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What and how?

* For ns2 and ns-BH 

Nothing is really expected for BHBH 



Gamma - Ray Bursts (GRBs)



Once or twice a day we see a burst of low 
energy gamma-rays lasting  for a few seconds.   

Gamma - Ray Bursts (GRBs)



The energy released during a burst (~1051 
erg within a few seconds) is only a few 
orders of magnitude below the energy 
released by the rest of the Universe at the 
same time!   

Once or twice a day we see a burst of low 
energy gamma-rays lasting  for a few seconds.   
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available is 
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Can a small 
fraction of 
this energy 
produce an 
EM signal?
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GRBs - Observations
Prompt gamma rays (0.1-100 sec) 


Energy 1049-1052 ergs


Spectrum ~300 keV but up to a few GeV


Afterglow:  X-ray (~ days), optical (~ weeks) and radio 
(~ year)

Relativistic jets (Γ>100) 


Afterglow - slowing down of the jet by interaction with 
surrounding. 

GRBs - Theory



Short Long

ns mergers Collapsars

Eichler, Livio, TP, 
Schramm, 88

MacFadyen & Woosley, 
98

Direct 
Evidence


(low 
metallicity)

Indirect 
Evidence


rate

hosts


macronova



History of Long GRB-SN association

1997/8: Indirect evidence long 
GRBs in star forming regions. 


1998: Tentative association of the 
peculiar GRB 980425 with the 
very luminous SN 1998bw


1999-2003 Red bumps in long 
GRB light curves 


29 March 2003 Clear association 
of SN 2003dh with GRB 030329 



GRBs are beamed - chance 
of coincidence <1:10 (?)



GRBs are beamed - chance 
of coincidence <1:10 (?)



Orphan Afterglow

SGRBs are weak => 

Orphan afterglow is too weak

(>24 mag) - not observed yet 
even from long GRBs 

☹



Mergers ejects 0.01-0.04Msun              

with Ek ~ 1050-1051 ergs

Stephan Rosswog
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Different 
components 
of mass 
outflows 
from 
mergers

(Hotokezata 
& TP 15) 









• Expanding cloud of 
ejected matter.


•Radioactive decay of the 
neutron rich matter. 
Eradioactive ≈ 0.001 Mc2 ≈ 
1050 (M/0.1 Msun) erg 
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• Expanding cloud of 
ejected matter.


•Radioactive decay of the 
neutron rich matter. 
Eradioactive ≈ 0.001 Mc2 ≈ 
1050 (M/0.1 Msun) erg 
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• Expanding cloud of 
ejected matter.


•Radioactive decay of the 
neutron rich matter. 
Eradioactive ≈ 0.001 Mc2 ≈ 
1050 (M/0.1 Msun) erg 


 Macronova*(Li & Paczynski 1997)

=> A weak short Supernova



Supernova
Photosphere Photons escape

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

Ni 6.1 days
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After a second dE/dt∝t-1.3 (Hotokezaka 16)       

Radioactive Decay 
(Freiburghaus+ 99; Metzger + 11; Goriely + 11; 


Korobkin + 13; Wanajo + 14)



Photons escape from 
this region

lu
m
in
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ity

Decrease due to 
radioactive decay

Increase as we see large and larger fraction of 
the matter. 

time
Macronova

The light curve 
depends on

1. mass  

2. velocity

3. opacity



Photons escape from 
this region

lu
m
in

os
ity

Decrease due to 
radioactive decay

Increase as we see large and larger fraction of 
the matter. 

time
Macronova

The light curve 
depends on

1. mass  

2. velocity

3. opacity



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

=> Luminosity  

Radioactive heating rate

Light Curve

Opacity
velocity

mass with velocity >v





mej(v) for different configurations

TP, Nakar & Rosswog, 13



Lanthanides dominate the Opacity 

(Kasen & Barnes 13;  Tanaka & Hotokezaka 13 )

 κ= 10cm2/gm  

tmax ∝κ1/2      => l o n g e r 

 Lmax ∝κ-0.65  =>  weaker


 T ∝ κ-0.4     => redder

TP, Nakar, Rosswog, 13
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Lanthanides dominate the Opacity 

(Kasen & Barnes 13;  Tanaka & Hotokezaka 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 TP, Nakar, Rosswog, 13



Opacity

The peak luminosity  

The peak time  

Peak time and peak luminosity

velocity

ejected mass



ν driven winds

Different Ye, different nucleosynthsis,  
different opacity:  κ= 1cm2/gm



 ν driven winds - lightcurves

(Metzger & Fernandez 14;  Just + 14; Perego + 14)

Grossman, Korobkin, Rosswog, TP 14



Combined macronova signal


(Grossman, Korobkin, Rosswog, TP 14)

24.4

25.4

23.9



Detectability @ 300 Mpc
Dynamical ejecta (IR signal)


≈23.5-24.5 mag on a time scale of a few days


    => Rapid follow up is impossible in the IR. 


 Neutrino driven wind (UV/Blue signal)


≈23.7-24.2 mag on a time scale of a < day 


    => Follow up is possible with HyperSupremeCamera on 
subaru or continous cover with ZTF or equivalent.


 “Easily” detectable with LSST in 2021  (no IR) - BUT 


False alarm: 60/(sq deg) at 24 (Nissanke + 13)  WFIRST



Macronova Observations



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)

R



Swift

Tanvir + 13, Berger + 13

Macronova?

BergerBerger
Kasen & 

Barnes 13



GRB 060614

Yang et al.,  Nature Comm 15

Need M≃0.1M⨀


=> BH-NS ? 



GRB 050709


Jin et al., 16  submitted

Fox et al., 2005; Watson 
et a., 2006 -  not a 
power law.

Re-analysis of the VLT 
and a new unreported 
HST point. 

Need M≃0.05M⨀ 
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FIG. 1. The optical observations of sGRB 050709. The R-band emission (green dashed line) decreases as t�1.63±0.16, consistent
with the V -band data. On the other hand the I-band (VLT I-band data as well as the first two HST F814W-band data
points decrease much slower as of t�1.12±0.09 (red dash-dotted line). This is strongly suggesting an additional optical emission
component emerging at t � 2.5 days that is characterized by a low-luminosity and a soft spectrum. In the insert we show
the SED of the afterglow of sGRB 050709 measured by VLT on July 12, 2005 compared with a possible Iron line-like spectral
structure adopted from Kasen et al. [? ]. For illustration, we present a simulated I-band macronova light curve [? ] for the
ejecta from a black hole�neutron star merger, corresponding to an ejection mass of M

ej

⇠ 0.05 M� and a velocity of V
ej

⇠ 0.2c.
An uncertainty of ⇠ 0.75 mag has been adopted following Hotokezaka et al [? ].

at t � 2.5 days and lasting ⇠ 10 days. Remarkably, this late F814W-band emission (see Fig.??) is very similar to the
I/F814W-band excess observed in GRB 060614 [? ]. The latter is consistent with a macronova expected days after
a compact binary merger, provided that a significant mass (⇠ 0.1M�) was ejected.

The VLT I/F814W-band emission light curve can be reasonably reproduced with a macronova following a black
hole�neutron star merger [? ] with M

ej

⇠ 0.05 M� and v
ej

⇠ 0.2c, where c is the speed of light and v
ej

is the
ejecta velocity (see Fig.??). This is comparable but slightly smaller than the parameters used for fitting the I-band
excess observed in the afterglow of GRB 060614 [? ]. Such a large amount of r-process material is consistent with
a black-hole neutron star mergers [? ? ? ? ] and it also supports the hypothesis that compact object mergers are
prime sites of significant production of r-process elements [? ? ? ? ? ? ? ? ].

The weak I-band emission at t ⇠ 2.5 days together with the almost simultaneous R and V observations, imply
a puzzling broad line-like structure. A speculative interpretation is that this signal arises from a wind-macronova.
A strong line feature can be produced by a macronova dominated by Iron [? ]. Such an Iron-group dominated
macronova may arise from an accretion disk wind [? ] in which the heavier r-process elements are depleted because
strong neutrino irradiation from a remnant neutron star can increase the electron fraction of the disk material. For
this interpretation to hold there must have been an early jet break, corresponding to a narrow jet as seen in other
sGRBs. In this case only the first observation at ⇠ 1.4 days after the burst is a clear afterglow signal. Hence this
interpretation cannot be verified due to the unavoidable uncertainties in the afterglow subtraction.
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GRB 050709


Spectrum at 2 days  
=> ν Wind?



244Pu (half life 81 
Myr)

Wallner + 14

Early solar system

Now

Astroarcheology Radioactive 
data provides indirect evidence



Rare and “massive” events

Hotokezaka et al.,  Nature Phys 2015



Implication
Jin et al, 16 explored all nearby short GRB light 
curves for which there is suitable data


In 3 out of 3 (5) a Macronova Candidate signal 
was detected. 


Some of the signals are in optical rather than IR 
=> much easier to detect!


Early spectrum in 050709 suggest a        
possible wind signature. 


   => Promising detection prospects. 



The Radio Flare  

(Nakar & TP 2011)      

A long lasting radio flare 
due to the interaction of 
the ejecta with 
surrounding matter should 
follow the macronova. 
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The Radio Flare  

(Nakar & TP 2011)      

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



Supernova           Supernova remnant

Months             a few x 104 years


Macronova             Radio Flare

  Weeks               months - years




Search for the flare from GRB 
130603B by the EVLA



Search for the flare from GRB 
130603B by the EVLA



Search for the flare from GRB 
130603B by the EVLA



Estimates of radio signals from 
mergers (Hotokezaka + 16) 



Radio Light Curves 

(Hotokezaka et al., 16) 









Radio Flare Detectability 
@ 300 Mpc

Detectable for high Ek and density and a quite 
host (can be resolved on the VLA) 


False positives: 0.1/sq deg. 


Long observing time - no rush



The BHBH (GW150914)        
EM counterpart problem

>1049 ergs   =>  > 10-5 msun


Life time of  a BHBH binary       
~1 Gyr (from minimal separation)


Cannot keep so much mass from 
formation for 1 Gyr.



???
A short distance capture + matter injection 


  => A 3 body interaction in a globular cluster?

  => Maybe possible but extremely rare



Short GRBs are (most likely) the best EM 
counterparts - but they are beamed :(


3 out of 3 (5) short GRB candidates show a 
macronova signal :)


Macronova (kilonova) are extremely dim and   
in IR. Furthermore the sky is dominated by  
optical/IR transients at this level. 


Optical/uv neutrino wind signal is easier to 
detect - but it is short lived. 


Room for other signatures 


Radio signal is robust (but depends on external 
density). Detection may take month - no rush. 
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FIG. 1. The optical observations of sGRB 050709. The R-band emission (green dashed line) decreases as t�1.63±0.16, consistent
with the V -band data. On the other hand the I-band (VLT I-band data as well as the first two HST F814W-band data
points decrease much slower as of t�1.12±0.09 (red dash-dotted line). This is strongly suggesting an additional optical emission
component emerging at t � 2.5 days that is characterized by a low-luminosity and a soft spectrum. In the insert we show
the SED of the afterglow of sGRB 050709 measured by VLT on July 12, 2005 compared with a possible Iron line-like spectral
structure adopted from Kasen et al. [? ]. For illustration, we present a simulated I-band macronova light curve [? ] for the
ejecta from a black hole�neutron star merger, corresponding to an ejection mass of M

ej

⇠ 0.05 M� and a velocity of V
ej

⇠ 0.2c.
An uncertainty of ⇠ 0.75 mag has been adopted following Hotokezaka et al [? ].

at t � 2.5 days and lasting ⇠ 10 days. Remarkably, this late F814W-band emission (see Fig.??) is very similar to the
I/F814W-band excess observed in GRB 060614 [? ]. The latter is consistent with a macronova expected days after
a compact binary merger, provided that a significant mass (⇠ 0.1M�) was ejected.

The VLT I/F814W-band emission light curve can be reasonably reproduced with a macronova following a black
hole�neutron star merger [? ] with M

ej

⇠ 0.05 M� and v
ej

⇠ 0.2c, where c is the speed of light and v
ej

is the
ejecta velocity (see Fig.??). This is comparable but slightly smaller than the parameters used for fitting the I-band
excess observed in the afterglow of GRB 060614 [? ]. Such a large amount of r-process material is consistent with
a black-hole neutron star mergers [? ? ? ? ] and it also supports the hypothesis that compact object mergers are
prime sites of significant production of r-process elements [? ? ? ? ? ? ? ? ].

The weak I-band emission at t ⇠ 2.5 days together with the almost simultaneous R and V observations, imply
a puzzling broad line-like structure. A speculative interpretation is that this signal arises from a wind-macronova.
A strong line feature can be produced by a macronova dominated by Iron [? ]. Such an Iron-group dominated
macronova may arise from an accretion disk wind [? ] in which the heavier r-process elements are depleted because
strong neutrino irradiation from a remnant neutron star can increase the electron fraction of the disk material. For
this interpretation to hold there must have been an early jet break, corresponding to a narrow jet as seen in other
sGRBs. In this case only the first observation at ⇠ 1.4 days after the burst is a clear afterglow signal. Hence this
interpretation cannot be verified due to the unavoidable uncertainties in the afterglow subtraction.
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FIG. 1. The optical observations of sGRB 050709. The R-band emission (green dashed line) decreases as t�1.63±0.16, consistent
with the V -band data. On the other hand the I-band (VLT I-band data as well as the first two HST F814W-band data
points decrease much slower as of t�1.12±0.09 (red dash-dotted line). This is strongly suggesting an additional optical emission
component emerging at t � 2.5 days that is characterized by a low-luminosity and a soft spectrum. In the insert we show
the SED of the afterglow of sGRB 050709 measured by VLT on July 12, 2005 compared with a possible Iron line-like spectral
structure adopted from Kasen et al. [? ]. For illustration, we present a simulated I-band macronova light curve [? ] for the
ejecta from a black hole�neutron star merger, corresponding to an ejection mass of M

ej

⇠ 0.05 M� and a velocity of V
ej

⇠ 0.2c.
An uncertainty of ⇠ 0.75 mag has been adopted following Hotokezaka et al [? ].

at t � 2.5 days and lasting ⇠ 10 days. Remarkably, this late F814W-band emission (see Fig.??) is very similar to the
I/F814W-band excess observed in GRB 060614 [? ]. The latter is consistent with a macronova expected days after
a compact binary merger, provided that a significant mass (⇠ 0.1M�) was ejected.

The VLT I/F814W-band emission light curve can be reasonably reproduced with a macronova following a black
hole�neutron star merger [? ] with M

ej

⇠ 0.05 M� and v
ej

⇠ 0.2c, where c is the speed of light and v
ej

is the
ejecta velocity (see Fig.??). This is comparable but slightly smaller than the parameters used for fitting the I-band
excess observed in the afterglow of GRB 060614 [? ]. Such a large amount of r-process material is consistent with
a black-hole neutron star mergers [? ? ? ? ] and it also supports the hypothesis that compact object mergers are
prime sites of significant production of r-process elements [? ? ? ? ? ? ? ? ].

The weak I-band emission at t ⇠ 2.5 days together with the almost simultaneous R and V observations, imply
a puzzling broad line-like structure. A speculative interpretation is that this signal arises from a wind-macronova.
A strong line feature can be produced by a macronova dominated by Iron [? ]. Such an Iron-group dominated
macronova may arise from an accretion disk wind [? ] in which the heavier r-process elements are depleted because
strong neutrino irradiation from a remnant neutron star can increase the electron fraction of the disk material. For
this interpretation to hold there must have been an early jet break, corresponding to a narrow jet as seen in other
sGRBs. In this case only the first observation at ⇠ 1.4 days after the burst is a clear afterglow signal. Hence this
interpretation cannot be verified due to the unavoidable uncertainties in the afterglow subtraction.
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FIG. 1. The optical observations of sGRB 050709. The R-band emission (green dashed line) decreases as t�1.63±0.16, consistent
with the V -band data. On the other hand the I-band (VLT I-band data as well as the first two HST F814W-band data
points decrease much slower as of t�1.12±0.09 (red dash-dotted line). This is strongly suggesting an additional optical emission
component emerging at t � 2.5 days that is characterized by a low-luminosity and a soft spectrum. In the insert we show
the SED of the afterglow of sGRB 050709 measured by VLT on July 12, 2005 compared with a possible Iron line-like spectral
structure adopted from Kasen et al. [? ]. For illustration, we present a simulated I-band macronova light curve [? ] for the
ejecta from a black hole�neutron star merger, corresponding to an ejection mass of M

ej

⇠ 0.05 M� and a velocity of V
ej

⇠ 0.2c.
An uncertainty of ⇠ 0.75 mag has been adopted following Hotokezaka et al [? ].

at t � 2.5 days and lasting ⇠ 10 days. Remarkably, this late F814W-band emission (see Fig.??) is very similar to the
I/F814W-band excess observed in GRB 060614 [? ]. The latter is consistent with a macronova expected days after
a compact binary merger, provided that a significant mass (⇠ 0.1M�) was ejected.

The VLT I/F814W-band emission light curve can be reasonably reproduced with a macronova following a black
hole�neutron star merger [? ] with M

ej

⇠ 0.05 M� and v
ej

⇠ 0.2c, where c is the speed of light and v
ej

is the
ejecta velocity (see Fig.??). This is comparable but slightly smaller than the parameters used for fitting the I-band
excess observed in the afterglow of GRB 060614 [? ]. Such a large amount of r-process material is consistent with
a black-hole neutron star mergers [? ? ? ? ] and it also supports the hypothesis that compact object mergers are
prime sites of significant production of r-process elements [? ? ? ? ? ? ? ? ].

The weak I-band emission at t ⇠ 2.5 days together with the almost simultaneous R and V observations, imply
a puzzling broad line-like structure. A speculative interpretation is that this signal arises from a wind-macronova.
A strong line feature can be produced by a macronova dominated by Iron [? ]. Such an Iron-group dominated
macronova may arise from an accretion disk wind [? ] in which the heavier r-process elements are depleted because
strong neutrino irradiation from a remnant neutron star can increase the electron fraction of the disk material. For
this interpretation to hold there must have been an early jet break, corresponding to a narrow jet as seen in other
sGRBs. In this case only the first observation at ⇠ 1.4 days after the burst is a clear afterglow signal. Hence this
interpretation cannot be verified due to the unavoidable uncertainties in the afterglow subtraction.


