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Overview 

•  Neutron Stars 
•  Gamma-ray Bursts 
•  Gravitational Waves 
•  Observations GW170817 



Neutron Stars 
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Interior of Neutron Stars 
Lasagna		 Spaghe+		

Meatballs	



Neutron Star Equation of State 

Various models of the density and pressure  
of the interior of a neutron star exists  



Gamma-Ray Bursts 



First gamma ray bursts detected by  
VELA satellites in 1969 



Discovery 
of GRBs 

1970	August	22	burst	from	
Klebesadel	et	al.	(1973).	

Burst	duraBons	ranged	from	0.1	s	
to	30	s.			

Burst	fluences	ranged	from	10-5	
erg	cm-2	to	2×10-3	erg	cm-2.	

Peak	of	spectrum	above	10	keV	
maybe	up	to	10	MeV.	



In	1993	there	were	135	models	



Typical durations are  
20 seconds but there is 
wide variation both in time- 
structure and duration. 
 
Some last only hundredths  
of a second. Others last 
thousands of seconds. 
 
Exhibit a wide verity of  
structure in time, and a 
wide varity of timescales 



GRBs are observed to be completely isotropic in their 
direction, indicating they originate at cosmological distances 



GRB Redshift distributions 
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GRBs	are	observed	from	the	local	universe	to	the	farthest	cosmological	
distances,	to	when	the	universe	was	only	100	Million	years	old	



Two classes of GRBs: 
 
Long duration soft spectrum 
 
Short duration/Hard spectrum 
 
(Not shown spectral lag) 



(Photon	index)	

(Photon	index)	

GRB Spectra 

GRBs	are	characterized	by	
non	thermal	power-law	
spectrum.	No	known	
emission	mechanism	can	
account	for	all	observed	
characterisBcs	of	the	
Gamma-ray	Emission		





Gravitational Waves 



GravitaBonal	waves	



Gravitation Wave Spectrum 



LIGO 




progenitor: neutron star mergers




Image credit: LIGO




sensi6vity 6meline

Aasi+	Living	Reviews	in	Rela/vity,	vol.	19,	
no.	1	(2016)	

•  Annually improving detectors

•  Especially at low frequencies

•  Increasing observa;on ;me

•  More detectors à  be=er 

localiza;on




localiza6on


•  100-1000 deg2


•  Improves with more 
detectors


•  Difficult to cover for many 
op6cal observatories


•  Significant transient 
foreground (SNe)


•  1/month FAR LIGO triggers

AbboN et al. 2016 
(1602.08492)




MORE DETECTORS NEEDED 

3-D projec6on of the Milky Way onto a transparent globe shows the probable loca6ons of confirmed 
detec6ons GW150914 (green), and GW151226 (blue), and the candidate LVT151012 (red). The outer 
contour for each represents the 90 percent confidence region while the innermost contour is the 10 
percent region. Image credit: LIGO/Axel Mellinger.


Actual es6mates
 Simulated es6mates with Virgo




GW170817 



Gravitational Wave 
Detection of GW170817 

– Observed by LIGO at both Hanford and 
Livingston sites as well as Virgo in Italy 

–  Lucky in that only 3 weeks of LIGO-Virgo 
simultaneous observations 

–  3000 cycles of the merger were discovered 
– Frequency of the detection tells the initial mass 

and final mass of the objects, initial masses 
between 0.86 and 2.26 solar mass  

– Final state unclear either heaviest Neutron star or 
lightest black hole ever observed 

– Swift was on the wrong side of the Earth 
–  Localized to 28 sq degrees 



Comparison with other GW Events 

•  fdg 

Low	mass	events	are	detectable	for	longer	





•  asdfadsf 



Gamma-ray Observatios 

– Observed by Both Fermi and Integral,  
– Swift was occulted by the Earth 
– Short gamma ray burst 1.7 seconds in 

duration 
–  Intrinsically weak for a short gamma ray burst, 

indicating off axis emission 
– Fermi Localization plus Fermi-Integral IPN 

annulus allowed for better localization 
– No x-ray afterglow observed immediately 

following the GRB consistent with off-axis  



Fermi Gamma Ray Burst Monitor 



GRB0170817A was observed right 
before Fermi shut down due to 

entering the South Atlantic Anomaly 
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Main GRB peak followed by soft tail 
indicating cocoon emission  



Duration and 
spectrum consistent 
with short-hard burst 
No indication of 
spectral lag 



Optical 

– 1-meter Swope Supernova Survey did a 
prioritized survey of galaxies in the uncertainty 
of the band 

– Found a bright kilonova in the galaxy NGC 
4993 

– Kilanova transitioned from blue to red as 
heavy elements were formed 

– Close to the sun so only visible for one hour 



Optical counterpart 
found using prioritized 

search of nearby 
galaxies  



NGC 4993 
p = 0.022

ESO 508-G014 
p = 0.009

Ψ Hydrae HD 114098



Optical counterpart shows red to blue evolution 
indicating the creation of heavy elements  



Galaxy identification gives redshift 
GRB170817A is the closest GRB with a 

measured redshift 



•  sadfaadfs 





Optical observations are 
consistent with Kilonova 

producing heavy elements 



Model of GW170817 
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Neutrino Follow-up 

•  asdfasdf 

•  Follow-ups performed by IceCube, 
ANTARIES, and Auger 

•  IceCube was not in a good position 
to observe, but still has sensitivity at 
higher energies. 

•  ANTARES was in a good position to 
observe. 

•  AUGER, was in the narrow band 
where it can observe Neutrinos 

•  No neutrinos were observed 
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Neutron	Star	Mergers	are	a	standard	“siren”	for	
measuring	distances	in	cosmology	



What did we learn? 
•  First confirmed observation of a merger of two neutron 

stars 
•  New information about the properties of neutron stars 
•  First visual observation of an event that produces both 

immense gravitational waves and bright 
electromagnetic waves 

•  Confirmation of the origin of “short” gamma ray bursts 
•  New independent cosmological distance measurement 
•  Best test so far of Einstein’s prediction that the speed 

of light and the speed of gravitational waves are 
identical 

•  Efficient production of heavy elements 


