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 R-process  nucleosynthesis
cosmic life cycle

Solar system abundances

“Big Bang”“stellar burning” “neutron captures”

two neutron capture processes: 

• slow n-capture (“s-process”) 

• rapid n-capture  (“r-process”) 
 ⇒ ~50% of elements  
   heavier than iron



Examples of r-process elements

Lead, Z= 82, A= 207

Iridium, Z= 77, A= 192

Platinum, Z= 78, A= 195

Gold, Z= 79, A= 197
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Where does the r-process happen?

• Supernovae traditionally favored since the 1950ies 
(Burbidge et al. 1957, Cameron 1957)

• Neutron star mergers (selection) 

• 1974:  
• idea discussed in NSBH context  (Lattimer & Schramm 1974) 
• ejecta amounts unknown  (“~0.05 ± 0.05 Mns”) ⇒ relevance?

• 1989:  
• discussion “ ns-ns merger:  r-process, neutrino bursts  

& gamma-ray bursts” (Eichler+ 1989)

• “eject enough to explain all Galactic r-process”

• “reproduce solar r-process up to platinum peak  
 without any tuning”

• “should power  EM transient” (Li & Paczynski 1998)

• 1998:  
• first nucleosynthesis for nsns-mergers  

(Rosswog+1998, Freiburghaus+ 1999, Rosswog+ 1999):

• One of the “11 science questions for the new century” 
(National Research Council 2003)
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low Ye: 
• close to neutron drip line 
• nuclear properties from models

high Ye: 
• closer to valley of β-stability 
• nuclear properties from experiments

• effect on reaction path:

• astrophysical realization

Supernova: NS mergers:
“de-leptonizing”  
 from 0.5 down  
to Ye~ 0.3

“re-protonizing”  
starting from  
Ye~ 0.1
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• increasing Ye via β-reactions e+ + n ! p+ ⌫̄e
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• BUT: unbinding matter from a neutron star is non-trivial!

• initial neutron star: cold β-equilibrium, very low Ye

electron fraction

density

1.4 M⊙, SFHo-EOS

• increasing Ye via β-reactions e+ + n ! p+ ⌫̄e
<latexit sha1_base64="3yQeMXSPcXhwqFoYR76K4bLNyxw=">AAACDHicjVDLSgMxFM3UV62vqks3wSIIhTIjgq6k4MZlBfuATi130jttaCYzJBmlDP0AN/6KGxeKuPUD3Pk3po+FioIHLhzOOZfkniARXBvX/XByC4tLyyv51cLa+sbmVnF7p6HjVDGss1jEqhWARsEl1g03AluJQogCgc1geD7xmzeoNI/llRkl2ImgL3nIGRgrdYslvC7TMpXUV7w/MKBUfEsTq/gBqMyX6biLNuVV3Cno36RE5qh1i+9+L2ZphNIwAVq3PTcxnQyU4UzguOCnGhNgQ+hj21IJEepONj1mTA+s0qNhrOxIQ6fq140MIq1HUWCTEZiB/ulNxN+8dmrC007GZZIalGz2UJgKamI6aYb2uEJmxMgSYIrbv1I2AAXM2P4K/yuhcVTx3Ip3eVyqns3ryJM9sk8OiUdOSJVckBqpE0buyAN5Is/OvfPovDivs2jOme/skm9w3j4BpZmaGw==</latexit><latexit sha1_base64="3yQeMXSPcXhwqFoYR76K4bLNyxw=">AAACDHicjVDLSgMxFM3UV62vqks3wSIIhTIjgq6k4MZlBfuATi130jttaCYzJBmlDP0AN/6KGxeKuPUD3Pk3po+FioIHLhzOOZfkniARXBvX/XByC4tLyyv51cLa+sbmVnF7p6HjVDGss1jEqhWARsEl1g03AluJQogCgc1geD7xmzeoNI/llRkl2ImgL3nIGRgrdYslvC7TMpXUV7w/MKBUfEsTq/gBqMyX6biLNuVV3Cno36RE5qh1i+9+L2ZphNIwAVq3PTcxnQyU4UzguOCnGhNgQ+hj21IJEepONj1mTA+s0qNhrOxIQ6fq140MIq1HUWCTEZiB/ulNxN+8dmrC007GZZIalGz2UJgKamI6aYb2uEJmxMgSYIrbv1I2AAXM2P4K/yuhcVTx3Ip3eVyqns3ryJM9sk8OiUdOSJVckBqpE0buyAN5Is/OvfPovDivs2jOme/skm9w3j4BpZmaGw==</latexit><latexit sha1_base64="3yQeMXSPcXhwqFoYR76K4bLNyxw=">AAACDHicjVDLSgMxFM3UV62vqks3wSIIhTIjgq6k4MZlBfuATi130jttaCYzJBmlDP0AN/6KGxeKuPUD3Pk3po+FioIHLhzOOZfkniARXBvX/XByC4tLyyv51cLa+sbmVnF7p6HjVDGss1jEqhWARsEl1g03AluJQogCgc1geD7xmzeoNI/llRkl2ImgL3nIGRgrdYslvC7TMpXUV7w/MKBUfEsTq/gBqMyX6biLNuVV3Cno36RE5qh1i+9+L2ZphNIwAVq3PTcxnQyU4UzguOCnGhNgQ+hj21IJEepONj1mTA+s0qNhrOxIQ6fq140MIq1HUWCTEZiB/ulNxN+8dmrC007GZZIalGz2UJgKamI6aYb2uEJmxMgSYIrbv1I2AAXM2P4K/yuhcVTx3Ip3eVyqns3ryJM9sk8OiUdOSJVckBqpE0buyAN5Is/OvfPovDivs2jOme/skm9w3j4BpZmaGw==</latexit><latexit sha1_base64="3yQeMXSPcXhwqFoYR76K4bLNyxw=">AAACDHicjVDLSgMxFM3UV62vqks3wSIIhTIjgq6k4MZlBfuATi130jttaCYzJBmlDP0AN/6KGxeKuPUD3Pk3po+FioIHLhzOOZfkniARXBvX/XByC4tLyyv51cLa+sbmVnF7p6HjVDGss1jEqhWARsEl1g03AluJQogCgc1geD7xmzeoNI/llRkl2ImgL3nIGRgrdYslvC7TMpXUV7w/MKBUfEsTq/gBqMyX6biLNuVV3Cno36RE5qh1i+9+L2ZphNIwAVq3PTcxnQyU4UzguOCnGhNgQ+hj21IJEepONj1mTA+s0qNhrOxIQ6fq140MIq1HUWCTEZiB/ulNxN+8dmrC007GZZIalGz2UJgKamI6aYb2uEJmxMgSYIrbv1I2AAXM2P4K/yuhcVTx3Ip3eVyqns3ryJM9sk8OiUdOSJVckBqpE0buyAN5Is/OvfPovDivs2jOme/skm9w3j4BpZmaGw==</latexit>

⌫e + n ! p+ e�
<latexit sha1_base64="xdys6n9cudJMit4Bd9wdT/9EA+Q=">AAACB3icjZBLSwMxFIUz9VXra9SlIMEiCGKZEUFXUnDjsoJ9QDsOmfROG5pJhiSjlKE7N/4VNy4UcetfcOe/Ma1dqCh4IHD4zr0kOVHKmTae9+4UZmbn5heKi6Wl5ZXVNXd9o6FlpijUqeRStSKigTMBdcMMh1aqgCQRh2Y0OBvnzWtQmklxaYYpBAnpCRYzSoxFobvdEVkIeB8L3FGs1zdEKXmDU0vg6qAUumW/4k2E/zZlNFUtdN86XUmzBIShnGjd9r3UBDlRhlEOo1In05ASOiA9aFsrSAI6yCf/GOFdS7o4lsoeYfCEft3ISaL1MInsZEJMX//MxvC3rJ2Z+CTImUgzA4J+XhRnHBuJx6XgLlNADR9aQ6hi9q2Y9oki1Njq/llC47DiexX/4qhcPZ3WUURbaAftIR8doyo6RzVURxTdonv0iJ6cO+fBeXZePkcLznRnE32T8/oB+paXbA==</latexit><latexit sha1_base64="xdys6n9cudJMit4Bd9wdT/9EA+Q=">AAACB3icjZBLSwMxFIUz9VXra9SlIMEiCGKZEUFXUnDjsoJ9QDsOmfROG5pJhiSjlKE7N/4VNy4UcetfcOe/Ma1dqCh4IHD4zr0kOVHKmTae9+4UZmbn5heKi6Wl5ZXVNXd9o6FlpijUqeRStSKigTMBdcMMh1aqgCQRh2Y0OBvnzWtQmklxaYYpBAnpCRYzSoxFobvdEVkIeB8L3FGs1zdEKXmDU0vg6qAUumW/4k2E/zZlNFUtdN86XUmzBIShnGjd9r3UBDlRhlEOo1In05ASOiA9aFsrSAI6yCf/GOFdS7o4lsoeYfCEft3ISaL1MInsZEJMX//MxvC3rJ2Z+CTImUgzA4J+XhRnHBuJx6XgLlNADR9aQ6hi9q2Y9oki1Njq/llC47DiexX/4qhcPZ3WUURbaAftIR8doyo6RzVURxTdonv0iJ6cO+fBeXZePkcLznRnE32T8/oB+paXbA==</latexit><latexit sha1_base64="xdys6n9cudJMit4Bd9wdT/9EA+Q=">AAACB3icjZBLSwMxFIUz9VXra9SlIMEiCGKZEUFXUnDjsoJ9QDsOmfROG5pJhiSjlKE7N/4VNy4UcetfcOe/Ma1dqCh4IHD4zr0kOVHKmTae9+4UZmbn5heKi6Wl5ZXVNXd9o6FlpijUqeRStSKigTMBdcMMh1aqgCQRh2Y0OBvnzWtQmklxaYYpBAnpCRYzSoxFobvdEVkIeB8L3FGs1zdEKXmDU0vg6qAUumW/4k2E/zZlNFUtdN86XUmzBIShnGjd9r3UBDlRhlEOo1In05ASOiA9aFsrSAI6yCf/GOFdS7o4lsoeYfCEft3ISaL1MInsZEJMX//MxvC3rJ2Z+CTImUgzA4J+XhRnHBuJx6XgLlNADR9aQ6hi9q2Y9oki1Njq/llC47DiexX/4qhcPZ3WUURbaAftIR8doyo6RzVURxTdonv0iJ6cO+fBeXZePkcLznRnE32T8/oB+paXbA==</latexit><latexit sha1_base64="xdys6n9cudJMit4Bd9wdT/9EA+Q=">AAACB3icjZBLSwMxFIUz9VXra9SlIMEiCGKZEUFXUnDjsoJ9QDsOmfROG5pJhiSjlKE7N/4VNy4UcetfcOe/Ma1dqCh4IHD4zr0kOVHKmTae9+4UZmbn5heKi6Wl5ZXVNXd9o6FlpijUqeRStSKigTMBdcMMh1aqgCQRh2Y0OBvnzWtQmklxaYYpBAnpCRYzSoxFobvdEVkIeB8L3FGs1zdEKXmDU0vg6qAUumW/4k2E/zZlNFUtdN86XUmzBIShnGjd9r3UBDlRhlEOo1In05ASOiA9aFsrSAI6yCf/GOFdS7o4lsoeYfCEft3ISaL1MInsZEJMX//MxvC3rJ2Z+CTImUgzA4J+XhRnHBuJx6XgLlNADR9aQ6hi9q2Y9oki1Njq/llC47DiexX/4qhcPZ3WUURbaAftIR8doyo6RzVURxTdonv0iJ6cO+fBeXZePkcLznRnE32T8/oB+paXbA==</latexit>

⇒ ejecta history?

few 10�5M�
<latexit sha1_base64="B5XW8/CpfWnGupQaXRy5He/PCW8=">AAACDXicdZDLSsQwGIXT8TaOt6pLN8FRcOPQiqIgyIAbN8IIzgWmtaRpOhMmbUqSKkOpD+DGV3HjQhG37t35NmYuwng7EDh85/9JcvyEUaks68MoTE3PzM4V50sLi0vLK+bqWkPyVGBSx5xx0fKRJIzGpK6oYqSVCIIin5Gm3zsd5M1rIiTl8aXqJ8SNUCemIcVIaeSZW7cwc0QEQ3KTQ+cY2tZVtnuQj+B57jk84Mozy3bFGgpav8xXVAZj1Tzz3Qk4TiMSK8yQlG3bSpSbIaEoZiQvOakkCcI91CFtbWMUEelmw9/kcFuTAIZc6BMrOKSTGxmKpOxHvp6MkOrKn9kA/pW1UxUeuRmNk1SRGI8uClMGFYeDamBABcGK9bVBWFD9Voi7SCCsdIGlyRL+N429im1V7Iv9cvVkXEcRbIBNsANscAiq4AzUQB1gcAcewBN4Nu6NR+PFeB2NFozxzjr4JuPtEz38mmQ=</latexit><latexit sha1_base64="B5XW8/CpfWnGupQaXRy5He/PCW8=">AAACDXicdZDLSsQwGIXT8TaOt6pLN8FRcOPQiqIgyIAbN8IIzgWmtaRpOhMmbUqSKkOpD+DGV3HjQhG37t35NmYuwng7EDh85/9JcvyEUaks68MoTE3PzM4V50sLi0vLK+bqWkPyVGBSx5xx0fKRJIzGpK6oYqSVCIIin5Gm3zsd5M1rIiTl8aXqJ8SNUCemIcVIaeSZW7cwc0QEQ3KTQ+cY2tZVtnuQj+B57jk84Mozy3bFGgpav8xXVAZj1Tzz3Qk4TiMSK8yQlG3bSpSbIaEoZiQvOakkCcI91CFtbWMUEelmw9/kcFuTAIZc6BMrOKSTGxmKpOxHvp6MkOrKn9kA/pW1UxUeuRmNk1SRGI8uClMGFYeDamBABcGK9bVBWFD9Voi7SCCsdIGlyRL+N429im1V7Iv9cvVkXEcRbIBNsANscAiq4AzUQB1gcAcewBN4Nu6NR+PFeB2NFozxzjr4JuPtEz38mmQ=</latexit><latexit sha1_base64="B5XW8/CpfWnGupQaXRy5He/PCW8=">AAACDXicdZDLSsQwGIXT8TaOt6pLN8FRcOPQiqIgyIAbN8IIzgWmtaRpOhMmbUqSKkOpD+DGV3HjQhG37t35NmYuwng7EDh85/9JcvyEUaks68MoTE3PzM4V50sLi0vLK+bqWkPyVGBSx5xx0fKRJIzGpK6oYqSVCIIin5Gm3zsd5M1rIiTl8aXqJ8SNUCemIcVIaeSZW7cwc0QEQ3KTQ+cY2tZVtnuQj+B57jk84Mozy3bFGgpav8xXVAZj1Tzz3Qk4TiMSK8yQlG3bSpSbIaEoZiQvOakkCcI91CFtbWMUEelmw9/kcFuTAIZc6BMrOKSTGxmKpOxHvp6MkOrKn9kA/pW1UxUeuRmNk1SRGI8uClMGFYeDamBABcGK9bVBWFD9Voi7SCCsdIGlyRL+N429im1V7Iv9cvVkXEcRbIBNsANscAiq4AzUQB1gcAcewBN4Nu6NR+PFeB2NFozxzjr4JuPtEz38mmQ=</latexit><latexit sha1_base64="B5XW8/CpfWnGupQaXRy5He/PCW8=">AAACDXicdZDLSsQwGIXT8TaOt6pLN8FRcOPQiqIgyIAbN8IIzgWmtaRpOhMmbUqSKkOpD+DGV3HjQhG37t35NmYuwng7EDh85/9JcvyEUaks68MoTE3PzM4V50sLi0vLK+bqWkPyVGBSx5xx0fKRJIzGpK6oYqSVCIIin5Gm3zsd5M1rIiTl8aXqJ8SNUCemIcVIaeSZW7cwc0QEQ3KTQ+cY2tZVtnuQj+B57jk84Mozy3bFGgpav8xXVAZj1Tzz3Qk4TiMSK8yQlG3bSpSbIaEoZiQvOakkCcI91CFtbWMUEelmw9/kcFuTAIZc6BMrOKSTGxmKpOxHvp6MkOrKn9kA/pW1UxUeuRmNk1SRGI8uClMGFYeDamBABcGK9bVBWFD9Voi7SCCsdIGlyRL+N429im1V7Iv9cvVkXEcRbIBNsANscAiq4AzUQB1gcAcewBN4Nu6NR+PFeB2NFozxzjr4JuPtEz38mmQ=</latexit>
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|Egrav| ⇡ 150 MeV � Enuc  8 MeV

• BUT: unbinding matter from a neutron star is non-trivial!

• initial neutron star: cold β-equilibrium, very low Ye

electron fraction

density

1.4 M⊙, SFHo-EOS

• increasing Ye via β-reactions e+ + n ! p+ ⌫̄e
<latexit sha1_base64="3yQeMXSPcXhwqFoYR76K4bLNyxw=">AAACDHicjVDLSgMxFM3UV62vqks3wSIIhTIjgq6k4MZlBfuATi130jttaCYzJBmlDP0AN/6KGxeKuPUD3Pk3po+FioIHLhzOOZfkniARXBvX/XByC4tLyyv51cLa+sbmVnF7p6HjVDGss1jEqhWARsEl1g03AluJQogCgc1geD7xmzeoNI/llRkl2ImgL3nIGRgrdYslvC7TMpXUV7w/MKBUfEsTq/gBqMyX6biLNuVV3Cno36RE5qh1i+9+L2ZphNIwAVq3PTcxnQyU4UzguOCnGhNgQ+hj21IJEepONj1mTA+s0qNhrOxIQ6fq140MIq1HUWCTEZiB/ulNxN+8dmrC007GZZIalGz2UJgKamI6aYb2uEJmxMgSYIrbv1I2AAXM2P4K/yuhcVTx3Ip3eVyqns3ryJM9sk8OiUdOSJVckBqpE0buyAN5Is/OvfPovDivs2jOme/skm9w3j4BpZmaGw==</latexit><latexit sha1_base64="3yQeMXSPcXhwqFoYR76K4bLNyxw=">AAACDHicjVDLSgMxFM3UV62vqks3wSIIhTIjgq6k4MZlBfuATi130jttaCYzJBmlDP0AN/6KGxeKuPUD3Pk3po+FioIHLhzOOZfkniARXBvX/XByC4tLyyv51cLa+sbmVnF7p6HjVDGss1jEqhWARsEl1g03AluJQogCgc1geD7xmzeoNI/llRkl2ImgL3nIGRgrdYslvC7TMpXUV7w/MKBUfEsTq/gBqMyX6biLNuVV3Cno36RE5qh1i+9+L2ZphNIwAVq3PTcxnQyU4UzguOCnGhNgQ+hj21IJEepONj1mTA+s0qNhrOxIQ6fq140MIq1HUWCTEZiB/ulNxN+8dmrC007GZZIalGz2UJgKamI6aYb2uEJmxMgSYIrbv1I2AAXM2P4K/yuhcVTx3Ip3eVyqns3ryJM9sk8OiUdOSJVckBqpE0buyAN5Is/OvfPovDivs2jOme/skm9w3j4BpZmaGw==</latexit><latexit sha1_base64="3yQeMXSPcXhwqFoYR76K4bLNyxw=">AAACDHicjVDLSgMxFM3UV62vqks3wSIIhTIjgq6k4MZlBfuATi130jttaCYzJBmlDP0AN/6KGxeKuPUD3Pk3po+FioIHLhzOOZfkniARXBvX/XByC4tLyyv51cLa+sbmVnF7p6HjVDGss1jEqhWARsEl1g03AluJQogCgc1geD7xmzeoNI/llRkl2ImgL3nIGRgrdYslvC7TMpXUV7w/MKBUfEsTq/gBqMyX6biLNuVV3Cno36RE5qh1i+9+L2ZphNIwAVq3PTcxnQyU4UzguOCnGhNgQ+hj21IJEepONj1mTA+s0qNhrOxIQ6fq140MIq1HUWCTEZiB/ulNxN+8dmrC007GZZIalGz2UJgKamI6aYb2uEJmxMgSYIrbv1I2AAXM2P4K/yuhcVTx3Ip3eVyqns3ryJM9sk8OiUdOSJVckBqpE0buyAN5Is/OvfPovDivs2jOme/skm9w3j4BpZmaGw==</latexit><latexit sha1_base64="3yQeMXSPcXhwqFoYR76K4bLNyxw=">AAACDHicjVDLSgMxFM3UV62vqks3wSIIhTIjgq6k4MZlBfuATi130jttaCYzJBmlDP0AN/6KGxeKuPUD3Pk3po+FioIHLhzOOZfkniARXBvX/XByC4tLyyv51cLa+sbmVnF7p6HjVDGss1jEqhWARsEl1g03AluJQogCgc1geD7xmzeoNI/llRkl2ImgL3nIGRgrdYslvC7TMpXUV7w/MKBUfEsTq/gBqMyX6biLNuVV3Cno36RE5qh1i+9+L2ZphNIwAVq3PTcxnQyU4UzguOCnGhNgQ+hj21IJEepONj1mTA+s0qNhrOxIQ6fq140MIq1HUWCTEZiB/ulNxN+8dmrC007GZZIalGz2UJgKamI6aYb2uEJmxMgSYIrbv1I2AAXM2P4K/yuhcVTx3Ip3eVyqns3ryJM9sk8OiUdOSJVckBqpE0buyAN5Is/OvfPovDivs2jOme/skm9w3j4BpZmaGw==</latexit>

⌫e + n ! p+ e�
<latexit sha1_base64="xdys6n9cudJMit4Bd9wdT/9EA+Q=">AAACB3icjZBLSwMxFIUz9VXra9SlIMEiCGKZEUFXUnDjsoJ9QDsOmfROG5pJhiSjlKE7N/4VNy4UcetfcOe/Ma1dqCh4IHD4zr0kOVHKmTae9+4UZmbn5heKi6Wl5ZXVNXd9o6FlpijUqeRStSKigTMBdcMMh1aqgCQRh2Y0OBvnzWtQmklxaYYpBAnpCRYzSoxFobvdEVkIeB8L3FGs1zdEKXmDU0vg6qAUumW/4k2E/zZlNFUtdN86XUmzBIShnGjd9r3UBDlRhlEOo1In05ASOiA9aFsrSAI6yCf/GOFdS7o4lsoeYfCEft3ISaL1MInsZEJMX//MxvC3rJ2Z+CTImUgzA4J+XhRnHBuJx6XgLlNADR9aQ6hi9q2Y9oki1Njq/llC47DiexX/4qhcPZ3WUURbaAftIR8doyo6RzVURxTdonv0iJ6cO+fBeXZePkcLznRnE32T8/oB+paXbA==</latexit><latexit sha1_base64="xdys6n9cudJMit4Bd9wdT/9EA+Q=">AAACB3icjZBLSwMxFIUz9VXra9SlIMEiCGKZEUFXUnDjsoJ9QDsOmfROG5pJhiSjlKE7N/4VNy4UcetfcOe/Ma1dqCh4IHD4zr0kOVHKmTae9+4UZmbn5heKi6Wl5ZXVNXd9o6FlpijUqeRStSKigTMBdcMMh1aqgCQRh2Y0OBvnzWtQmklxaYYpBAnpCRYzSoxFobvdEVkIeB8L3FGs1zdEKXmDU0vg6qAUumW/4k2E/zZlNFUtdN86XUmzBIShnGjd9r3UBDlRhlEOo1In05ASOiA9aFsrSAI6yCf/GOFdS7o4lsoeYfCEft3ISaL1MInsZEJMX//MxvC3rJ2Z+CTImUgzA4J+XhRnHBuJx6XgLlNADR9aQ6hi9q2Y9oki1Njq/llC47DiexX/4qhcPZ3WUURbaAftIR8doyo6RzVURxTdonv0iJ6cO+fBeXZePkcLznRnE32T8/oB+paXbA==</latexit><latexit sha1_base64="xdys6n9cudJMit4Bd9wdT/9EA+Q=">AAACB3icjZBLSwMxFIUz9VXra9SlIMEiCGKZEUFXUnDjsoJ9QDsOmfROG5pJhiSjlKE7N/4VNy4UcetfcOe/Ma1dqCh4IHD4zr0kOVHKmTae9+4UZmbn5heKi6Wl5ZXVNXd9o6FlpijUqeRStSKigTMBdcMMh1aqgCQRh2Y0OBvnzWtQmklxaYYpBAnpCRYzSoxFobvdEVkIeB8L3FGs1zdEKXmDU0vg6qAUumW/4k2E/zZlNFUtdN86XUmzBIShnGjd9r3UBDlRhlEOo1In05ASOiA9aFsrSAI6yCf/GOFdS7o4lsoeYfCEft3ISaL1MInsZEJMX//MxvC3rJ2Z+CTImUgzA4J+XhRnHBuJx6XgLlNADR9aQ6hi9q2Y9oki1Njq/llC47DiexX/4qhcPZ3WUURbaAftIR8doyo6RzVURxTdonv0iJ6cO+fBeXZePkcLznRnE32T8/oB+paXbA==</latexit><latexit sha1_base64="xdys6n9cudJMit4Bd9wdT/9EA+Q=">AAACB3icjZBLSwMxFIUz9VXra9SlIMEiCGKZEUFXUnDjsoJ9QDsOmfROG5pJhiSjlKE7N/4VNy4UcetfcOe/Ma1dqCh4IHD4zr0kOVHKmTae9+4UZmbn5heKi6Wl5ZXVNXd9o6FlpijUqeRStSKigTMBdcMMh1aqgCQRh2Y0OBvnzWtQmklxaYYpBAnpCRYzSoxFobvdEVkIeB8L3FGs1zdEKXmDU0vg6qAUumW/4k2E/zZlNFUtdN86XUmzBIShnGjd9r3UBDlRhlEOo1In05ASOiA9aFsrSAI6yCf/GOFdS7o4lsoeYfCEft3ISaL1MInsZEJMX//MxvC3rJ2Z+CTImUgzA4J+XhRnHBuJx6XgLlNADR9aQ6hi9q2Y9oki1Njq/llC47DiexX/4qhcPZ3WUURbaAftIR8doyo6RzVURxTdonv0iJ6cO+fBeXZePkcLznRnE32T8/oB+paXbA==</latexit>

⇒ ejecta history?

few 10�5M�
<latexit sha1_base64="B5XW8/CpfWnGupQaXRy5He/PCW8=">AAACDXicdZDLSsQwGIXT8TaOt6pLN8FRcOPQiqIgyIAbN8IIzgWmtaRpOhMmbUqSKkOpD+DGV3HjQhG37t35NmYuwng7EDh85/9JcvyEUaks68MoTE3PzM4V50sLi0vLK+bqWkPyVGBSx5xx0fKRJIzGpK6oYqSVCIIin5Gm3zsd5M1rIiTl8aXqJ8SNUCemIcVIaeSZW7cwc0QEQ3KTQ+cY2tZVtnuQj+B57jk84Mozy3bFGgpav8xXVAZj1Tzz3Qk4TiMSK8yQlG3bSpSbIaEoZiQvOakkCcI91CFtbWMUEelmw9/kcFuTAIZc6BMrOKSTGxmKpOxHvp6MkOrKn9kA/pW1UxUeuRmNk1SRGI8uClMGFYeDamBABcGK9bVBWFD9Voi7SCCsdIGlyRL+N429im1V7Iv9cvVkXEcRbIBNsANscAiq4AzUQB1gcAcewBN4Nu6NR+PFeB2NFozxzjr4JuPtEz38mmQ=</latexit><latexit sha1_base64="B5XW8/CpfWnGupQaXRy5He/PCW8=">AAACDXicdZDLSsQwGIXT8TaOt6pLN8FRcOPQiqIgyIAbN8IIzgWmtaRpOhMmbUqSKkOpD+DGV3HjQhG37t35NmYuwng7EDh85/9JcvyEUaks68MoTE3PzM4V50sLi0vLK+bqWkPyVGBSx5xx0fKRJIzGpK6oYqSVCIIin5Gm3zsd5M1rIiTl8aXqJ8SNUCemIcVIaeSZW7cwc0QEQ3KTQ+cY2tZVtnuQj+B57jk84Mozy3bFGgpav8xXVAZj1Tzz3Qk4TiMSK8yQlG3bSpSbIaEoZiQvOakkCcI91CFtbWMUEelmw9/kcFuTAIZc6BMrOKSTGxmKpOxHvp6MkOrKn9kA/pW1UxUeuRmNk1SRGI8uClMGFYeDamBABcGK9bVBWFD9Voi7SCCsdIGlyRL+N429im1V7Iv9cvVkXEcRbIBNsANscAiq4AzUQB1gcAcewBN4Nu6NR+PFeB2NFozxzjr4JuPtEz38mmQ=</latexit><latexit sha1_base64="B5XW8/CpfWnGupQaXRy5He/PCW8=">AAACDXicdZDLSsQwGIXT8TaOt6pLN8FRcOPQiqIgyIAbN8IIzgWmtaRpOhMmbUqSKkOpD+DGV3HjQhG37t35NmYuwng7EDh85/9JcvyEUaks68MoTE3PzM4V50sLi0vLK+bqWkPyVGBSx5xx0fKRJIzGpK6oYqSVCIIin5Gm3zsd5M1rIiTl8aXqJ8SNUCemIcVIaeSZW7cwc0QEQ3KTQ+cY2tZVtnuQj+B57jk84Mozy3bFGgpav8xXVAZj1Tzz3Qk4TiMSK8yQlG3bSpSbIaEoZiQvOakkCcI91CFtbWMUEelmw9/kcFuTAIZc6BMrOKSTGxmKpOxHvp6MkOrKn9kA/pW1UxUeuRmNk1SRGI8uClMGFYeDamBABcGK9bVBWFD9Voi7SCCsdIGlyRL+N429im1V7Iv9cvVkXEcRbIBNsANscAiq4AzUQB1gcAcewBN4Nu6NR+PFeB2NFozxzjr4JuPtEz38mmQ=</latexit><latexit sha1_base64="B5XW8/CpfWnGupQaXRy5He/PCW8=">AAACDXicdZDLSsQwGIXT8TaOt6pLN8FRcOPQiqIgyIAbN8IIzgWmtaRpOhMmbUqSKkOpD+DGV3HjQhG37t35NmYuwng7EDh85/9JcvyEUaks68MoTE3PzM4V50sLi0vLK+bqWkPyVGBSx5xx0fKRJIzGpK6oYqSVCIIin5Gm3zsd5M1rIiTl8aXqJ8SNUCemIcVIaeSZW7cwc0QEQ3KTQ+cY2tZVtnuQj+B57jk84Mozy3bFGgpav8xXVAZj1Tzz3Qk4TiMSK8yQlG3bSpSbIaEoZiQvOakkCcI91CFtbWMUEelmw9/kcFuTAIZc6BMrOKSTGxmKpOxHvp6MkOrKn9kA/pW1UxUeuRmNk1SRGI8uClMGFYeDamBABcGK9bVBWFD9Voi7SCCsdIGlyRL+N429im1V7Iv9cvVkXEcRbIBNsANscAiq4AzUQB1gcAcewBN4Nu6NR+PFeB2NFozxzjr4JuPtEz38mmQ=</latexit>

⇒ need extreme conditions: merger with ns or bh



Ejecta types
i) “dynamic” 

a) “tidal”:     
                    - equatorial  
                    - “cold” 
                    - low Ye ~0.1 
                    - ~1% M⊙ 

                       b) “contact”: 
             - “polar” 
             - “hot” 
             - higher  Ye > 0.1 
             -  ~1% M⊙ 

ii) neutrino-driven winds 
• polar 
• mass: ~1% M⊙ 
• broader range of  Ye 

      iii) “secular” 
• viscosity/MRI 
• recombination nucleons 
   into α-particles 
• ~ 30% initial torus mass 

(from Perego et al. 2014)

(from Siegel & Metzger 2017)

(from S.R. et al. 2017)

~ 1 ms

~ 10 - 100 ms

~ 1 s



i) Dynamic ejecta, tidal component

typical numbers: 

• mass: 
~0.005 … 0.02 M⊙ 

• velocity: 
~ 0.15c 

• electron fraction: 
• “tidal”:           ~0.05 
• “interaction”: ~0.2

1.4 and 1.5 Msol , no stellar spins

(S.R.  2017)
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ii) Neutrino-driven winds

ρ            v                                              Ye       entropy     

(Perego, S.R., Cabezon … 2014)

typical numbers: 

• mass: 
~0.01 M⊙ 

• velocity: 
~ 0.05c 

• electron fraction: 
~0.2 … 0.4



ii) Neutrino-driven winds

ρ            v                                              Ye       entropy     

(Perego, S.R., Cabezon … 2014)

typical numbers: 

• mass: 
~0.01 M⊙ 

• velocity: 
~ 0.05c 

• electron fraction: 
~0.2 … 0.4



Nucleosynthesis (Winnet  network, Winteler 2012; 5 831 isotopes)

⇢[g/cm3]

T9

very low Ye (= 0.05),  
dynamic ejecta 

(Korobkin, S.R., Arcones, Winteler 2012)

moderately high Ye (= 0.3),  
ν-driven wind ejecta 

(Martin, Perego, Arcones, Thielemann, Korobkin, S.R. 2014)
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Nucleosynthesis (Winnet  network, Winteler 2012; 5 831 isotopes)

⇢[g/cm3]

T9

very low Ye (= 0.05),  
dynamic ejecta 

(Korobkin, S.R., Arcones, Winteler 2012)

moderately high Ye (= 0.3),  
ν-driven wind ejecta 

(Martin, Perego, Arcones, Thielemann, Korobkin, S.R. 2014)



low-Ye dynamic ejecta 

• (astrophysically) “robust” 
• (but not with resp. to nuclear physics) 
• “strong”, A ≳ 130 
• this robustness is observed in stellar spectra

moderately high Ye wind ejecta 

• sensitive to detailed trajectory 
• “weak”, A ≲ 130

(from S.R.+ 2014)

Yecrit ≈ 0.25
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low-Ye dynamic ejecta 

• (astrophysically) “robust” 
• (but not with resp. to nuclear physics) 
• “strong”, A ≳ 130 
• this robustness is observed in stellar spectra

moderately high Ye wind ejecta 

• sensitive to detailed trajectory 
• “weak”, A ≲ 130

⇒ complementary nucleosynthesis

(from S.R.+ 2014)

Yecrit ≈ 0.25

• also found for BH+torus systems 
(e.g. Just+ 15, Wu+ 16, Siegel+17)

Wu+ 2016



• similarities to supernovae: 
• expanding, radioactive material

• BUT: 
• less material, ~0.01 M⊙  

• higher velocities, ~0.1 c 
• very different composition:

N

Z

Mg
Ca

NdSm

U

Se
Zr

CrFe

Au
Pt

 Radioactive decay:            novaemacro 
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• similarities to supernovae: 
• expanding, radioactive material

• BUT: 
• less material, ~0.01 M⊙  

• higher velocities, ~0.1 c 
• very different composition:

N

Z

Mg
Ca

NdSm

U

Se
Zr

CrFe

Au
Pt“dynamic ejecta”

“winds”

supernovae

 Radioactive decay:            novaemacro 



Scaling relations
M
v  (free expansion: R= v t)
κ  opacity, assumed const.



Scaling relations
M
v  (free expansion: R= v t)
κ  opacity, assumed const.

• optical depth: ⌧ = R⇢
<latexit sha1_base64="Ne823nuze61ki/Uj9XFjqaRNEnI=">AAAB/XicjVDLSgMxFM34rPU1PnZugkVwVWZE0I1ScOOyin1Ap5Q7aaYNzSQhyQh1KP6KGxeKuPU/3Pk3po+FioIHLhzOuZd7OLHizNgg+PDm5hcWl5YLK8XVtfWNTX9ru25kpgmtEcmlbsZgKGeC1iyznDaVppDGnDbiwcXYb9xSbZgUN3aoaDuFnmAJI2Cd1PF3IwvZGb7G0QCUAhzpvsQdvxSWgwnw36SEZqh2/PeoK0mWUmEJB2NaYaBsOwdtGeF0VIwyQxWQAfRoy1EBKTXtfJJ+hA+c0sWJ1G6ExRP160UOqTHDNHabKdi++emNxd+8VmaT03bOhMosFWT6KMk4thKPq8BdpimxfOgIEM1cVkz6oIFYV1jxfyXUj8phUA6vjkuV81kdBbSH9tEhCtEJqqBLVEU1RNAdekBP6Nm79x69F+91ujrnzW520Dd4b5/rK5Q1</latexit><latexit sha1_base64="Ne823nuze61ki/Uj9XFjqaRNEnI=">AAAB/XicjVDLSgMxFM34rPU1PnZugkVwVWZE0I1ScOOyin1Ap5Q7aaYNzSQhyQh1KP6KGxeKuPU/3Pk3po+FioIHLhzOuZd7OLHizNgg+PDm5hcWl5YLK8XVtfWNTX9ru25kpgmtEcmlbsZgKGeC1iyznDaVppDGnDbiwcXYb9xSbZgUN3aoaDuFnmAJI2Cd1PF3IwvZGb7G0QCUAhzpvsQdvxSWgwnw36SEZqh2/PeoK0mWUmEJB2NaYaBsOwdtGeF0VIwyQxWQAfRoy1EBKTXtfJJ+hA+c0sWJ1G6ExRP160UOqTHDNHabKdi++emNxd+8VmaT03bOhMosFWT6KMk4thKPq8BdpimxfOgIEM1cVkz6oIFYV1jxfyXUj8phUA6vjkuV81kdBbSH9tEhCtEJqqBLVEU1RNAdekBP6Nm79x69F+91ujrnzW520Dd4b5/rK5Q1</latexit><latexit sha1_base64="Ne823nuze61ki/Uj9XFjqaRNEnI=">AAAB/XicjVDLSgMxFM34rPU1PnZugkVwVWZE0I1ScOOyin1Ap5Q7aaYNzSQhyQh1KP6KGxeKuPU/3Pk3po+FioIHLhzOuZd7OLHizNgg+PDm5hcWl5YLK8XVtfWNTX9ru25kpgmtEcmlbsZgKGeC1iyznDaVppDGnDbiwcXYb9xSbZgUN3aoaDuFnmAJI2Cd1PF3IwvZGb7G0QCUAhzpvsQdvxSWgwnw36SEZqh2/PeoK0mWUmEJB2NaYaBsOwdtGeF0VIwyQxWQAfRoy1EBKTXtfJJ+hA+c0sWJ1G6ExRP160UOqTHDNHabKdi++emNxd+8VmaT03bOhMosFWT6KMk4thKPq8BdpimxfOgIEM1cVkz6oIFYV1jxfyXUj8phUA6vjkuV81kdBbSH9tEhCtEJqqBLVEU1RNAdekBP6Nm79x69F+91ujrnzW520Dd4b5/rK5Q1</latexit><latexit sha1_base64="Ne823nuze61ki/Uj9XFjqaRNEnI=">AAAB/XicjVDLSgMxFM34rPU1PnZugkVwVWZE0I1ScOOyin1Ap5Q7aaYNzSQhyQh1KP6KGxeKuPU/3Pk3po+FioIHLhzOuZd7OLHizNgg+PDm5hcWl5YLK8XVtfWNTX9ru25kpgmtEcmlbsZgKGeC1iyznDaVppDGnDbiwcXYb9xSbZgUN3aoaDuFnmAJI2Cd1PF3IwvZGb7G0QCUAhzpvsQdvxSWgwnw36SEZqh2/PeoK0mWUmEJB2NaYaBsOwdtGeF0VIwyQxWQAfRoy1EBKTXtfJJ+hA+c0sWJ1G6ExRP160UOqTHDNHabKdi++emNxd+8VmaT03bOhMosFWT6KMk4thKPq8BdpimxfOgIEM1cVkz6oIFYV1jxfyXUj8phUA6vjkuV81kdBbSH9tEhCtEJqqBLVEU1RNAdekBP6Nm79x69F+91ujrnzW520Dd4b5/rK5Q1</latexit>

• diffusion time: tdi↵ =
R

c
⌧

<latexit sha1_base64="b0WpJczaMMAbXz5ruffFwPCPzSI=">AAACC3icjZBLSwMxFIUz9VXra9Slm9AiuCozIiiIUnDjsop9QGcYMmmmDc1khuSOUIbZu/GvuHGhiFv/gDv/jeljoaLggcDhnHtJ8oWp4Boc58MqLSwuLa+UVytr6xubW/b2TlsnmaKsRRORqG5INBNcshZwEKybKkbiULBOOLqY9J1bpjRP5A2MU+bHZCB5xCkBEwV2FYLcUzHu8ygqzrAXKULz6yKnBfZOsQckw4Fdc+vOVPhvU0NzNQP73esnNIuZBCqI1j3XScHPiQJOBSsqXqZZSuiIDFjPWElipv18+pcC75ukj6NEmSMBT9OvGzmJtR7HoZmMCQz1z24S/tb1MohO/JzLNAMm6eyiKBMYEjwBYwgoRkGMjSFUcfNWTIfE4ACDr/I/CO3DuuvU3aujWuN8jqOM9lAVHSAXHaMGukRN1EIU3aEH9ISerXvr0XqxXmejJWu+s4u+yXr7BPotmlQ=</latexit><latexit sha1_base64="b0WpJczaMMAbXz5ruffFwPCPzSI=">AAACC3icjZBLSwMxFIUz9VXra9Slm9AiuCozIiiIUnDjsop9QGcYMmmmDc1khuSOUIbZu/GvuHGhiFv/gDv/jeljoaLggcDhnHtJ8oWp4Boc58MqLSwuLa+UVytr6xubW/b2TlsnmaKsRRORqG5INBNcshZwEKybKkbiULBOOLqY9J1bpjRP5A2MU+bHZCB5xCkBEwV2FYLcUzHu8ygqzrAXKULz6yKnBfZOsQckw4Fdc+vOVPhvU0NzNQP73esnNIuZBCqI1j3XScHPiQJOBSsqXqZZSuiIDFjPWElipv18+pcC75ukj6NEmSMBT9OvGzmJtR7HoZmMCQz1z24S/tb1MohO/JzLNAMm6eyiKBMYEjwBYwgoRkGMjSFUcfNWTIfE4ACDr/I/CO3DuuvU3aujWuN8jqOM9lAVHSAXHaMGukRN1EIU3aEH9ISerXvr0XqxXmejJWu+s4u+yXr7BPotmlQ=</latexit><latexit sha1_base64="b0WpJczaMMAbXz5ruffFwPCPzSI=">AAACC3icjZBLSwMxFIUz9VXra9Slm9AiuCozIiiIUnDjsop9QGcYMmmmDc1khuSOUIbZu/GvuHGhiFv/gDv/jeljoaLggcDhnHtJ8oWp4Boc58MqLSwuLa+UVytr6xubW/b2TlsnmaKsRRORqG5INBNcshZwEKybKkbiULBOOLqY9J1bpjRP5A2MU+bHZCB5xCkBEwV2FYLcUzHu8ygqzrAXKULz6yKnBfZOsQckw4Fdc+vOVPhvU0NzNQP73esnNIuZBCqI1j3XScHPiQJOBSsqXqZZSuiIDFjPWElipv18+pcC75ukj6NEmSMBT9OvGzmJtR7HoZmMCQz1z24S/tb1MohO/JzLNAMm6eyiKBMYEjwBYwgoRkGMjSFUcfNWTIfE4ACDr/I/CO3DuuvU3aujWuN8jqOM9lAVHSAXHaMGukRN1EIU3aEH9ISerXvr0XqxXmejJWu+s4u+yXr7BPotmlQ=</latexit><latexit sha1_base64="b0WpJczaMMAbXz5ruffFwPCPzSI=">AAACC3icjZBLSwMxFIUz9VXra9Slm9AiuCozIiiIUnDjsop9QGcYMmmmDc1khuSOUIbZu/GvuHGhiFv/gDv/jeljoaLggcDhnHtJ8oWp4Boc58MqLSwuLa+UVytr6xubW/b2TlsnmaKsRRORqG5INBNcshZwEKybKkbiULBOOLqY9J1bpjRP5A2MU+bHZCB5xCkBEwV2FYLcUzHu8ygqzrAXKULz6yKnBfZOsQckw4Fdc+vOVPhvU0NzNQP73esnNIuZBCqI1j3XScHPiQJOBSsqXqZZSuiIDFjPWElipv18+pcC75ukj6NEmSMBT9OvGzmJtR7HoZmMCQz1z24S/tb1MohO/JzLNAMm6eyiKBMYEjwBYwgoRkGMjSFUcfNWTIfE4ACDr/I/CO3DuuvU3aujWuN8jqOM9lAVHSAXHaMGukRN1EIU3aEH9ISerXvr0XqxXmejJWu+s4u+yXr7BPotmlQ=</latexit>

t
di↵

= t
expansion
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• peak emission when                                 yields 
 (Arnett 1980) 

tpeak =
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Scaling relations
M
v  (free expansion: R= v t)
κ  opacity, assumed const.

• optical depth: ⌧ = R⇢
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• diffusion time: tdi↵ =
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• peak emission when                                 yields 
 (Arnett 1980) 
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• opacities κ (e.g. Kasen 2013): 

• determined by density of lines 

• for SN-material:      κ≈ 0.1 cm2/g 

• for heavy r-process: κ≈ 10 cm2/g
courtesy M. Tanaka



• expectation: Ye < 0.25 
• “heavy r-process” (A>130) 
• “red transients” peaking after  ~1 week

Ye > 0.25 
• “light r-process” (A<130) 
• “blue transients” peaking after  ~1 day
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• key physics ingredients: 

• ejecta mass, velocity, Ye         ⇒ astrophysics 

• opacity κ                                 ⇒ atomic physics 

• radioactive heating rate          ⇒ nuclear physicsQ̇

• expectation: Ye < 0.25 
• “heavy r-process” (A>130) 
• “red transients” peaking after  ~1 week

Ye > 0.25 
• “light r-process” (A<130) 
• “blue transients” peaking after  ~1 day



 GW/EM 170817: Beginning of the Multi-Messenger Era

γ-rays (“std. GRB” seen off-axis?)

gravitational waves

evolution from  
blue to red
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• numerical experiment:  
• nuclear reaction network different conditions ( v ∊ [0.1,0.4], Ye ∊ [0.1, 0.4] ) 
• nuclear heating rate ⇔ bolometric luminosity

(from S.R++ 2018, A&A in press)

 Really r-process?
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low electron fraction (Ye ≲ 0.3) 
⇒ r-process

(scaled) observed luminosity 

higher electron fraction (Ye= 0.4)
time 
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luminosity/ 
nuclear  
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• numerical experiment:  
• nuclear reaction network different conditions ( v ∊ [0.1,0.4], Ye ∊ [0.1, 0.4] ) 
• nuclear heating rate ⇔ bolometric luminosity

(from S.R++ 2018, A&A in press)

“nickel wind” (Ye= 0.5)

• lessons: 
• decay of luminosity consistent with r-process nucleosynthesis 
• either with (more likely) or without lanthanides 
• ejecta mass > 0.015 M⊙  

 Really r-process?



dynamic  ejecta, “tidal component”: 
• early, ~ 1 ms 
• equatorial 
• low Ye  
• ‘red’

dynamic  ejecta, “interaction component”: 
• early, ~1 ms 
• “polar” 
• higher Ye  
• ‘blue’

winds (ν-driven, magnetic, etc): 
• early, ~10s of ms 
• higher Ye  
• ‘blue’

(Figure after Perego+ 2017) “secular”, “tidal component”: 
• late, ~ 1 s 
• ~ isotropic 
• broad range Ye 
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“red”: 
m ~ 0.035 M⊙ 

 v ~ 0.15 c

“blue”: 
m ~ 0.025 M⊙ 

 v ~ 0.25 c

e.g. Kilpatrick+ 17 
       Kasen+ 17



Implications

• “large mass in red component” (~0.04 M⊙)

• very difficult for tidal dynamic ejecta 

•  secular/disk ejecta?

(from Siegel & Metzger 2017)

(from S.R.+ 2017)
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• original mass with Ye > 0.25 only ~5x10-5 M⊙ 

⇒ weak interaction/neutrino physics plays key role! 
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• expected, accumulated mass:

⇒ very likely THE source of r-process elements in the Universe! 
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Gravitational Waves:  
• “it was a neutron star neutron star merger with total mass ≈ 2.8 M⊙” 

• inspiral dynamics consistent with predictions from GR 

• independent measure of the Hubble constant 

• constraint on tidal deformability ⇒ nuclear EOS 
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Gravitational Waves:  
• “it was a neutron star neutron star merger with total mass ≈ 2.8 M⊙” 

• inspiral dynamics consistent with predictions from GR 

• independent measure of the Hubble constant 

• constraint on tidal deformability ⇒ nuclear EOS The future is bright… 
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