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Kilonovae: A “Cosmic” Klondike
The Ultimate Gold Rush



Hulse & Taylor 1975;  Taylor & Weisberg 1982
NP 1993 to  Hulse & Taylor

PSR1913+16
Orbital period = 7.75 hr

Binary PSR J0737-3039:
merger time of ~85 Myr

Binary compact star systems with merger times less than the age of the Universe

Orbital period
decay caused
by GW 
radiation:

-> merger time 
of ~300 Myr

2003, Nat, 426, 531



Double	neutron star	merger	simulations by	
Computational relativistic astrophysics
Groups (S.	Rosswog,	T.	Janka,	L.	Rezzolla….)

http://compact-merger.astro.su.se



A double neutron star merger is expected to produce:

1) a GW signal at ~1-1000 Hz (nearly isotropic)
2) a short GRB (highly directional and anisotropic)
3)  r-process nucleosynthesis (nearly isotropic)



GW	amplitude-frequency	diagram	of	known	cosmic	sources
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Bimodal distribution of GRB durations

short

long

Kouveliotou 1993



Geometry of	GW/GRB/kilonova system Troja et	al.	2017



Periodic table of	elements

https://en.wikipedia.org/wiki/R-process

Lanthanides:	Z =	57-71



Short	GRB130603B
(z =	0.356)

Kilonova:
Ejection of	r-process material
from	a	NS	merger	(0.01-0.1	Mo)	
(Barnes &	Kasen 2013)

MH ≈	-15
MR ≈	-13

Tanvir et	al.	2013;
Berger	et	al.	2013	

MJ =	-15.35



Credit: LIGO Scientific Collaboration, Virgo Collaboration, Fermi Collaboration, Integral collaboration
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GRB lags GW by 1.7s!!











Search for	GW170817	optical counterpart:
GW	error regions and	Swope 1m	pointings

Coulter et	al.	2017



Comparison of	Swope discovery image	with	archival HST	image

Coulter et	al.	2017

(AT2017gfo)



Host	of	GW170817:	Lenticular galaxy NGC	4993	(40	Mpc)

Levan	et	al.	2017

MUSE	contours
in	[N II]	line

10”



Energy	output	of	GRBs

Courtesy:	L.	Amati	



Multiwavelength light	curves of	AT2017gfo

Troja et	al.	2017



Optical	and	near-infrared light	curves of		GW170817	/	AT2017gfo

Pian	et	al.	2017																											Tanvir et	al.	2017



AT2017gfo	evolves much more	rapidly than any supernova

Arcavi	et	al.	2017





ESO	VLT	X-Shooter spectral sequence of	kilonova GW170817

Pian	et	al.	2017;		Smartt et	al.	2017

purely thermal spectrum
(T	=	5000	K).		

Initial expansion
speed of	~0.2c

Broad absorption lines
indicate	material at high	
speed (0.1-0.2c)



Geometry of	3-component	model	for	kilonova

Tanaka et	al.	2017,	PASJ

(v	~	0.2c)

(v	~	0.05c)

(v	~	0.05c)



Element abundances at 1	day after merger

Tanaka et	al.	2017,	PASJ

solar

actinideslanthanides

Ye =		np /	(np +	nn)						



Kilonova 3-component	model	for	AT2017gfo	

1.5	days

Dynamical ejecta,	lanthanide-rich (Ye =	0.1-0.4)

Wind,	mixed (Ye =	0.25)	

Wind,	lanthanide-free	(Ye =	0.3)							

v ~	0.2c

v ~	0.05c

v ~	0.05c



Kilonova 3-component	model	for	AT2017gfo:		
ejecta mass	is 0.03-0.05	solar	masses



Conclusions and	future	work

GWs from	double	neutron star	merger	were directly detected.
The	signature of	r-process nucleosynthesis was unambiguously detected.		
A	unified scheme for	short	GRBs has been established.

The	preliminary models require more	than one component,	with	different
Proportions of	species (lanthanide-rich vs	lanthanide-free).		The	ejecta are	
about 0.03-0.05	solar	masses.

However we need more	realistic atomic models and	opacities to	use	with	
our radiative	transport codes.

Future	work	must	focus	on	identifying accurately the	atomic species and	
measuring their abundances.			We will thus trace	heavy elements formation
and	evolution in	the	Universe.

Fundamental problem of NS	Equation	of	State	can	also be	addressed with	
joint	gravitational and	electromagnetic information	(mass	ejection should be	
larger for	smaller radii of	the	NSs,	i.e.,	for	softer EoS).


