
GW20170814 (BBH)  
Sky location : 3 detectors

…….. as of 2017 Aug 14

1160 square degrees shrinks to 60 



i = 17.2 to 19.5
in 4 days 

Skymap movement



i = 17.2 to 19.5
in 4 days 

Skymap movement



• Skymaps from LIGO-Virgo Collaboration  - 3 degree offset ! 
• Smartt S.J. et al. Nature, 2017, 551, 75 : ATLAS upper limits, GROND, 

ESO-NTT, Pan-STARRS, 1.5m Boyden, 

i = 17.2 to 19.5
in 4 days 

Skymap movement



Optical and near-infrared  kilonova 
emission - light r-process  

composition  
 

551, 75–79 (2017) doi:10.1038/

S. Smartt, A. Jerkstrand, G. Leloudas, M. Coughlin, 
E. Kankare 



• All data available on www.pessto.org  (calibration 
notes) 

• And https://kilonova.space/ 
• https://wiserep.weizmann.ac.il/

www.pessto.org 

Smartt et al. 2017 
Pian et al. 2017

http://www.pessto.org
https://kilonova.space/
https://wiserep.weizmann.ac.il/
http://www.pessto.org


NS-NS mergers - EM 
radiation  

• NS-NS mergers and BH-NS 
mergers  

• Predicted to be strong 
emitters of EM radiation 

• Short GRBs : working model is 
NS-NS mergers  

• Gamma rays are beamed from 
relativistic jet 

• Beam opening angle ~ 10o 
(see Berger ARA&A 2014) 

1.4+1.3M⦿ neutron stars
http://compact-merger.astro.su.se/ 
See Rosswog, Piran & Nakar 2013
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NS-NS mergers - EM 
radiation  

• NS-NS mergers and BH-NS 
mergers  

• Predicted to be strong 
emitters of EM radiation 

• Short GRBs : working model is 
NS-NS mergers  

• Gamma rays are beamed from 
relativistic jet 

• Beam opening angle ~ 10o 
(see Berger ARA&A 2014) 

1.4+1.3M⦿ neutron stars
http://compact-merger.astro.su.se/ 
See Rosswog, Piran & Nakar 2013
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http://compact-merger.astro.su.se/


Multiple components 

6
Metzger 2014



Multiple components or 1?

DECam team  
Cowperthwaite et al.

Swope/Carnegie 
team 
Kilpatrick et al. + 
Drout et al.

Tanaka et al.



AT2017fgo 

See also Rosswog et al. 2017, A&A, Waxman et al. 2017
Heating rates P(t)  = A t -𝛽  (Lippuner & Roberts 2015)

Smartt et al. 551, 75–79 (2017) 

Low opacity model  High  opacity model  

2 lightcurve models:  our own Arnett formulation and Metzger



Semi-analytic models 
“Arnett-Jerkstrand”

Can vary 
M = mass  
E = energy (velocity) 
𝛋 = opacity  
P(t) = power source function 

Inserra, Smartt, Jerkstrand et al 2013

https://star.pst.qub.ac.uk/wiki/doku.php/users/ajerkstrand/



r-process radioactivity

• Metzger 2017, Living Reviews in Relativity, 20, 3  “Kilonovae”

• Metzger et al. 2010, MNRAS, 406, 2650, “EM counterparts of compact 
object mergers powered by the radioactive decay of r-process material”

• Heating rates P(t)  = A t -𝛽    :  also see Lippuner & Roberts 2015



Spectra : light r-process 
elements 

Temperature and radiative 
diffusion in supernovae  
(Sim & Kerzendorf)

Pian et al
Smartt et al.

XeI ?



Spectra : light r-process 
elements 

Temperature and radiative 
diffusion in supernovae  
(Sim & Kerzendorf)

Pian et al
Smartt et al.

XeI ?
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Pagel 1997
Lattimer & Schramm 1974
BBFH 1957, Cameron 1957

s
r

Tanaka et al. 2017 



Reasonable criticisms 
• Our models are too simple - Metzger 2017 “toy model” and Arnett-Jerkstrand  semi-

analytic model    

• We do not use the SED/spectral information available when fitting the lightcurve (Lbol 
only)  

• We have underestimated K-band at > 10d. Therefore underestimated the contribution to 
a high opacity component  

• We have only integrated our Lbol out to 2.5microns, there is clearly (some) flux beyond 
that. Therefore underestimated the contribution to a high opacity component  

• The thermalisation function and/or heating rate  we apply for radioactive decay 
particles (leptons) are either wrong or unknown 



K-band issue with our data



K-band issue with our data
As  
pointed 
out in Villar 
et al.  
2017



VHS Ks

GROND +1.4d

GROND +12d
(ref)

(VHS) - (GROND +12d)





1-component or 2 ?  

See also Rosswog et al. 2017, A&A, 
Waxman et al. 2017, submitted 
P(t)  = A t 

-𝛽

Smartt et al. 551, 75–79 (2017) 

Low opacity model  High  opacity model  

≈

Kilpatrick et al. 2017  
Drout et al. 2017



Combined photometry for 
SED fitting +0.47d to +14.3d
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Arcavi et al, 2017 
Drout et al. 2017 
Cowperthwaite et al./Soares-Santos et al. 2017

Tanvir et al. 2017 
Drout et al. 2017 
Kasliwal et al. 2017



UV:
Swift 

+0.64d  Space - Swift
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Optical:
Interpolated Pan-STARRS/DECam

Smartt et al. 2017 
Soares-Santos et al. 2017
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UV: Swift 

+1.05d    Space - Swift 
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Kasliwal et al. 2017 
Troja et al. 2017   



Unconstrained beyond +15d

• K-band only beyond 
+15d 

• SED unconstrained, 
can’t say if it is 
compatible with T ≈ 
2500 K



Lbol : reasonable agreement 

Waxman et al.  
arXiv:1711.09638

Beyond 2.5m 
add Rayleigh-Jeans  
tail  f(𝝺) ~ 𝝺-5



Peak luminosity 
• “Peak” resolved within first 

24hrs  

• 0.4 < tpeak < 0.9 days 

• Log Lpeak = 42.0 ± 0.1  

• L = 1 + 0.26-0.21  x 1042  ergs/s 

New - BB integration from all data
Smartt et al. 
Waxman et al
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Reasonable criticisms 
• Our models are too simple - Metzger 2017 “toy model” and Arnett-Jerkstrand  semi-

analytic model    

• We do not use the SED/spectral information available when fitting the lightcurve (Lbol 
only)  

• We have underestimated K-band at > 10d. Therefore underestimated the contribution to 
a high opacity component  

• We have only integrated our Lbol out to 2.5microns, there is clearly (some) flux beyond 
that. Therefore underestimated the contribution to a high opacity component  

• The thermalisation function and/or heating rate  we apply for radioactive decay 
particles (leptons) are either wrong or unknown 



Arnett-Jerkstrand model  
https://star.pst.qub.ac.uk/wiki/doku.php/users/ajerkstrand/

as in Smartt, Chen, Jerkstrand et al. 2017 Comparison of measurement methods 



Barnes et al. : thermalisation efficiency  

Barnes et al. 2016 



Arnett-Jerkstrand posteriors

0.04 +0.10-0.08M⦿

𝛽 = -1.2±0.3

𝜅 = 0.3+0.3-0.1

Michael Coughlin:  https://github.com/mcoughlin 

Compare with  
Recent analysis by 
Waxman et al. 2017 
M ≈ 0.05M⦿  
𝜅 ≈ 0.3  cm2 g-1 

v(m) = vM m-𝛼 

    for  (0.1c < v < 0.3c) 

https://github.com/mcoughlin


Updated Metzger posteriors

Michael Coughlin:  https://github.com/mcoughlin 

0.06 +0.07-0.04M⦿

0.2±0.1c

𝜅 = 1.3+2.7-0.9

𝜅=0.758

https://github.com/mcoughlin


1-component fits
Data :  

• Up to 6-7 days : reproduce 
all photometric data  

• SED is (approximately) black 
body 

• Lbol after that - uncertain 
• No 2nd component required

Model :  

• Within the uncertainties of 
powering exponent (beta) and 
efficiency (Barnes et al.) 

• Deposited energy does not 
require 2nd component  

• Choices can allow it 



Kasen, Metzger, Barnes, Quartet, Ramirez-Ruiz 2017 
  

Chornock et al. 
2017

Kilpatrick et al. 
2017



Kasen et al. vs xshooter +4.5d 

• Same model - full 
optical and NIR  

• Lacking optical  

• Blue component:  
if thermal would 
dilute NIR flux 

M = 0.04 
v =0.1c

Xlan = 10-2
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Kasen et al. vs xshooter +4.5d 

• Same model - full 
optical and NIR  
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v =0.1c
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2-component fits - example 
at  +8.4d 

• Reasonable fits at some epochs  
• But cool component is not T ~ 2500K (lanthanide recombination) 

•  Consistency calculations needed for R, vcool, vhot, Tcool, Thot 
• Spectra do not appear photospheric after +3-4 days 
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#10-17 Phase = 8.4

u g r i z y J H K
T1 = 3.1415 + 0.25954 -0.25954

R1 = 0.69788 + 0.16606 -0.16606

T2 = 1.0265 + 1.0003 -1.0003

R2 = 6.652 + 21.0794 -21.0794



Xshooter spectra - early 

+1.4d +2.4d

Pian et al. 2017, Smartt et al. 2017

Cs I Te I

Cs I
Te I

Cs I : resonance doublet
8521, 8943 Angs

Te I :   log (gf) = 0

v=0.2c v=0.13c



Diffusion phase or optically 
thin transition 

+2.4d

+3.4d

+4.4d



ESO xshooter spectra sequence 

• Are all of these 
optically thick, diffusion 
phase spectra ? 

• Not convincing BBody 
fits with single Teff 
beyond about 6 days 

• Are we seeing 
“nebular” phase 
spectra between 6 to 
10.5 days ?



ESO xshooter spectra sequence 

• Are all of these 
optically thick, diffusion 
phase spectra ? 

• Not convincing BBody 
fits with single Teff 
beyond about 6 days 

• Are we seeing 
“nebular” phase 
spectra between 6 to 
10.5 days ?

+4.5d

+10.5d



Implications for chemical 
evolution 

Total mass of r-process in Milky Way 

Rosswog et al.  2017

LIGO - Virgo rate of NS-NS mergers 

Can account for all r-process abundances  
with AT2017gfo type objects  
We may have over-production problem ! 



Conclusions 
• Lbol recalculated : ok up to 10 days, very uncertain beyond  

• Two component models already shown to be plausible - physically 
motivated, Kasen et al. models (see Monday talks) 

• “Blue component” : plausible Cs I and Te I identifications. With 𝛋 ~ 0.1 
- 1.0, ejecta  

• Blue component may be the sole dominant component  

• Quantitative fits (simple models) to Lbol account for all observed 
luminosity with one component which is lanthanide free, moderate 
opacity 

• Would require spectra to be out of diffusion stage by 4-6 days - as the 
reason why poor BB fits 



Fin


