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Ozel & Freire 2016 

Neutron Stars: Open Questions  

Mmax > 2M! 

Maximum mass? 
Radius? 

NS 



Binary Neutron Stars 
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GW170817: the first BNS Merger 

Mch =1.118(3)M!, M1 =1.36-1.6M!, M2 =1.17-1.36M!, Mtot = 2.74-2.80 M!  
Viewing Angle = 3° - 32°, DGW =  26-48 Mpc  

LVC + EM Partners 17 

NGC 4993,          
D = 41+/-6 Mpc 



Biggest EM Follow-up Campaign in History 
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Bartos, Brady, Marka  2013 
See Shibata et al. 2005, 2006 

Neutron Star Binary Mergers 



Bartos, Brady, Marka  2013 
See Shibata et al. 2005, 2006 

Neutron Star Binary Mergers 

GW170817 



GR Hydro Simulation of NS-NS Merger 

Courtesy: David Radice, Wolfgang Kastaun, Filippo Galeazzi 



Remnant Accretion Torus 

 
•  Mass ~ 0.1 M! & Size ~ 30 km 
•  Hot (T > MeV) & Dense (ρ ~ 108-1012 g cm-3) 
•  Neutrino Cooled & Neutron-Rich (Ye ~ 0.1) 
                             

Siegel & BDM, submitted 

  

€ 

˙ M ~ 10−2 −10M! s-1

Short GRB 
Engine? 

Accretion Rate 

tacc  ~ 0.1 M•

3M!
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e.g. Chen & Beloborodov 07; BDM, Piro & Quataert 08 



Metzger & Berger 2012 

BDM & Berger 12  

EM Counterparts of BNS Mergers 

BDM & Berger 12 

~ 0.05-0.56 
GW170817 



Short GRB!

•  Delayed 1.7 s after merger 

•  time for BH/jet to form? 

•  jet propagation? 

•  light travel time delay 

•  ~102-104 times less luminous 

than cosmological SGRBs.  

•  Explanations? 

•  viewed outside jet core 

(relativistic de-beaming)?   

•  θ-structured jet?  

•  cocoon?  
 

LVC + Fermi GBM + Integral 2017 



Off-Axis (Orphan) GRB Afterglow 

θjet 

Γ >> 1/θobs 

Γ 

θobs 

~1/Γ 

Margutti et al. 2017  
(see also Troja+2017, Haggard+2017) 



Off-Axis (Orphan) GRB Afterglow 

θjet 

Γ < 1/θobs 

Γ 

θobs 

~1/Γ 

Margutti et al. 2017  
(see also Troja+2017, Haggard+2017) 

Off-Axis Jet Energy Ej ~ 1049-1050 erg 
ISM Density n ~ 10-4-10-2 cm-3 

(consistent with cosmological short GRB) 

ISM interaction slows 
jet to 



Off-Axis (Orphan) GRB Afterglow 

θjet 

Γ < 1/θobs 

Γ 

θobs 

~1/Γ 

Alexander et al. 2017 (see also Hallinan+17) 

Off-Axis Jet Energy Ej ~ 1049-1050 erg 
ISM Density n ~ 10-4-10-2 cm-3 

(consistent with cosmological short GRB) 

ISM interaction slows 
jet to 



BDM & Berger 12  

Short 
GRB 

Electromagnetic Counterparts of NS Mergers 

BDM & Berger 12 



τexp ~ ms 

Neutron-Rich Ejecta 

Mej ~ 10-3 - 10-2 M! 
“Dynamical” Ejecta


vej ~ 0.2-0.3 c 

Wanajo 14, Sekiguchi+16  

Accretion Disk Outflows

Mej = fwMd ~ 3x10-2 (fw/0.3) M!	

τexp ~ 0.1-1 s 
vej ~ 0.1 c 

composition depends 
on NS lifetime 

Collision Ejecta 

Tidal Tails 

Siegel & BDM17 

n
p >10

2 < n p <10

2 < n p <10

Disk Winds 



GRMHD Torus Simulations 

Siegel & BDM, PRL in press 



Wu, Fernandez, Martinez-Pinedo, BDM 16  

Test Particles Outflow Trajectories 

J. Barnes 



R-Process Network (neutron captures, photo-dissociations, α- and β-decays, fission) 

Courtesy Gabriel Martinez-Pinedo 
as used in BDM et al. 2010 

neutron capture 

β decay 



B
D

M
 et al. 2010 

Final Isotopic Abundances

2nd peak: xenon, silver 3rd peak: 

platinum, gold 

Metzger et al. 2010 

uranium, 
thorium 

Ye = 0.1 
n/p ~ 10 



Metzger et al. 2010 

∝ t-1.3 

                     Radioactive Heating of Ejecta                                
(BDM et al. 2010; Roberts et al. 2011; Goriely et al. 2011; Korobkin et al. 2012; Lippuner & Roberts 2015) 



a “Kilo-nova” 

Mej = 0.01M! 
Vej  = 0.1 c 

Figure 4 of Metzger et al. 2010 







OIR Spectral Evolution


5500 K 

3500 K 

Nicholl+17 
Chornock+17 

distinct peaks in optical and NIR at 2.5 days 
distinct emission components? 

absorption “troughs” in NIR  



Data from DECam, HST, GS/F2 (Cowperthwaite+17; see also Soares-Santos+17) 

Blue-to-Red Photometric Evolution 

visual 

NIR 

Cowperthwaite+17 



High Opacity of the Lanthanides                            
(Kasen et al. 13; Tanaka & Hotokezaka 13) 

Slide courtesy D. Kasen 

2nd peak 

3rd peak 



Slide from D. Kasen 

Metzger et al. 10 

Fe or light r-nuclei 

Heavy r-nuclei 

Barnes & Kasen 13 
Tanaka & Hotokezaka 13  

tpeak ~ 1 day 

tpeak ~ 1 week 

Kilonova Colors 

n
p < 3

n
p > 3



“Blue” + “Red” Kilonova Models 

☺ 
BDM & Fernandez 2014 

red KN 
(tidal tail)


BH n
p > 3

n
p < 3

cf. Perego+14, Martin+15, Kasen+15, Wollaeger+17 

NS NS 



“Blue” + “Red” Kilonova Models 

☺ 
red KN 
(tidal tail)


BH n
p > 3

n
p < 3

cf. Perego+14, Martin+15, Kasen+15, Wollaeger+17 

or 

BDM & Fernandez 2014 



Blue KN: 1.6x10-2 M!, v ~ 0.26 c 
Purple/Red KN: 4x10-2 M!, v ~ 0.1 c 

2 Component Model: Everybody’s Data 

Villar et al., in press 





Found! Astrophysical site of the r-process 

!MA>100 ~ 7×10−7M!  yr-1
Galactic r-process rate:


Mr ~ 2×10
−3 − 4×10−2M!

(LVC 2017) 

B2FH (1957) Cameron (1957) 

GW170917 
total r-process: 5x10-2 M!"

gold ~ 10 M 
platinum ~ 50 M 
uranium ~ 5 M 
 



Blue Ejecta Source? 

high velocity vblue ~ 0.2-0.3 c       
=> ejecta from collision interface 

large ejecta mass 
Mblue = 1.5x10-2 M! 
=> NS radius < 11 km 
(Nicholl et al. 2017) M

ej
 (M

!
) 

Bauswein+13 

BH NS BH NS 

Sekiguchi+16 



Red/Purple  
Ejecta 

Source? 
low velocity vred ~ 0.1 c            
=> disk wind origin  Siegel & BDM 17 

Nuclear binding 
energy ~8 MeV nuc-1  
=> v = 0.13 c 

Mred/purple = 4x10-2 M! 

too large to be tidal tail 

Siegel & BDM 17 



How long did NS survive? 
BDM & Fernandez 2014 

Ye 

Lippuner et al. 17 

large lanthanide-rich 
ejecta Mred = 4x10-2 M!         
=> short-lived HMNS 
tns < 100-300  ms 



Implications for NS EOS: Radius 
tidal deformability 

Λ < 800 (LVC+17) 
 => R1.4 < 13.5 km   
(J. Lattimer, private comm.) 



Implications for NS EOS: Mmax 
M 

NS 

SMNS 

HMNS 

BH 

Mmax 

~1.2 Mmax 
 

~1.3-1.6 Mmax 
 

4 Possible Merger Outcomes: 
 
•  Immediate black hole                

(“prompt collapse”) 
 
•  Differentially rotating rotationally-

supported  hyper-massive NS 
(HMNS) => BH 

•  Rigidly rotating rotationally-supported 
supramassive NS (SMNS) => BH 

•  Indefinitely stable NS 

Mtot = 2.74-2.8 M!  

Threshold masses 
depend on EOS 

GW170817 



Implications for NS EOS: Mmax 
M 

NS 

SMNS 

HMNS 

BH 

Mmax 

~1.2 Mmax 
 

~1.3-1.6 Mmax 
 

4 Possible Merger Outcomes: 
 
•  Immediate black hole                

(“prompt collapse”) 
 
•  Differentially rotating rotationally-

supported  hyper-massive NS 
(HMNS) => BH 

•  Rigidly rotating rotationally-supported 
supramassive NS (SMNS) => BH 

•  Indefinitely stable NS 

Mtot = 2.74-2.8 M!  
GW170817 HMNS 

BH 
Too much KN ejecta 
=> R1.6 > 10.3 km 
(Bauswein et al. 2013) 

Threshold masses 
depend on EOS 



Bartos, Brady, Marka  2013 
See Shibata et al. 2005, 2006 

Supra-massive NS Remnant? 

? 

Ω 
? 

B ~ 1014-1016 G 
Erot ~ 1052-1053 erg 
 
 
 
Spin-down lifetime > seconds 
 

Millisecond Magnetar? 

Metzger, Quataert, Thompson 2008 



Bucciantini, BDM et al. 2012 

Jet 

Magnetar 
Wind 

Merger 
Ejecta 

Magnetar Wind Inside Ejecta 
more powerful magnetar jet 



Implications for NS EOS: Mmax 
M 

NS 

SMNS 

HMNS 

BH 

Mmax 

~1.2 Mmax 
 

~1.3-1.6 Mmax 
 

Possible Merger Outcomes: 
 
•  Immediate black hole                

(“prompt collapse”) 
 
•  Differentially rotating rotationally-

supported  hyper-massive NS 
(HMNS) => BH 

•  Rigidly rotating rotationally-supported 
supramassive NS (SMNS) => BH 

•  Indefinitely Stable NS 

Mtot = 2.74-2.8 M!  
GW170817 HMNS 

BH 
Too much KN ejecta 
=> R1.6 > 10.3 km 
(Bauswein et al. 2013) 

Too low ejecta KE 
=> Mmax <  2.17 M! 
(Margalit & BDM 17) 

Threshold masses 
depend on EOS 



Ozel & Freire 16 



Bauswein+17 

LVC+17 

 
 

Margalit & BDM 17 
 
 

Ozel & Freire 16 



Bauswein+17 

LVC+17 

 
 

Margalit & BDM 17 
 
 

Ozel & Freire 16 

Nicholl+17? 



# Gravitational Waves 

# Gamma-Ray Burst 

# GRB Orphan Afterglow  
(X-ray/Radio) 

#  Blue Kilonova 

# Red/Purple Kilonova 

A Well-Behaved 
Merger 

A triump for theoretical 
astrophysics 

with key implications for the 
r-process, NS properties, 
and even cosmology.   
Exciting Times Ahead! 



The Future 



Kasen, Fernandez, BDM 2015 

Same Event, Different Viewing Angle?


Kilonova light curves probe composition & geometry of merger ejecta 



Kasen, Fernandez, BDM, 2015 

Same Geometry, Different Binary Mass




“prompt collapse” long-lived NS 

smaller binary mass, longer NS lifetime 



Same Event, Early Times (Neutron Precursor)




Metzger et al. 2015 
BDM et al. 2015 



Same Event, Early Times (Neutron Precursor)




Metzger et al. 2015 
BDM et al. 2015 

Bright early-time emission doesn’t 
necessarily implicate “cocoon” 



Bartos, Brady, Marka  2013 
See Shibata et al. 2005, 2006 

Supra-massive NS Remnant 

? 

Ω 
? 

B ~ 1014-1016 G 
Erot ~ 1052-1053 erg 
 
 
 
Spin-down lifetime > seconds 
 

Millisecond Magnetar? 



LVC + EM 
Partners 

combining GW luminosity  
distance and Hubble flow 
velocity of host galaxy 

GW170817  

ALV Design Sensivity 
~7-120 BNS yr-1 at ~ 200 Mpc 

“Standard-Siren” Cosmology         
(e.g. Schutz 86, Hughes & Holz 05, Nissanke et al. 10) 

H0 = 70−8
+12  km s−1Mpc−1


