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEfC2LblxWsA9oYplMJ+3QmSTM3Igl1I2/4saFIm79C3f+jdM2C209cOFwzr3ce0+QCK7Bcb6twsLi0vJKcbW0tr6xuWVv7zR0nCrK6jQWsWoFRDPBI1YHDoK1EsWIDARrBoOrsd+8Z0rzOLqFYcJ8SXoRDzklYKSOvaewp7nErnPnYg/YAyiZ4YSOOnbZqTgT4Hni5qSMctQ69pfXjWkqWQRUEK3brpOAnxEFnAo2KnmpZgmhA9JjbUMjIpn2s8kHI3xolC4OY2UqAjxRf09kRGo9lIHplAT6etYbi/957RTCCz/jUZICi+h0UZgKDDEex4G7XDEKYmgIoYqbWzHtE0UomNBKJgR39uV50jiuuGeV05uTcvUyj6OI9tEBOkIuOkdVdI1qqI4oekTP6BW9WU/Wi/VufUxbC1Y+s4v+wPr8AfWAlfc=</latexit>

r ⇠ 101 pc

<latexit sha1_base64="jeTMEgygXam46LBos3NoGLjC+Bk=">AAACBHicbVC7TsNAEDzzDOFloExzIkKiIbIRrzKChjJI5CHFJjpfzskpd7Z1t0ZEVgoafoWGAoRo+Qg6/oZL4gISRlppNLOr3Z0gEVyD43xbC4tLyyurhbXi+sbm1ra9s9vQcaooq9NYxKoVEM0Ej1gdOAjWShQjMhCsGQyuxn7zninN4+gWhgnzJelFPOSUgJE6dklhT3OJXecuO3JH2AP2AEpmOKGjjl12Ks4EeJ64OSmjHLWO/eV1Y5pKFgEVROu26yTgZ0QBp4KNil6qWULogPRY29CISKb9bPLECB8YpYvDWJmKAE/U3xMZkVoPZWA6JYG+nvXG4n9eO4Xwws94lKTAIjpdFKYCQ4zHieAuV4yCGBpCqOLmVkz7RBEKJreiCcGdfXmeNI4r7lnl9OakXL3M4yigEtpHh8hF56iKrlEN1RFFj+gZvaI368l6sd6tj2nrgpXP7KE/sD5/ADt5lzo=</latexit>

r ⇠ 10�1 pc
<latexit sha1_base64="mli43Xn+5Tbr7PT8kXXZuWqvBdc=">AAACFHicbVDLSgMxFM3UV62vqks3wSIIQpkRX8uiC90IFewDOrVk0rQNTTJDckcchn6EG3/FjQtF3Lpw59+YPhbaeiBwOOdebs4JIsENuO63k5mbX1hcyi7nVlbX1jfym1tVE8aasgoNRajrATFMcMUqwEGweqQZkYFgtaB/MfRr90wbHqpbSCLWlKSreIdTAlZq5Q+g5UsCPS1TH7hK8GVtgH3DJfbcOw/7wB7Aevg60YNWvuAW3RHwLPEmpIAmKLfyX347pLFkCqggxjQ8N4JmSjRwKtgg58eGRYT2SZc1LFVEMtNMR6EGeM8qbdwJtX0K8Ej9vZESaUwiAzs5DGCmvaH4n9eIoXPWTLmKYmCKjg91YoEhxMOGcJtrRkEklhCquf0rpj2iCQXbY86W4E1HniXVw6J3Ujy+OSqUzid1ZNEO2kX7yEOnqISuUBlVEEWP6Bm9ojfnyXlx3p2P8WjGmexsoz9wPn8AEo+eNg==</latexit>

tGW ⇠ 101 Myr

stellar 
scattering

Begelman, Blandford & Rees 1980
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Massive Black Holes Binaries
• Galaxy mergers – key to growth of massive galaxies


• “dual” MBHs in post-merger galaxy


• MBH sphere of influence 


• GW dominated evolution


• Binary coalescence

<latexit sha1_base64="3lHi6yorqCw1OG14qg9END/g0kU=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5L4XhbduKxgH9DEMplO2qEzSZi5EUuoG3/FjQtF3PoX7vwbp20W2nrgwuGce7n3niARXIPjfFtz8wuLS8uFleLq2vrGpr21Xddxqiir0VjEqhkQzQSPWA04CNZMFCMyEKwR9K9GfuOeKc3j6BYGCfMl6UY85JSAkdr2rsKe5hK7zt0x9oA9gJIZTuiwbZecsjMGniVuTkooR7Vtf3mdmKaSRUAF0brlOgn4GVHAqWDDopdqlhDaJ13WMjQikmk/G38wxAdG6eAwVqYiwGP190RGpNYDGZhOSaCnp72R+J/XSiG88DMeJSmwiE4WhanAEONRHLjDFaMgBoYQqri5FdMeUYSCCa1oQnCnX54l9aOye1Y+vTkpVS7zOApoD+2jQ+Sic1RB16iKaoiiR/SMXtGb9WS9WO/Wx6R1zspndtAfWJ8/+KKV+Q==</latexit>

r ⇠ 103 pc
<latexit sha1_base64="hcEqWrFtXChffuYW98CGMgyjJUo=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4KjOi1mXRhW6ECvYBnVoyadqGJpkhuSMOQ//Cjb/ixoUibnXn35g+Ftp6IHByzr0k5wSR4AZc99vJLCwuLa9kV3Nr6xubW/ntnZoJY01ZlYYi1I2AGCa4YlXgIFgj0ozIQLB6MLgY+fV7pg0P1S0kEWtJ0lO8yykBK7XzRWj7kkBfy9QHrhJ8WR9i33CJPfcu9Ur2AuwBrI2vEz1s5wtu0R0DzxNvSgpoiko7/+V3QhpLpoAKYkzTcyNopUQDp4INc35sWETogPRY01JFJDOtdJxriA+s0sHdUNujAI/V3xspkcYkMrCTowxm1huJ/3nNGLpnrZSrKAam6OShbiwwhHhUEu5wzSiIxBJCNbd/xbRPNKFgq8zZErzZyPOkdlT0TosnN8eF8vm0jizaQ/voEHmohMroClVQFVH0iJ7RK3pznpwX5935mIxmnOnOLvoD5/MHfyafgw==</latexit>

tGW ⇠ 1017 Myr

<latexit sha1_base64="JVr+qe7qFmam7rvAcr6EOuCP9Ps=">AAACFnicbVDLSgMxFM34rPVVdekmWAQ3lhnR6rLoQjdCBfuATi2ZNG1Dk8yQ3BGHoV/hxl9x40IRt+LOvzF9LLT1QOBwzr3cnBNEghtw3W9nbn5hcWk5s5JdXVvf2MxtbVdNGGvKKjQUoa4HxDDBFasAB8HqkWZEBoLVgv7F0K/dM214qG4hiVhTkq7iHU4JWKmVO4SWLwn0tEx94CrBl7UB9g2X2HPv0qLlwB7Auvg60YNWLu8W3BHwLPEmJI8mKLdyX347pLFkCqggxjQ8N4JmSjRwKtgg68eGRYT2SZc1LFVEMtNMR7EGeN8qbdwJtX0K8Ej9vZESaUwiAzs5jGCmvaH4n9eIoXPWTLmKYmCKjg91YoEhxMOOcJtrRkEklhCquf0rpj2iCQXbZNaW4E1HniXVo4JXLJzcHOdL55M6MmgX7aED5KFTVEJXqIwqiKJH9Ixe0Zvz5Lw4787HeHTOmezsoD9wPn8AADefRw==</latexit>

tGW ⇠ 106 Myr

<latexit sha1_base64="mU2ExMrv69inEqzcpb/6Re6dLvo=">AAACEXicbVC7SgNBFJ2NrxhfUUubwSCkCrviqwxaaCNEMA/IhjA7mSRDZmaXmbvisuQXbPwVGwtFbO3s/BtnkxQaPXDhcM693HtPEAluwHW/nNzC4tLySn61sLa+sblV3N5pmDDWlNVpKELdCohhgitWBw6CtSLNiAwEawaji8xv3jFteKhuIYlYR5KB4n1OCVipWyxD15cEhlqmPnCV4MvmGPuGS+xiH9g9WANfJ3rcLZbcijsB/ku8GSmhGWrd4qffC2ksmQIqiDFtz42gkxINnAo2LvixYRGhIzJgbUsVkcx00slHY3xglR7uh9qWAjxRf06kRBqTyMB2ZtebeS8T//PaMfTPOilXUQxM0emifiwwhDiLB/e4ZhREYgmhmttbMR0STSjYEAs2BG/+5b+kcVjxTirHN0el6vksjjzaQ/uojDx0iqroCtVQHVH0gJ7QC3p1Hp1n5815n7bmnNnMLvoF5+MbV06dWA==</latexit>

tGW ⇠ 0 Myr

<latexit sha1_base64="rni0GGoUXcVXn6tLLz2vzJRhO28=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQhDLjeykq4kaoYFXo1JJJ0zaYZIbkjjgM8xFu/BU3LhRx68Kdf2NaZ+HrQOBwzr3cnBPGghvwvA+nNDI6Nj5RnqxMTc/MzrnzC+cmSjRlDRqJSF+GxDDBFWsAB8EuY82IDAW7CK8PBv7FDdOGR+oM0pi1JOkp3uWUgJXa7hq0A0mgr2UWAFcpPjzKcWC4xL53tYEDYLdgPXyS6rztVr2aNwT+S/yCVFGBett9DzoRTSRTQAUxpul7MbQyooFTwfJKkBgWE3pNeqxpqSKSmVY2DJXjFat0cDfS9inAQ/X7RkakMakM7eQggPntDcT/vGYC3d1WxlWcAFP061A3ERgiPGgId7hmFERqCaGa279i2ieaULA9VmwJ/u/If8n5es3frm2dblb39os6ymgJLaNV5KMdtIeOUR01EEV36AE9oWfn3nl0XpzXr9GSU+wsoh9w3j4B9V2eJA==</latexit>

tDF ⇠ 103 Myr

<latexit sha1_base64="nZpxuTFZY//1wVcZIbtu1I/WK00=">AAACFHicbVDLSgMxFM34tr6qLt0EiyAIZcb3sujGjaBoH9CpJZOmNTTJDMkdcRjmI9z4K25cKOLWhTv/xkztQlsPBA7n3MvNOUEkuAHX/XImJqemZ2bn5gsLi0vLK8XVtZoJY01ZlYYi1I2AGCa4YlXgIFgj0ozIQLB60D/N/fod04aH6hqSiLUk6Sne5ZSAldrFHWj7ksCtlqkPXCX46jTDvuESe+7NHvaB3YP18Hmis3ax5JbdAfA48YakhIa4aBc//U5IY8kUUEGMaXpuBK2UaOBUsKzgx4ZFhPZJjzUtVUQy00oHoTK8ZZUO7obaPgV4oP7eSIk0JpGBncwDmFEvF//zmjF0j1spV1EMTNGfQ91YYAhx3hDucM0oiMQSQjW3f8X0lmhCwfZYsCV4o5HHSW237B2WDy73S5WTYR1zaANtom3koSNUQWfoAlURRQ/oCb2gV+fReXbenPef0QlnuLOO/sD5+AYI154w</latexit>

tSC ⇠ 103 Myr
<latexit sha1_base64="/paTQOONunJNHJ7b40XhbAB6Ko4=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEfC2LblxWsA9oYplMJ+3QmSTM3Igl1I2/4saFIm79C3f+jdM2C209cOFwzr3ce0+QCK7Bcb6twsLi0vJKcbW0tr6xuWVv7zR0nCrK6jQWsWoFRDPBI1YHDoK1EsWIDARrBoOrsd+8Z0rzOLqFYcJ8SXoRDzklYKSOvaewp7nErnPnYg/YAyiZ4YSOOnbZqTgT4Hni5qSMctQ69pfXjWkqWQRUEK3brpOAnxEFnAo2KnmpZgmhA9JjbUMjIpn2s8kHI3xolC4OY2UqAjxRf09kRGo9lIHplAT6etYbi/957RTCCz/jUZICi+h0UZgKDDEex4G7XDEKYmgIoYqbWzHtE0UomNBKJgR39uV50jiuuGeV05uTcvUyj6OI9tEBOkIuOkdVdI1qqI4oekTP6BW9WU/Wi/VufUxbC1Y+s4v+wPr8AfWAlfc=</latexit>

r ⇠ 101 pc

<latexit sha1_base64="XbI7GkEBSTN/5lpRSrqa5KF+RTw=">AAACBHicbVC5TgMxEPWGK4RrgTKNRYREQ7TLXUbQUAaJHFISIq/jJFZs78qeRUSrLWj4FRoKEKLlI+j4G5yjgIQnjfT03oxm5gWR4AY879vJLCwuLa9kV3Nr6xubW+72TtWEsaasQkMR6npADBNcsQpwEKweaUZkIFgtGFyN/No904aH6haGEWtJ0lO8yykBK7XdvMZNwyX2vbvk8DjFTWAPoGWCI5q23YJX9MbA88SfkgKaotx2v5qdkMaSKaCCGNPwvQhaCdHAqWBprhkbFhE6ID3WsFQRyUwrGT+R4n2rdHA31LYU4LH6eyIh0pihDGynJNA3s95I/M9rxNC9aCVcRTEwRSeLurHAEOJRIrjDNaMghpYQqrm9FdM+0YSCzS1nQ/BnX54n1aOif1Y8vTkplC6ncWRRHu2hA+Sjc1RC16iMKoiiR/SMXtGb8+S8OO/Ox6Q140xndtEfOJ8/Pp2XPA==</latexit>

r ⇠ 10�3 pc

<latexit sha1_base64="jeTMEgygXam46LBos3NoGLjC+Bk=">AAACBHicbVC7TsNAEDzzDOFloExzIkKiIbIRrzKChjJI5CHFJjpfzskpd7Z1t0ZEVgoafoWGAoRo+Qg6/oZL4gISRlppNLOr3Z0gEVyD43xbC4tLyyurhbXi+sbm1ra9s9vQcaooq9NYxKoVEM0Ej1gdOAjWShQjMhCsGQyuxn7zninN4+gWhgnzJelFPOSUgJE6dklhT3OJXecuO3JH2AP2AEpmOKGjjl12Ks4EeJ64OSmjHLWO/eV1Y5pKFgEVROu26yTgZ0QBp4KNil6qWULogPRY29CISKb9bPLECB8YpYvDWJmKAE/U3xMZkVoPZWA6JYG+nvXG4n9eO4Xwws94lKTAIjpdFKYCQ4zHieAuV4yCGBpCqOLmVkz7RBEKJreiCcGdfXmeNI4r7lnl9OakXL3M4yigEtpHh8hF56iKrlEN1RFFj+gZvaI368l6sd6tj2nrgpXP7KE/sD5/ADt5lzo=</latexit>

r ⇠ 10�1 pc
<latexit sha1_base64="mli43Xn+5Tbr7PT8kXXZuWqvBdc=">AAACFHicbVDLSgMxFM3UV62vqks3wSIIQpkRX8uiC90IFewDOrVk0rQNTTJDckcchn6EG3/FjQtF3Lpw59+YPhbaeiBwOOdebs4JIsENuO63k5mbX1hcyi7nVlbX1jfym1tVE8aasgoNRajrATFMcMUqwEGweqQZkYFgtaB/MfRr90wbHqpbSCLWlKSreIdTAlZq5Q+g5UsCPS1TH7hK8GVtgH3DJfbcOw/7wB7Aevg60YNWvuAW3RHwLPEmpIAmKLfyX347pLFkCqggxjQ8N4JmSjRwKtgg58eGRYT2SZc1LFVEMtNMR6EGeM8qbdwJtX0K8Ej9vZESaUwiAzs5DGCmvaH4n9eIoXPWTLmKYmCKjg91YoEhxMOGcJtrRkEklhCquf0rpj2iCQXbY86W4E1HniXVw6J3Ujy+OSqUzid1ZNEO2kX7yEOnqISuUBlVEEWP6Bm9ojfnyXlx3p2P8WjGmexsoz9wPn8AEo+eNg==</latexit>

tGW ⇠ 101 Myr

Begelman, Blandford & Rees 1980

GW
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Massive Black Holes Binaries
• Galaxy mergers – key to growth of massive galaxies


• “dual” MBHs in post-merger galaxy


• MBH sphere of influence 


• GW dominated evolution

<latexit sha1_base64="3lHi6yorqCw1OG14qg9END/g0kU=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5L4XhbduKxgH9DEMplO2qEzSZi5EUuoG3/FjQtF3PoX7vwbp20W2nrgwuGce7n3niARXIPjfFtz8wuLS8uFleLq2vrGpr21Xddxqiir0VjEqhkQzQSPWA04CNZMFCMyEKwR9K9GfuOeKc3j6BYGCfMl6UY85JSAkdr2rsKe5hK7zt0x9oA9gJIZTuiwbZecsjMGniVuTkooR7Vtf3mdmKaSRUAF0brlOgn4GVHAqWDDopdqlhDaJ13WMjQikmk/G38wxAdG6eAwVqYiwGP190RGpNYDGZhOSaCnp72R+J/XSiG88DMeJSmwiE4WhanAEONRHLjDFaMgBoYQqri5FdMeUYSCCa1oQnCnX54l9aOye1Y+vTkpVS7zOApoD+2jQ+Sic1RB16iKaoiiR/SMXtGb9WS9WO/Wx6R1zspndtAfWJ8/+KKV+Q==</latexit>

r ⇠ 103 pc
<latexit sha1_base64="hcEqWrFtXChffuYW98CGMgyjJUo=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4KjOi1mXRhW6ECvYBnVoyadqGJpkhuSMOQ//Cjb/ixoUibnXn35g+Ftp6IHByzr0k5wSR4AZc99vJLCwuLa9kV3Nr6xubW/ntnZoJY01ZlYYi1I2AGCa4YlXgIFgj0ozIQLB6MLgY+fV7pg0P1S0kEWtJ0lO8yykBK7XzRWj7kkBfy9QHrhJ8WR9i33CJPfcu9Ur2AuwBrI2vEz1s5wtu0R0DzxNvSgpoiko7/+V3QhpLpoAKYkzTcyNopUQDp4INc35sWETogPRY01JFJDOtdJxriA+s0sHdUNujAI/V3xspkcYkMrCTowxm1huJ/3nNGLpnrZSrKAam6OShbiwwhHhUEu5wzSiIxBJCNbd/xbRPNKFgq8zZErzZyPOkdlT0TosnN8eF8vm0jizaQ/voEHmohMroClVQFVH0iJ7RK3pznpwX5935mIxmnOnOLvoD5/MHfyafgw==</latexit>

tGW ⇠ 1017 Myr

<latexit sha1_base64="JVr+qe7qFmam7rvAcr6EOuCP9Ps=">AAACFnicbVDLSgMxFM34rPVVdekmWAQ3lhnR6rLoQjdCBfuATi2ZNG1Dk8yQ3BGHoV/hxl9x40IRt+LOvzF9LLT1QOBwzr3cnBNEghtw3W9nbn5hcWk5s5JdXVvf2MxtbVdNGGvKKjQUoa4HxDDBFasAB8HqkWZEBoLVgv7F0K/dM214qG4hiVhTkq7iHU4JWKmVO4SWLwn0tEx94CrBl7UB9g2X2HPv0qLlwB7Auvg60YNWLu8W3BHwLPEmJI8mKLdyX347pLFkCqggxjQ8N4JmSjRwKtgg68eGRYT2SZc1LFVEMtNMR7EGeN8qbdwJtX0K8Ej9vZESaUwiAzs5jGCmvaH4n9eIoXPWTLmKYmCKjg91YoEhxMOOcJtrRkEklhCquf0rpj2iCQXbZNaW4E1HniXVo4JXLJzcHOdL55M6MmgX7aED5KFTVEJXqIwqiKJH9Ixe0Zvz5Lw4787HeHTOmezsoD9wPn8AADefRw==</latexit>

tGW ⇠ 106 Myr

<latexit sha1_base64="rni0GGoUXcVXn6tLLz2vzJRhO28=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQhDLjeykq4kaoYFXo1JJJ0zaYZIbkjjgM8xFu/BU3LhRx68Kdf2NaZ+HrQOBwzr3cnBPGghvwvA+nNDI6Nj5RnqxMTc/MzrnzC+cmSjRlDRqJSF+GxDDBFWsAB8EuY82IDAW7CK8PBv7FDdOGR+oM0pi1JOkp3uWUgJXa7hq0A0mgr2UWAFcpPjzKcWC4xL53tYEDYLdgPXyS6rztVr2aNwT+S/yCVFGBett9DzoRTSRTQAUxpul7MbQyooFTwfJKkBgWE3pNeqxpqSKSmVY2DJXjFat0cDfS9inAQ/X7RkakMakM7eQggPntDcT/vGYC3d1WxlWcAFP061A3ERgiPGgId7hmFERqCaGa279i2ieaULA9VmwJ/u/If8n5es3frm2dblb39os6ymgJLaNV5KMdtIeOUR01EEV36AE9oWfn3nl0XpzXr9GSU+wsoh9w3j4B9V2eJA==</latexit>

tDF ⇠ 103 Myr

<latexit sha1_base64="nZpxuTFZY//1wVcZIbtu1I/WK00=">AAACFHicbVDLSgMxFM34tr6qLt0EiyAIZcb3sujGjaBoH9CpJZOmNTTJDMkdcRjmI9z4K25cKOLWhTv/xkztQlsPBA7n3MvNOUEkuAHX/XImJqemZ2bn5gsLi0vLK8XVtZoJY01ZlYYi1I2AGCa4YlXgIFgj0ozIQLB60D/N/fod04aH6hqSiLUk6Sne5ZSAldrFHWj7ksCtlqkPXCX46jTDvuESe+7NHvaB3YP18Hmis3ax5JbdAfA48YakhIa4aBc//U5IY8kUUEGMaXpuBK2UaOBUsKzgx4ZFhPZJjzUtVUQy00oHoTK8ZZUO7obaPgV4oP7eSIk0JpGBncwDmFEvF//zmjF0j1spV1EMTNGfQ91YYAhx3hDucM0oiMQSQjW3f8X0lmhCwfZYsCV4o5HHSW237B2WDy73S5WTYR1zaANtom3koSNUQWfoAlURRQ/oCb2gV+fReXbenPef0QlnuLOO/sD5+AYI154w</latexit>

tSC ⇠ 103 Myr
<latexit sha1_base64="/paTQOONunJNHJ7b40XhbAB6Ko4=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEfC2LblxWsA9oYplMJ+3QmSTM3Igl1I2/4saFIm79C3f+jdM2C209cOFwzr3ce0+QCK7Bcb6twsLi0vJKcbW0tr6xuWVv7zR0nCrK6jQWsWoFRDPBI1YHDoK1EsWIDARrBoOrsd+8Z0rzOLqFYcJ8SXoRDzklYKSOvaewp7nErnPnYg/YAyiZ4YSOOnbZqTgT4Hni5qSMctQ69pfXjWkqWQRUEK3brpOAnxEFnAo2KnmpZgmhA9JjbUMjIpn2s8kHI3xolC4OY2UqAjxRf09kRGo9lIHplAT6etYbi/957RTCCz/jUZICi+h0UZgKDDEex4G7XDEKYmgIoYqbWzHtE0UomNBKJgR39uV50jiuuGeV05uTcvUyj6OI9tEBOkIuOkdVdI1qqI4oekTP6BW9WU/Wi/VufUxbC1Y+s4v+wPr8AfWAlfc=</latexit>

r ⇠ 101 pc

<latexit sha1_base64="jeTMEgygXam46LBos3NoGLjC+Bk=">AAACBHicbVC7TsNAEDzzDOFloExzIkKiIbIRrzKChjJI5CHFJjpfzskpd7Z1t0ZEVgoafoWGAoRo+Qg6/oZL4gISRlppNLOr3Z0gEVyD43xbC4tLyyurhbXi+sbm1ra9s9vQcaooq9NYxKoVEM0Ej1gdOAjWShQjMhCsGQyuxn7zninN4+gWhgnzJelFPOSUgJE6dklhT3OJXecuO3JH2AP2AEpmOKGjjl12Ks4EeJ64OSmjHLWO/eV1Y5pKFgEVROu26yTgZ0QBp4KNil6qWULogPRY29CISKb9bPLECB8YpYvDWJmKAE/U3xMZkVoPZWA6JYG+nvXG4n9eO4Xwws94lKTAIjpdFKYCQ4zHieAuV4yCGBpCqOLmVkz7RBEKJreiCcGdfXmeNI4r7lnl9OakXL3M4yigEtpHh8hF56iKrlEN1RFFj+gZvaI368l6sd6tj2nrgpXP7KE/sD5/ADt5lzo=</latexit>

r ⇠ 10�1 pc
<latexit sha1_base64="mli43Xn+5Tbr7PT8kXXZuWqvBdc=">AAACFHicbVDLSgMxFM3UV62vqks3wSIIQpkRX8uiC90IFewDOrVk0rQNTTJDckcchn6EG3/FjQtF3Lpw59+YPhbaeiBwOOdebs4JIsENuO63k5mbX1hcyi7nVlbX1jfym1tVE8aasgoNRajrATFMcMUqwEGweqQZkYFgtaB/MfRr90wbHqpbSCLWlKSreIdTAlZq5Q+g5UsCPS1TH7hK8GVtgH3DJfbcOw/7wB7Aevg60YNWvuAW3RHwLPEmpIAmKLfyX347pLFkCqggxjQ8N4JmSjRwKtgg58eGRYT2SZc1LFVEMtNMR6EGeM8qbdwJtX0K8Ej9vZESaUwiAzs5DGCmvaH4n9eIoXPWTLmKYmCKjg91YoEhxMOGcJtrRkEklhCquf0rpj2iCQXbY86W4E1HniXVw6J3Ujy+OSqUzid1ZNEO2kX7yEOnqISuUBlVEEWP6Bm9ojfnyXlx3p2P8WjGmexsoz9wPn8AEo+eNg==</latexit>

tGW ⇠ 101 Myr

stellar 
scattering

Begelman, Blandford & Rees 1980LZK+2017a



10

Massive Black Holes Binaries
• Galaxy mergers – key to growth of massive galaxies


• “dual” MBHs in post-merger galaxy


• MBH sphere of influence 


• GW dominated evolution


• Binary coalescence

<latexit sha1_base64="3lHi6yorqCw1OG14qg9END/g0kU=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5L4XhbduKxgH9DEMplO2qEzSZi5EUuoG3/FjQtF3PoX7vwbp20W2nrgwuGce7n3niARXIPjfFtz8wuLS8uFleLq2vrGpr21Xddxqiir0VjEqhkQzQSPWA04CNZMFCMyEKwR9K9GfuOeKc3j6BYGCfMl6UY85JSAkdr2rsKe5hK7zt0x9oA9gJIZTuiwbZecsjMGniVuTkooR7Vtf3mdmKaSRUAF0brlOgn4GVHAqWDDopdqlhDaJ13WMjQikmk/G38wxAdG6eAwVqYiwGP190RGpNYDGZhOSaCnp72R+J/XSiG88DMeJSmwiE4WhanAEONRHLjDFaMgBoYQqri5FdMeUYSCCa1oQnCnX54l9aOye1Y+vTkpVS7zOApoD+2jQ+Sic1RB16iKaoiiR/SMXtGb9WS9WO/Wx6R1zspndtAfWJ8/+KKV+Q==</latexit>

r ⇠ 103 pc
<latexit sha1_base64="hcEqWrFtXChffuYW98CGMgyjJUo=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4KjOi1mXRhW6ECvYBnVoyadqGJpkhuSMOQ//Cjb/ixoUibnXn35g+Ftp6IHByzr0k5wSR4AZc99vJLCwuLa9kV3Nr6xubW/ntnZoJY01ZlYYi1I2AGCa4YlXgIFgj0ozIQLB6MLgY+fV7pg0P1S0kEWtJ0lO8yykBK7XzRWj7kkBfy9QHrhJ8WR9i33CJPfcu9Ur2AuwBrI2vEz1s5wtu0R0DzxNvSgpoiko7/+V3QhpLpoAKYkzTcyNopUQDp4INc35sWETogPRY01JFJDOtdJxriA+s0sHdUNujAI/V3xspkcYkMrCTowxm1huJ/3nNGLpnrZSrKAam6OShbiwwhHhUEu5wzSiIxBJCNbd/xbRPNKFgq8zZErzZyPOkdlT0TosnN8eF8vm0jizaQ/voEHmohMroClVQFVH0iJ7RK3pznpwX5935mIxmnOnOLvoD5/MHfyafgw==</latexit>

tGW ⇠ 1017 Myr

<latexit sha1_base64="JVr+qe7qFmam7rvAcr6EOuCP9Ps=">AAACFnicbVDLSgMxFM34rPVVdekmWAQ3lhnR6rLoQjdCBfuATi2ZNG1Dk8yQ3BGHoV/hxl9x40IRt+LOvzF9LLT1QOBwzr3cnBNEghtw3W9nbn5hcWk5s5JdXVvf2MxtbVdNGGvKKjQUoa4HxDDBFasAB8HqkWZEBoLVgv7F0K/dM214qG4hiVhTkq7iHU4JWKmVO4SWLwn0tEx94CrBl7UB9g2X2HPv0qLlwB7Auvg60YNWLu8W3BHwLPEmJI8mKLdyX347pLFkCqggxjQ8N4JmSjRwKtgg68eGRYT2SZc1LFVEMtNMR7EGeN8qbdwJtX0K8Ej9vZESaUwiAzs5jGCmvaH4n9eIoXPWTLmKYmCKjg91YoEhxMOOcJtrRkEklhCquf0rpj2iCQXbZNaW4E1HniXVo4JXLJzcHOdL55M6MmgX7aED5KFTVEJXqIwqiKJH9Ixe0Zvz5Lw4787HeHTOmezsoD9wPn8AADefRw==</latexit>

tGW ⇠ 106 Myr

<latexit sha1_base64="mU2ExMrv69inEqzcpb/6Re6dLvo=">AAACEXicbVC7SgNBFJ2NrxhfUUubwSCkCrviqwxaaCNEMA/IhjA7mSRDZmaXmbvisuQXbPwVGwtFbO3s/BtnkxQaPXDhcM693HtPEAluwHW/nNzC4tLySn61sLa+sblV3N5pmDDWlNVpKELdCohhgitWBw6CtSLNiAwEawaji8xv3jFteKhuIYlYR5KB4n1OCVipWyxD15cEhlqmPnCV4MvmGPuGS+xiH9g9WANfJ3rcLZbcijsB/ku8GSmhGWrd4qffC2ksmQIqiDFtz42gkxINnAo2LvixYRGhIzJgbUsVkcx00slHY3xglR7uh9qWAjxRf06kRBqTyMB2ZtebeS8T//PaMfTPOilXUQxM0emifiwwhDiLB/e4ZhREYgmhmttbMR0STSjYEAs2BG/+5b+kcVjxTirHN0el6vksjjzaQ/uojDx0iqroCtVQHVH0gJ7QC3p1Hp1n5815n7bmnNnMLvoF5+MbV06dWA==</latexit>

tGW ⇠ 0 Myr

<latexit sha1_base64="rni0GGoUXcVXn6tLLz2vzJRhO28=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQhDLjeykq4kaoYFXo1JJJ0zaYZIbkjjgM8xFu/BU3LhRx68Kdf2NaZ+HrQOBwzr3cnBPGghvwvA+nNDI6Nj5RnqxMTc/MzrnzC+cmSjRlDRqJSF+GxDDBFWsAB8EuY82IDAW7CK8PBv7FDdOGR+oM0pi1JOkp3uWUgJXa7hq0A0mgr2UWAFcpPjzKcWC4xL53tYEDYLdgPXyS6rztVr2aNwT+S/yCVFGBett9DzoRTSRTQAUxpul7MbQyooFTwfJKkBgWE3pNeqxpqSKSmVY2DJXjFat0cDfS9inAQ/X7RkakMakM7eQggPntDcT/vGYC3d1WxlWcAFP061A3ERgiPGgId7hmFERqCaGa279i2ieaULA9VmwJ/u/If8n5es3frm2dblb39os6ymgJLaNV5KMdtIeOUR01EEV36AE9oWfn3nl0XpzXr9GSU+wsoh9w3j4B9V2eJA==</latexit>

tDF ⇠ 103 Myr

<latexit sha1_base64="nZpxuTFZY//1wVcZIbtu1I/WK00=">AAACFHicbVDLSgMxFM34tr6qLt0EiyAIZcb3sujGjaBoH9CpJZOmNTTJDMkdcRjmI9z4K25cKOLWhTv/xkztQlsPBA7n3MvNOUEkuAHX/XImJqemZ2bn5gsLi0vLK8XVtZoJY01ZlYYi1I2AGCa4YlXgIFgj0ozIQLB60D/N/fod04aH6hqSiLUk6Sne5ZSAldrFHWj7ksCtlqkPXCX46jTDvuESe+7NHvaB3YP18Hmis3ax5JbdAfA48YakhIa4aBc//U5IY8kUUEGMaXpuBK2UaOBUsKzgx4ZFhPZJjzUtVUQy00oHoTK8ZZUO7obaPgV4oP7eSIk0JpGBncwDmFEvF//zmjF0j1spV1EMTNGfQ91YYAhx3hDucM0oiMQSQjW3f8X0lmhCwfZYsCV4o5HHSW237B2WDy73S5WTYR1zaANtom3koSNUQWfoAlURRQ/oCb2gV+fReXbenPef0QlnuLOO/sD5+AYI154w</latexit>

tSC ⇠ 103 Myr
<latexit sha1_base64="/paTQOONunJNHJ7b40XhbAB6Ko4=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEfC2LblxWsA9oYplMJ+3QmSTM3Igl1I2/4saFIm79C3f+jdM2C209cOFwzr3ce0+QCK7Bcb6twsLi0vJKcbW0tr6xuWVv7zR0nCrK6jQWsWoFRDPBI1YHDoK1EsWIDARrBoOrsd+8Z0rzOLqFYcJ8SXoRDzklYKSOvaewp7nErnPnYg/YAyiZ4YSOOnbZqTgT4Hni5qSMctQ69pfXjWkqWQRUEK3brpOAnxEFnAo2KnmpZgmhA9JjbUMjIpn2s8kHI3xolC4OY2UqAjxRf09kRGo9lIHplAT6etYbi/957RTCCz/jUZICi+h0UZgKDDEex4G7XDEKYmgIoYqbWzHtE0UomNBKJgR39uV50jiuuGeV05uTcvUyj6OI9tEBOkIuOkdVdI1qqI4oekTP6BW9WU/Wi/VufUxbC1Y+s4v+wPr8AfWAlfc=</latexit>

r ⇠ 101 pc

<latexit sha1_base64="XbI7GkEBSTN/5lpRSrqa5KF+RTw=">AAACBHicbVC5TgMxEPWGK4RrgTKNRYREQ7TLXUbQUAaJHFISIq/jJFZs78qeRUSrLWj4FRoKEKLlI+j4G5yjgIQnjfT03oxm5gWR4AY879vJLCwuLa9kV3Nr6xubW+72TtWEsaasQkMR6npADBNcsQpwEKweaUZkIFgtGFyN/No904aH6haGEWtJ0lO8yykBK7XdvMZNwyX2vbvk8DjFTWAPoGWCI5q23YJX9MbA88SfkgKaotx2v5qdkMaSKaCCGNPwvQhaCdHAqWBprhkbFhE6ID3WsFQRyUwrGT+R4n2rdHA31LYU4LH6eyIh0pihDGynJNA3s95I/M9rxNC9aCVcRTEwRSeLurHAEOJRIrjDNaMghpYQqrm9FdM+0YSCzS1nQ/BnX54n1aOif1Y8vTkplC6ncWRRHu2hA+Sjc1RC16iMKoiiR/SMXtGb8+S8OO/Ox6Q140xndtEfOJ8/Pp2XPA==</latexit>

r ⇠ 10�3 pc

<latexit sha1_base64="jeTMEgygXam46LBos3NoGLjC+Bk=">AAACBHicbVC7TsNAEDzzDOFloExzIkKiIbIRrzKChjJI5CHFJjpfzskpd7Z1t0ZEVgoafoWGAoRo+Qg6/oZL4gISRlppNLOr3Z0gEVyD43xbC4tLyyurhbXi+sbm1ra9s9vQcaooq9NYxKoVEM0Ej1gdOAjWShQjMhCsGQyuxn7zninN4+gWhgnzJelFPOSUgJE6dklhT3OJXecuO3JH2AP2AEpmOKGjjl12Ks4EeJ64OSmjHLWO/eV1Y5pKFgEVROu26yTgZ0QBp4KNil6qWULogPRY29CISKb9bPLECB8YpYvDWJmKAE/U3xMZkVoPZWA6JYG+nvXG4n9eO4Xwws94lKTAIjpdFKYCQ4zHieAuV4yCGBpCqOLmVkz7RBEKJreiCcGdfXmeNI4r7lnl9OakXL3M4yigEtpHh8hF56iKrlEN1RFFj+gZvaI368l6sd6tj2nrgpXP7KE/sD5/ADt5lzo=</latexit>

r ⇠ 10�1 pc
<latexit sha1_base64="mli43Xn+5Tbr7PT8kXXZuWqvBdc=">AAACFHicbVDLSgMxFM3UV62vqks3wSIIQpkRX8uiC90IFewDOrVk0rQNTTJDckcchn6EG3/FjQtF3Lpw59+YPhbaeiBwOOdebs4JIsENuO63k5mbX1hcyi7nVlbX1jfym1tVE8aasgoNRajrATFMcMUqwEGweqQZkYFgtaB/MfRr90wbHqpbSCLWlKSreIdTAlZq5Q+g5UsCPS1TH7hK8GVtgH3DJfbcOw/7wB7Aevg60YNWvuAW3RHwLPEmpIAmKLfyX347pLFkCqggxjQ8N4JmSjRwKtgg58eGRYT2SZc1LFVEMtNMR6EGeM8qbdwJtX0K8Ej9vZESaUwiAzs5DGCmvaH4n9eIoXPWTLmKYmCKjg91YoEhxMOGcJtrRkEklhCquf0rpj2iCQXbY86W4E1HniXVw6J3Ujy+OSqUzid1ZNEO2kX7yEOnqISuUBlVEEWP6Bm9ojfnyXlx3p2P8WjGmexsoz9wPn8AEo+eNg==</latexit>

tGW ⇠ 101 Myr

dynamical

friction

stellar 
scattering

GW

• very sensitive to initial conditions, 
cosmological distribution of galaxies


• tidal stripping is numerically challenging

• analytic approximations are bad

• numerically intractable 

• easy!

• torques from circumbinary disks?

• ongoing galaxy evolution? 
(star bursts, AGN feedback)


• triple MBH interactions?

• GW recoils?

• rate of galaxy mergers?

• MBH masses? 

(M–Sigma / M–Mbulge)



• wide range of predicted amplitudes

11 from Maria Charisi | Agazie+2023 (SMBH binaries)

<latexit sha1_base64="y7FNXb3NakpylHSosRcWAysU270=">AAACLnicbVDLSsNAFJ34tr6qLt0MFkE3JRFfSx8ILitYFZoSJtObdnAyCTM3Ygn5Ijf+ii4EFXHrZzh9KL4OXDiccy+He8JUCoOu++SMjI6NT0xOTZdmZufmF8qLS+cmyTSHOk9koi9DZkAKBXUUKOEy1cDiUMJFeHXU8y+uQRuRqDPsptCMWVuJSHCGVgrKxz7CDeo45x2mGUfQNlNwalAzoWhBfZm0g9xzC19ChOsHweeB53Z14WvR7uBGUK64VbcP+pd4Q1IhQ9SC8oPfSngWg0IumTENz02xmTNtsyUUJT8zkDJ+xdrQsFSxGEwz779b0DWrtGiUaDsKaV/9fpGz2JhuHNrNmGHH/PZ64n9eI8Nor5kLlWYIig+CokxSTGivO9oSGjjKriWMa9Hr6as2U7IleL9f/kvON6veTnX7dKuyfzisY4qskFWyTjyyS/bJCamROuHkltyTZ/Li3DmPzqvzNlgdcYY3y+QHnPcPureqJQ==</latexit>

characteristic strain log10 (A10yr)

<latexit sha1_base64="NiAxmDFJuxBttBsDkqq5CbmBv9g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArGj0GvXiMaB6QLGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3U795hPXRkTqEccx90M6UKIvGEUrPZx5lW6x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/tp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaN87JXKV/eX5SqN1kceTiCYzgFD66gCndQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwBXk2NNg==</latexit>�16
<latexit sha1_base64="IP878GVezA7PQDPBkt1ByRmPOBI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArRj0GvXiMaB6QLGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3U795hPXRkTqEccx90M6UKIvGEUrPZx5lW6x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/tp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaN87J3Wa7cX5SqN1kceTiCYzgFD66gCndQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwBXMmNNQ==</latexit>�15

<latexit sha1_base64="LLA7BcxffHuY5woHnw3YtJfWS2w=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAr8XEMevEY0TwgWcLsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwup36zSeujYjUI45j7od0oERfMIpWejjzKt1iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9np07IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/aT4WKE+SKzRf1E0kwItO/SU9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwa52XvsnxxXylVb7I48nAEx3AKHlxBFe6gBnVgMIBneIU3RzovzrvzMW/NOdnMIfyB8/kDW0WNNA==</latexit>�14

MBH Binary Population Synthesis



semi-empirical observationalsemi-analytic hydrodynamic

<latexit sha1_base64="5Zvc+7Z6KIsGK4Hmmpsiemv29Lg=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqsxIUZdFNy4r2Ad0hpJJ77ShSWZIMkIZCv6KGxeKuPU73Pk3ZtoutPVA4HDOvdyTE6WcaeN5387K6tr6xmZpq7y9s7u37x4ctnSSKQpNmvBEdSKigTMJTcMMh06qgIiIQzsa3RZ++xGUZol8MOMUQkEGksWMEmOlnnsccNBaM4EDQcxQiXyU0knPrXhVbwq8TPw5qaA5Gj33K+gnNBMgDeVE667vpSbMiTKMcpiUg0xDSuiIDKBrqSQCdJhP40/wmVX6OE6UfdLgqfp7IydC67GI7GSRUS96hfif181MfB3mTKaZAUlnh+KMY5PgogvcZwqo4WNLCFXMZsV0SBShxjZWtiX4i19eJq2Lqn9Zrd3XKvWbeR0ldIJO0Tny0RWqozvUQE1EUY6e0St6c56cF+fd+ZiNrjjznSP0B87nD+jHlh0=</latexit>. kpc

MBH–Galaxy relation (e.g. M–Mbulge)

semi–analytic 
“hardening” models

galaxy stellar–mass function (GSMF)

Dark–Matter Simulations

observational GSMF 
(or galaxy catalog)

empirical galaxy pair-fraction

numerical prescriptions 
MBH seeding & growth

galaxy pair–fraction

merger timescale
+

Galaxy–Halo relation 
(e.g. abundance matching)

galaxies

galaxy 
mergers

black holes

black hole

binaries

12

MBH Binary Population Synthesis

numerical prescriptions 
cooling, star formation, 

feedback, etc

LCDM + gravity

GW signals



Guo & White 2008 
(millenium cosmo–DM + SAM)

Rodriguez-Gomez et al. 2015 
(illustris | cosmo–hydro)

• differences between modeling assumptions can be significant 
e.g. galaxy–galaxy merger rates

13

MBH Binary Population Synthesis



14

• interchangeably utilize multiple modeling approaches

• cosmological hydro simulations

• semi-analytic/semi-empirical models

• observationally-based catalogs

• self-consistent binary evolution

• comprehensive environmental interactions

• eccentric orbits

• discretized binary populations

MBH Binary Population Synthesis
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10�15
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

10�16
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

10�17
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(10 yr)�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(1 yr)�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

10 nHz
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

100 nHz
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

<latexit sha1_base64="iOT2tPGYGBmtxJzuS7hlvemlwxg="></latexit> ch
ar
ac
te
ri
st
ic

st
ra
in

<latexit sha1_base64="yakJu1d0bfRxbC4sgF/QNAZMeLw="></latexit>

frequency [yr�1]

LZK+2017a, 2017b, 2018

GW Background
<latexit sha1_base64="W/uw7PKHzAzFD8VIXynK+1mmfVo="></latexit>

h2
c(f) =

Z
h2(fr)

d4N

dMdq dz dlnfr
dMdq dz

=

Z
h2(fr)

d3n

dMdq dz

dt

dlnfr

dV

dz

dz

dt
dMdq dz

=

Z
h2(fr)

d3n

dMdq dz

fr
dfr/dt

4⇡c d2c (1 + z) dMdq dz

Rajagopal & Romani 1995; Phinney 2001; Jaffe & Backer 2003; 
Wyithe & Loeb 2003; Sesana 2008, 2010, 2013
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10�15
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

10�16
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

10�17
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(10 yr)�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(1 yr)�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

10 nHz
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

100 nHz
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population evolution

LZK+2017a, 2017b, 2018

GW Background
<latexit sha1_base64="W/uw7PKHzAzFD8VIXynK+1mmfVo="></latexit>

h2
c(f) =

Z
h2(fr)

d4N

dMdq dz dlnfr
dMdq dz

=

Z
h2(fr)

d3n

dMdq dz

dt

dlnfr

dV

dz

dz

dt
dMdq dz

=

Z
h2(fr)

d3n

dMdq dz

fr
dfr/dt

4⇡c d2c (1 + z) dMdq dz

10�15
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

10�16
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

10�17
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(10 yr)�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(1 yr)�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

10 nHz
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

100 nHz
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

stellar/gas

interactions number & 

eccentricity

number-density & masses 
(M–Sigma/M–Mbulge)

<latexit sha1_base64="iOT2tPGYGBmtxJzuS7hlvemlwxg="></latexit> ch
ar
ac
te
ri
st
ic

st
ra
in

<latexit sha1_base64="yakJu1d0bfRxbC4sgF/QNAZMeLw="></latexit>

frequency [yr�1]

Rajagopal & Romani 1995; Phinney 2001; Jaffe & Backer 2003; 
Wyithe & Loeb 2003; Sesana 2008, 2010, 2013

<latexit sha1_base64="Mj73Kp2DHOjDcC0BgE5QdqnBR2E="></latexit>

hc(f) = A0

✓
f

f0

◆�

� = �2

3
<latexit sha1_base64="i4l2t6YiqeRQZMuQlMALZxsCiSc="></latexit>

f0 = 1yr�1 ! A0 ⇡ 10�15

continuous GW–only



21

formationevolution/“hardening”coalescence

pulsar timing 
GWs environmental effects

stronger ↔︎ fast evo

(more coalescing)

weaker ↔︎ slow evo 
(more stalling)

MBH Binary Evolution
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formation evolution/“hardening” coalescence

MBH Binary Evolution
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MBH Binary Evolution

Agazie+2023 (SMBH binaries)
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evolution 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density
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M-MBulge 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M-MBulge 
normalization

evolution 
steepness

MBH Binary Landscape
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MBH Binary Landscape
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Single Binaries & Anisotropy
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Single Binaries & Anisotropy
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Bécsy, Cornish, LZK 2022 

Bécsy+ in prep

sources ≈ PTA response

10 loudest removed

100 loudest removed

all
Single Binaries & Anisotropy
• If binaries, then anisotropy.
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Single Binaries & Anisotropy
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see also: Allen 2022

• If binaries, then anisotropy.
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Single Binaries & Anisotropy
• If binaries, then anisotropy.  How much?

hydrodynamic | LZK+2018

SAMs | Rosado+2015

Emiko Gardiner, LZK+ in prep

DRAFT
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Single Binaries & Anisotropy
• If binaries, then anisotropy.  How much?

Emiko Gardiner, LZK+ in prep

DRAFT
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AF

T
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Single Binaries & Anisotropy
• Electromagnetic Counterparts (zero confirmed to-date) 

reviews: Komossa (2006), Burke-Spolaor (2013), 
           Bogdanovic (2015), De Rosa et al. (2019)

• binary TDEs

• photometric deficits

• periodic variability

• kinematic/spectroscopic offsets

• self–lensing

partial 
dusty tori BLR2BLR1

a

corona

continuum 
sourcedisk/

RBLR,2RBLR,1

LZK+2021, 2022b, LZK 2021
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Single Binaries & Anisotropy

partial 
dusty tori BLR2BLR1

a

corona

continuum 
sourcedisk/

RBLR,2RBLR,1

LZK+2021, 2022b, LZK 2021

• Significant multi-messenger discovery space 
(see: NANOGrav white-paper | LZK+2022a)

• MBH binaries + environments

• accretion, jets & emission around binaries

• MBH–galaxy co-evolution

• cosmological probes (e.g. standard sirens)

• Electromagnetic Counterparts (zero confirmed to-date) 
reviews: Komossa (2006), Burke-Spolaor (2013), 
           Bogdanovic (2015), De Rosa et al. (2019)

• binary TDEs

• photometric deficits

• periodic variability

• kinematic/spectroscopic offsets

• self–lensing
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