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The GW era



The GW era: GW 150914



Credit: G. Greco, Gwsky https://github.com/ggreco77/GWsky

The GW era: GW 150914 – EM search

Brocato et al. 2017

Abbott et al. 2016

600 deg2 skymap from LIGO/Virgo
Huge observational effort, mainly with wide-field facilities

No EM counterpart found

No EM counterpart expected from BHBH merger
Expected EM counterparts for NSNS/NSBH merger:

- Short GRBs (beamed emission)
- Kilonovae (isotropic emission)

ESO-VST



The GW era – O1 & O2

Sept 2015 – Jan 2016: LVC O1 science run

2 high-significance (FAR < 1/century) GW events during O1 (GW 150914, GW 151226) + 1 
possible, low-significance event (LVT 151210). All BBH. (Abbott et al. 2016a,b) 

Sky localizations (90% credible area)
600 deg2 GW 150914

1600 deg2 LVT 151012
850 deg2 GW 151226

2000 deg2 GW 170104
520 deg2 GW 170608 
62 deg2 GW 170814
28 deg2 GW 170817

No EM counterpart found for BBH
(despite huge observational effort)

!!! EM counterpart found for NSNS !!!

Nov 2016 – Aug 2017: LVC O2 science run

Other BBH detected (GW 170104, GW 170608, GW 170814) and one NSNS (GW 170817) 
Improved strategies for EM follow-up at all wavelengths.
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GW 170817 & GRB 170817A

Goldstein et al. (2017); LVC + “partner astronomy groups”  (2017); Savchenko et al. (2017)
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Optical counterpart in NGC 4993

NGC 4993, S0 galaxy @ D ~ 41 Mpc, z = 0.00968 (Hjorth et al. 2017; Cantiello et al. 2018)

Coulter et al. (2017) Valenti et al. (2017) Tanvir et al. (2017)

Lipunov et al. (2017) Allam et al. (2017) Arcavi et al. (2017)



archival (Pan-STARRS) T+12h44m

Pian, PDA et al. (2017)

Optical counterpart in NGC 4993

grizH



archival (Pan-STARRS) T+12h44m

Pian, PDA et al. (2017)

Optical counterpart in NGC 4993

grizH

LVC + “partner astronomy 
groups” (2017)



An impressive observational campaign

LVC + “partner astronomy groups” (2017)



Light curves

Bright UV/Opt/NIR source, slower fading in the NIR
No early-time X-ray (and no radio) emission:  

inconsistent with on-axis GRB

optical

X-rays (Swift/XRT)

optical/NIR

Tanvir et al. (2017)

Pian, PDA et al. (2017)

Evans et al. (2017)

UV (Swift/UVOT) vs. NIR

Evans et al. (2017)
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Optical/NIR Spectra
Pian, PDA et al. (2017)



Optical/NIR Spectra
Pian, PDA et al. (2017) Smartt et al. (2017)

inconsistent with any SN type



Optical/NIR Spectra
Pian, PDA et al. (2017) Smartt et al. (2017)

inconsistent with any SN type
A key signature of an NS–NS/NS–BH binary merger is the production of a so-called 
“kilonova” (aka “macronova”) due to the decay of heavy radioactive species (e.g. 

lanthanides) produced by the r-process and ejected during the merger that is expected 
to provide a source of heating and radiation (Li and Paczynski 1998; Rosswog, 2005; 

Metzger et al., 2010). 



Kilonova signatures

Neutron-rich ejecta (low e- fraction Ye)
Strong r-process

Very heavy elements (A>140)
Lanthanide rich
Higher opacity

Red KN, peak time~ 1 week

Neutron-rich ejecta (high e- fraction Ye)
Strong r-process

heavy elements (A<140)
Lanthanide poor
Lower opacity

Blue KN, peak time~ 1 day

r-process: 
- rapid (faster than decay) 
neutron capture. 
-  requires high T (>109 K) and 
high neutron density (> 1022 
cm-3)
-> nucleosynthesis of heavy 
elements
-> unstable, radioactive 
decay on > days timescale
-> UV/optical/NIR emission

Kasen+17



Optical/NIR spectra: evidences for KN
Pian, PDA et al. (2017)

Three components Kilonova model 
with different velocity, composition 
and electron (proton) fraction (low 
Ye: lanthanide-rich; high Ye: 
lanthanide-poor)

Their sum and rescaling (red) can 
reproduce the observed spectra 
(black)

0.03-0.05 MSun ejected mass
Fast moving dynamical ejecta 
(blue, 0.2c) + slower wind (red/
green, 0.05c)  

Tanaka et al. (2017)



UV/Optical/NIR LCs: evidences for KN

Villar et al. (2017)

Multi-wavelength light curves best fitted with 3-component KN model
(possbile component such as long lived NS? Li et al. 2018)



Optical/NIR Polarimetry

Covino et al. 2017

P < 0.5% - 0.9%   -->   No polarisation
- Early time: rather symmetric emitting region (high latitude 
viewing angle)

-  late time: emission from Lanthanide-rich ejecta



Kilonova: a heavy elements factory



What about the GRB?

Goldstein et al. (2017); LVC + “partner astronomy groups”  (2017); Savchenko et al. (2017)



Fast: from few ms to hundreds of s
Energetic: 10–7 - 10–3 erg cm–2  
Bright: 10–8 - 10–4 erg cm–2 s–1

Gamma-ray bursts (GRBs)
Brief, intense flash of gamma-ray radiation
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Kouveliotou+93

GRBs are cosmological: <z> = 2.1

This implies they are powerful: E ~ 1052 erg



A faint short GRB?

Goldstein et al. 2017; LVC, Fermi & INTEGRAL joint paper (2017)

ordinary fluence and peak flux but Eiso = 3 x 1046 erg --> 3-6 orders of mag less than 
other SGRBs
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GRB 170817A: an off-beam short GRB?

Upper limits with Swift/XRT and NuSTAR:
-  X-ray aftergglow of GRB 170817A dimmer than 
for typical SGRBs (D’Avanzo+14)
-  possibly consistent with the orphan afterglow 
scenario 
-  supported by Chandra observations 

Evans+17

on-axis observer

off-axis observer



GRB 170817A: an off-beam short GRB?

Troja et al. (2017)

Hallinan et al. (2017)

Troja et al. (2017)

Late-time X-ray and radio 
detection:
-  possibly consistent with the 
orphan afterglow scenario 
-  supported by Chandra and 
VLA observations 

on-axis observer

off-axis observer



Short GRBs progenitors

The long sought ‘smoking gun’



Different scenarios:
a)  Isotropic fireball or hot cocoon from a failed jet
b)  Structured jet: standard jet+less energetic cocoon/layer
c)  Uniform (top hat) jet with unusually low Lorentz factor

GRB 170817A: an off-beam short GRB?

Radio observations up to t~107 d 
(Mooley et al. 2017)

-> the emission is still rising
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GRB 170817A: an off-beam short GRB?

Lyman+18

-  Further observations with Chandra (post-Sun constraint) @ t = 107-109 d (Margutti+18; 
Ruan+18; Troja+18) -> the X-ray emission is rising (as observed in the radio)
-  Optical emission at t=110 (Lyman+18) -> unrelated to the kilonova, likely associated to 
GRB 170817A

-> constraints on the nature of the emission process (synchrotron)
-> no contraints on the nature of the relativistic ejecta (struct. jet / isotropic both valid) 

Margutti+18



GRB 170817A: evidence for a turnover in the light curve

XMM detection at t=135 d (D’Avanzo+18)  
- opt/X-ray spectral slope unchanged w.r.t. previous 
epochs: no passage of the cooling frequency
-  evidence for a change in the light 
curve slope (flattening): likely geometrical 
effect

Chandra detection at t=153-164 d 
(Haggard+18; Troja+18): still consistent 
with light curve flattening 

Structured jet and isotropic emission 
both still valid. 

D’Avanzo+18 D’Avanzo+18 Margutti+18

D’Avanzo+18

t=135 d



X-ray, optical and radio observations at 
t = 200-264 d confirm the turnover in the light 
curve and show evidence for decay. Both 
scenarios (struct. jet vs. isotropic still valid)

GRB 170817A: evidence for a fading afterglow

Alexander+18

Troja+18

Dobie+18

radio

radio
optical
X-ray



Conclusions

-  EM follow-up campaigns for O1 and O2 very successful

-  GW 170717 / GRB 170817A results: 
 - Definition and consolidation of successful follow-up strategies
 - First EM counterpart (at all wavelengths) 
 - First unambiguous observational evidence for a kilonova
 - Evidence for kilonovae as a heavy elements factory
 -  `Smoking gun’ for short GRB progenitors (but is GRB 170717A a 
‘classical’ short GRB?)
 - Clues on short GRB outflow geometry and properties (first 
observation of an off-beam afterglow? First evidence for a structured 
jet? First evidence for isotropic prompt emission?)

-  the dawn of multi-messenger astronomy era

-  waiting for O3 LVC run
 - how many NS-NS? 
 - NS-BH?
 - how many KN flavours?
 - how many short GRB flavours?    


