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NS+NS/BH Mergers

Observable signals: 
Gravitational waves, neutrinos, gamma-ray bursts,
mass ejection, r-process elements, electromagnetic transients
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Neutron Star Mergers as Production 
Sites of Ejecta & Heavy Elements

● are likely sources of short gamma-
ray bursts                               
(Paczynski, Jaroszynski, etc.)

● are among strongest sources of 
gravitational waves

● are potential production sites of       
r-process nuclei                            
(Lattimer & Schramm 1974, 1976;         
Lattimer et al. 1977; Meyer 1989,                       
Freiburghaus et al. 1999)

● May be observable transient  
sources of optical radiation               
(Li & Paczynski 1998, Kulkarni 2005,       
Metzger et al. 2010, Roberts et al. 2011)

and radio flares  (Piran & Nakar 2011)

(Ruffert & Janka 1999; Just et al., MNRAS 448 (2015) 541)

Compact binary mergers



BH+torus
Blinnikov (1986), Eichler+ (1989), 

Woosley (1993), etc., etc.

Magnetar "engine"
Usov (1992), Metzger et al. (2011), 

Bucciantini et al. (2007, 2008, 2009)

Merger Remnants & GRB Central Engines



Jet Formation
in

Compact Binary Mergers



GRB Jets From
NS Mergers



Neutrinos as 
energy source 

of ultra-
relativistic, 
collimated 
outflows
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    Extremely hot 
torus radiates 
high neutrino 
luminosities into 
polar low-
density funnels.



 Neutrino Annihilation around BH-Tori
● relic BH can accrete from massive, hot, 

neutrino-radiating torus 
● accretion efficiency: 5�20%
● annihilation efficiency: up to a few % 
● ~30% of annihilation energy deposited in    

low-density polar funnels (up to ~1050 erg)     
                                               

Setiawan, Ruffert, HTJ, MNRAS (2004)

Birkl, Aloy, HTJ & Müller, A&A (2007)



Relativistic Jets from BH-Tori
● General relativistic simulations of jet formation at the BH.
● Thermal energy deposition dE/dt a few 1050 erg/s for about 0.1 s.
● Energy deposition in axial cone with varied opening angle, decline as z‒5.

Aloy, HTJ, & Müller, A&A  436 (2005) 273



Angular Structure of Relativistic Jets 
from BH-Tori

● General relativistic simulations of jet formation at the BH.
● Thermal energy deposition dE/dt a few 1050 erg/s for about 0.1 s.
● Energy deposition in axial cone with varied opening angle, decline as z‒5.

Aloy, HTJ, & Müller, A&A 436 (2005) 273;  THJ et al., ApJ 654 (2006) 1305 



Jets and Outflows from Compact Binary Mergers

Meng-Ru Wu, Tamborra, Just, & HTJ, 
arXiv:1711:00477



Ewald Müller, 
Computational Methods for 
Astrophysical Fluid Flow,
Saas-Fee Advanced Course 27. 
Lecture Notes 1997, Springer

 Structural Components of Supersonic Jets



Just et al., ApJL 816 (2016) 30
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Extreme Magnetic Field Amplification
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Can the Extreme Magnetic Fields 
Power Jet Outflows?

Ruiz, Lang, Paschalidis, & Shapiro, ApJL 824 (2016) L6



Mass Ejection From
Compact Binary Mergers



Outflows from Compact Binary Mergers

(Kasen, Metzger et al., Nature 2017)



(Courtesy: S. Rosswog)

Spiral Arms in Newtonian Simulations



Dynamical Mass Ejection in 
Relativistic Simulations

(Oechslin, Janka, Marek; A&A 467 (2007) 395)

Symmetric NS-NS merger Asymmetric NS-NS merger



Dynamical Mass Ejection in 
Relativistic Simulations

(Oechslin, Janka, Marek; A&A 467 (2007) 395)

Symmetric NS-NS merger Asymmetric NS-NS merger



Symmetric NS-NS merger Asymmetric NS-NS merger

(Bauswein, Goriely, Janka, Marek; ApJ 773 (2013) 78)

Origin of Dynamically Ejected Mass



(Bauswein, Goriely, Janka, Marek; ApJ 773 (2013) 78)

Vertical Structure of Dynamical Ejecta

Symmetric NS-NS merger Asymmetric NS-NS merger



Dynamical Mass Ejection from
Compact Binary Mergers

Symmetric NS-NS merger NS-BH merger

(Bauswein, Goriely, THJ, ApJ 773 (2013) 78) (Just et al., MNRAS 448 (2015) 541)



1.35 Msun

Systematics of Dynamical Mass Ejection
from Binary Neutron-Star Mergers

(Bauswein, Janka, Hebeler, Schwenk, PRD 86 (2012) 063001)
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Systematics of Dynamical Mass Ejection
from Binary Neutron-Star Mergers



(Bauswein, Goriely, Janka, Marek; ApJ 773 (2013) 78)

Systematics of Dynamical Mass Ejection
from Binary Neutron-Star Mergers



Asymmetric
Merger

● Per merger event       
10–3–10–2 Msun are 
ejected.

● With rate of 10–5    
events per year and 
galaxy, NS mergers 
could be the main 
source of heavy r-
process material.

Nucleosynthesis in Dynamical Merger Ejecta

(Goriely, Bauswein, THJ,
  ApJL 738 (2011) L32)

● During r-processing fission recycling 
takes place and produces roughly 
solar abundances for  A > 130.



● Compact NSs produce strongly 
shock-heated ejecta.

● Electron fraction increases 
considerably in hot ejecta, mostly 
due to positron capture.

● Heavy r-process is still produced,  
but also A < 130 nuclei.

(Wanajo et al., ApJL 789 (2014) L39)

Nucleosynthesis in Neutrino-processed 
Merger Ejecta



BH-torus
Outflows

● Hydrodynamical 2D models             
of BH-torus evolution.                         
 (Just, PhD Thesis 2012)                   

● New Newtonian MHD-code           
with 2D, energy-dependent      
neutrino transport based on         
two-moment closure scheme.             
 (Obergaulinger, PhD Thesis 2008) 

● BH treated by Artemova-         
Novikov potential.

● Diplayed model based on      
Shakura-Sunyaev α-viscosity

● MHD yields turbulent tori !

      Just et al., MNRAS 448 (2015) 541 

      
                 
For BH-disk ejecta, see also Fernández & Metzger (2014), Wu+ (2016); Siegert & Metzger (2017);  
for HMNS winds, see Perego+ (2014), Fernández+ (2015), Martin+ (2015), Fujibayashi+ (2017)   



                 
For BH-disk ejecta, see also Fernández & Metzger (2014), Wu+ (2016); Siegert & Metzger (2017);  
for HMNS winds, see Perego+ (2014), Fernández+ (2015), Martin+ (2015), Fujibayashi+ (2017)   

r-process Nucleosynthesis
Ejecta from NS+NS merger + BH-torus remnant
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Outflows from Magnetized BH-torus

(Just, PhD Thesis 2012)
Magnetohydrodynamic simulation
With M1 ALCAR neutrino transport



Improved Leakage-Equilibration-
Absorption Scheme (ILEAS) 

R. Ardevol-Pulpillo, PhD Thesis;
Ardevol-Pulpillo, Janka, Just & 

Bauswein (in preparation)



Improved Leakage-
Equilibration-Absorption 

Scheme (ILEAS) 

R. Ardevol-Pulpillo, PhD Thesis;
Ardevol-Pulpillo, Janka, Just & 

Bauswein (in preparation)



Outflows from Compact Binary Mergers

Meng-Ru Wu, Tamborra, Just, & HTJ, 
arXiv:1711:00477



 

Non-Linear Equation of Motion for Neutrino Flavor:
Liouville equation for 33 occupation-number matrices in flavor space

(Free streaming:
collision  term = 0)

Flavor evolution governed by “Hamiltonian matrix”, for 2 flavors:

 

MSW effect Nu-nu interaction term
Nu’s feed back on each other

Vacuum oscillations 
 

   

 

Dense Neutrinos in Neutron-Star Mergers

Izaguirre, Raffelt & Tamborra, PRL 118 (2017) 021101;  Meng-Ru Wu, Tamborra, Just, & HTJ, arXiv:1711:00477



● Enormous diversity of phenomena in NS-NS/BH mergers

● Dependent on many degrees of freedom:                                 
total system mass, mass ratio, spins, nuclear EoS

● Large sets of models needed!

● One observed event is not enough to learn all about 
mergers; don�t generalize too quickly!

● Dynamical ejecta:               < 0.02�0.03 Msun                            
Secular (remnant) ejecta:  can be even more                         

● Ye and its phase and directional dependence are uncertain

● More work is needed on the complex neutrino physics

Summary
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