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Is this the “smoking gun” proving the origin of Gold 
(and other heavy elemets) in the Universe?
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1. Nucleosynthesis 101

How are these elements produces? 

Solar (Cosmic) Abundances

Gold

Nucleosynthesis 101



BB (Big Bang) Nucleosynthesis

24% of the Universe is 
He. 


This He is produces in 
the big Bang.


George Gammow



Only* He is produced in the 
big bang 

*and minute quantities of 2H, 3He, 3H, Li and Be   

How did other elements form? 

Peebles, Adouze, Schramm, Steigman...



B2FH 1957

HHe,C,O,Ne,Mg

Si,S,Fe,Ni.....

Elements up to Iron are produced in stars

Burbidge, Burbidge, Fowler and Hoyle



S (slow) Process

• Neutron capture slower 
than beta decay.

• Low neutron densities.

• time scale - years.

• Moves along the valley 
of nuclear stability.

• Final abundances 
depend on the conditions 
within the site. 




r (rapid) Process

• Neutron capture faster 
than beta decay.

• High neutron densities.

• Time scales - seconds.

• On the neutron rich 
side of nuclear stability.

• Uniform final 
abundances. 




s and r processes



Explosive r-process

ν flux from the newborn 
neutron star produce 
excess of neutrons in 
Supernova explosion.

Supernova

Nucleosynthesis 101



2. Neutron stars and mergers

24 km

10,000,000

1 cc of neutron star material

95% neutrons!

Neutron Star Mergers



n  g p+e +ν



Decay of neutron star matter

Neutron Star Mergers



Binary Neutron Stars

R. Hulse J. Taylor



3. Gamma Ray Bursts

The first 
burst

The Vela Satellites 



The sky in gamma-Rays



r-process material 
from Supernovae 


!

GRBs from  
magnetic flares on 
galactic neutron 
stars (E~1040 ergs).

The late 80ies 



Two provocative ideas



90ies: GRBs are cosmological

1992: BATSE - GRBs have a 
coslomogical distribution

1997: BeppoSAX - GRBs’ afterglow 
that enables redshift measurements 
confirming the coslomogical origin

Gamma-Ray Bursts



2013 

r-process from 
Supernovae


!

GRBs from magnetic 
flares on galactic 
neutron stars       
(E ~1040 ergs).

Supernovae cannot 
produce A>130 


!

GRBs are  
cosmological        
(E ~1051 ergs).

1988 

X
X



Short Long

NS mergers Collapsars

Eichler, Livio, TP, 
Schramm, 88

MacFadyen & Woosley, 
98

Direct 
Evidence

Indirect 
Evidence



Mergers ejects 0.01-0.04Msun              

with Ek ~ 1050-1051 ergs

Stephan Rosswog



•Radioactive decay of the neutron 
rich matter. 


•Eradioactive ≈ 0.001 Mc2 ≈ 1050 erg 


•A weak short Supernova like event.


•Macronovae follow short GRBs but 
could appear without a short GRB 
as those are beamed. 

4. Macronova*(Li & Paczynski 1997)

Bohdan Paczynski

*Also called Kilonova



Supernova
Photosphere Photons escape

Powered by radioactive 
decay of 56Ni->56Co->56Fe

Ni 6.1 days

Co 77 days

time

lu
m
in

os
ity



•After a second dE/dt∝t-1.3 (Freiburghaus+ 
1999; Korobkin + 2013)

Radioactive Decay 
Korobkin + 13; Rosswog, Korobkin + 13



τ=c/v
Photons escape from 

this region

lu
m
in

os
ity Decrease due to radioactive 

decay

Increase as we see a large fraction of the 
matter. 

time
Macronova





Diffusion time = expansion time <=> 
Mass of the “emitting region”

Luminosity  

Radioactive heating rate

The peak luminosity  

The peak time  

Peak time and peak luminosity



Macronova light curves 
Metzger et al., 2011; TP, Nakar, Rosswog, 13



Lanthanides  

Why do are the Lanthanides “out” of the table?



The Lanthanides’ Opacity  
Kassen & Barnes 2013

The Lanthanides have               
“too many” lines	  

κ=10	  cm2/gm           


      compare with


κ =0.4	  cm2/gm for the 
iron group


κT=0.1	  cm2/gm for 
electron scattering


!



Lanthanides dominate the 
Opacity (Kassen & Barnes 13)

 κ= 10cm2/gm  

tmax ∝κ1/2      => l o n g e r 

 Lmax ∝κ-0.65  =>  weaker


 T ∝ κ-0.4     => redder
1    days    10 

1040 

1041 

uv or optical -> IR



More detailed estimates 
Grossman, Korobkin TP Rosswog, 13



Bolometric light curves



Putting it all together 
5. Gamma-Ray Burst (GRB) 

130603B

GRB 130603B  z=0.356 <=> 1 Gpc = 3 Glyr 





GRB130603B @ 9 days AB 
(6.6 days at the source frame)

nIR

HST image (Tanvir + 13)

V



Swift

Tanvir + 13

Macronova?



GRB130603B @ z=0.356 
nIR transient

Consistent with Barnes & 
Kasen (13) and Tanaka & 
Hotozoka (13)


But Both groups possibly 
overestimated radioactive 
heating rate by a factor of 2-4


The expected signal is slightly 
too large



If correct
Confirmaiton of the GRB neutron 
star merger model (Eichler, Livio, 
TP & Schramm 1989).


Confirmation of the Li-Paczynski 
Macronova.


Confirmation that compact binary 
mergers are the source of heavy 
(A>130) r-process material (Gold, 
Silver, Platinum, Plotonium, 
Uranium etc...). 



6. The Origin of GOLD



Implications

Observed luminosity  =    
1041erg/sec @ 6.6 days 

Mass ejected in a merger

A>130 r-process material in the Galaxy

# of mergers

Mergers’ Rate



The rate of short GRBs 
Guetta & TP 2006; Wanderman & TP 2013

 Rsgrb=5±2  Gpc-3 yr-1


 Typical spiral-in phase of    
2.5 Gyr.  

 Consistent with             
Rmerger = 200 Gpc-3 yr-1 for a 
reasonable  beaming factor of 
40.


Consistent with rate estimates 
based on galactic neutron star 
binaries.



But:
The ejected mass is about 
0.04 Msun. The minimal 
mass is 0.02 Msun.


This is rather large for 
neutron star binary 
merger.


Is the solution black hole 
- neutron star merger? 



A population of 
fast mergers?

From Cowan and 
Thielemann

Early nucleosynthesis -  a challenge 

time->



The radio - flare  (Nakar & Piran 2011)      
Testing the Macronova interpretation 

A long lasting radio flare 
due to the interaction of 
the ejecta with 
surrounding matter may 
follow the macronova. 

Supernova -> Supernova remnant

Macronova -> Radio Flare



Radio frlares from neutron 
star mergers

dominated by high 
velocity ejecta



A flare from GRB 130603B should 
be easily detected by the EVLA (if 
external density is not too small) 



Summary
There are a few caveats - But 

The nIR flare that followed the short 
GRB 130603B could have been a 
Macronova. If so than:

✓Short GRBs arise from mergers.

✓Gold and other A>130 elemets are 

produced in mergers. (But large mej and 
short time delay).


A radio flare may confirm this!

Another strong well localized short GRB is 
expected within a year or so.

And -> 



One cannot give a talk in Astronomy 
these days without a reference to 

the Solar System and life. 
The early Solar System had 244Pu (τ= 117 Myr) 
Wasserburg et al, (2006).                        


No evidence for 244Pu deposition in deep-sea 
crust and sediment accumulated over the last 
~25 Myr (M. Paul et al., 2001; A. Wallner et al., 
in preparation).                                           
=> 244Pu is NOT from the Inter Stellar Medium! 
=> Actinides production near the early Solar 
System just prior to formation.


Irregular production from rare episodes.          
=> E.g. a merger within <50 pc=150 lyr from 
the solar system just prior to its formation?

Gerry Wasserburg 



The End ?

!


