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August 17th, 2017: The “chirp” of a new era



We can learn a lot from GW alone



Why is electromagnetic follow-up important?



1. EM follow-up allows localization of merger events

For GW170817: 

~31 square degrees
(finally 28 sq. deg.)

Distance: 40 ± 8 Mpc

49 candidate galaxies in 
localisation volume  

Census of the Local 
Universe: cataloguing 
and prioritizing galaxies 
for follow-up Kasliwal et al. (2017) Science, 358, 1559 



2. EM and GW allow tests of fundamental physics
Delay of 1.74 seconds 
between GW and EM

Assume they are emitted at 
the same time à upper limit

Constraint on fractional speed 
difference of GW and EM of  

Dispersion delay due to IGM 
is several orders of mag. less

Abbott. et al. (2017), ApJL, 848, L13



3. EM allows us to understand the astrophysical events
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What do we learn from gamma-ray emission?



August 5th 1963: Partial Nuclear Test Ban Treaty signed
Prohibits all above-ground test detonations of nuclear weapons

Vela was designed to detect X-
rays, gamma-rays and neutrons 
produced in nuclear explosions.

Gamma-rays were important in 
case X-rays were shielded.



BATSE showed that GRBs are isotropically distributed

2704 GRBs

Flux = energy per 
unit area per time
(joules/m2/s)

Fluence = energy 
per unit area
(joules/m2)



4.What causes gamma-ray emission?
The most electromagnetically 
luminous objects in the Universe

Typical energy release of 1044 J

Ultrarelativistic energy flow 
converted to radiation. 

Relativistic beaming means 𝛾-ray 
emission restricted to 𝜃𝑜𝑏𝑠 ≤ 𝜃𝑗

Relativistic beaming solves the 
compactness problem



The GRB fireball model



4.The mystery of short gamma-ray bursts
Long GRBs:
Duration: seconds – minutes
Overall tend to be brighter
Less energetic gamma-rays

à Core collapse of massive stars

Short GRBs:
Duration: millisec – seconds
Overall tend to be dimmer
More energetic gamma-rays 

à Double neutron star merger ??



4.Neutron star mergers are progenitors of short GRBs

But… GW170817 is 4 orders of magnitude weaker than typical GRB

Abbott. et al. (2017), ApJL, 848, L13



What do we learn from optical emission?



Optical detection of GW170817 in NGC 4993

Merger = 2.1 kpc from centre

S0 galaxy; z = 0.009783 (~40 Mpc)

Old population, no globular cluster

Mean stellar age > 3 Gyr

<1% of light from stars <500 Myr

Dust lanes à past merging activity

Im et al. (2017) ApJL; Sadler et al. (2017), GCN #21645  



4.What causes UV / optical / IR emission?
A small amount of mass (10-4 – 10-2

solar masses) ejected from the 
explosion

Radioactive decay of unstable r-
process nuclei produced in the 
ejecta material

Heats up ejecta which produces UV, 
optical and IR light 

à Observational result is ”kilonova”
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UVOIR: Direct evidence of heavy element production

Kasen et al. (2017), Nature, 551, 80

Moderate 0.6 ≤ 𝜂 ≤ 0.75à light 
r-process elements (28 ≤ 𝑍 ≤ 58)

Produces optical light; fades in days
Ejecta ≈ 0.04M⊙

Neutron-rich 𝜂 ≥ 0.75à heaviest 
r-process elements (58 ≤ 𝑍 ≤ 90)

Produces infrared; fades in weeks
Ejecta ≈ 0.025M⊙



What do we learn from radio emission?



Radio follow-up of GW170817 – first detection
• Started searching at t = 10 hours 

• (ATCA first radio telescope observing)

• Initially targeted list of galaxies 

• Then daily observations of NGC 4993
(distance 41 Mpc)

Radio detection at t = 16 days

VLA detections: 
Sept 3rd 3 GHz = ~19 𝜇Jy,  6 GHz = ~28 𝜇Jy

ATCA detection: Sept 5th 7.25 GHz = ~25 𝜇Jy

Hallinan et al. (2017), Science, 358, 1579                         Image credit: David Kaplan



4.Ongoing radio monitoring of GW170817

Updated from Dobie et al. (2018), ApJL, 858, 15Mooley et al. (2017), Nature, 554, 207

Peak at 167 days post-merger



Ruled out: on-axis weak short gamma-ray burst

• Classic sGRB is a jet in line-of-sight

• Narrow (<10 deg); ultra-relativistic

• Gamma-ray luminosity 4 orders of 

magnitude lower than typical sGRBs

• Weak sGRB needs low ejecta mass           

(< 3 x 10-6 Msun)

• Wider jet => even less material

• Contradicted by UVOIR (0.05 Msun), 

late X-ray, radio
Kasliwal et al. (2017) Science, 358, 1559 



Ruled out: slightly off-axis classical short GRB

Kasliwal et al. (2017) Science, 358, 1559 

• sGRB observed off-axis (~ 8 deg)

• Expect bright afterglow at all wavelengths 
when external shock decelerates

• Velocity Γ ∼ 10 one day later.

• Radio and X-ray early non-detections 
constrain to low density (<10−6 cm−3).

• Hypothetical on-axis observer would see 
photons at higher energies than observed 
so far



Possible: cocoon with choked jet

Kasliwal et al. (2017) Science, 358, 1559 

• ~0.02 M⊙ of ejecta into circumburst medium 

• Velocities of ~0.2c 

• Short delay (maybe collapse of hyper-

massive neutron star into black hole)

• Ultra-relativistic jet launched

• Material enveloping jet forms pressurized 

cocoon

• Scenario 1: Wide-angle jet (≈30 deg) => jet 
is choked 

• Radio emission from forward shock



Possible: on-axis cocoon with off-axis jet

Kasliwal et al. (2017) Science, 358, 1559 

• Scenario 2: Narrow-angle jet (≈10 

deg) => jet escapes ejecta 

• Radio emission from afterglow

How can we distinguish between these 

two scenarios?



4.Late-time monitoring is key to physical modelling 

Credit: David Kaplan, adapted from Mooley et al. (2018), ApJL, 868, 111

Semi-analytic and 
numerical model fits give:
• Jet opening angle
• Density of ISM
• Isotopic-equiv. energy

More broad questions:
• What fraction of NS-NS 

mergers have relativistic 
jets?

• Relationship between 
mergers and sGRBs



VLBI direct imaging results

• 3-12σ contours of the radio 
counterpart to GW170817

• Black - 75 days post-merger

• Red - 230 days post-merger. 

• Unresolved:

<1 mas (0.2 pc) ⟂
<10 mas (2pc) ∥

• Superluminal motion: ~4.1c

• Rules out isotropic ejecta: 
emission likely jet-dominated

• Viewing angle: ~20 deg Mooley, Deller, Nakar, Horesh et al. (2018), Nature, 358, 1559 



VLBI – independent estimate of Hubble Constant
Abbott et al. (2017): H0 using standard siren:

• Compare distance from GW strain directly 
to redshift of host galaxy

• Uncertainty due to peculiar velocity and 
distance/inclination degeneracy 
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Decrease uncertainty by factor of 2-3 
by constraining inclination and 
distance with radio observations

More sources improves this further



Electromagnetic follow-up helps build a complete picture
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