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Particle acceleration

Responsible for the non-thermal spectrum
(Fermi acceleration?)

Internal shocks



Long GRBs – stellar core collapse



Short GRBs – binary mergers



Duration ~ fallback time?
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Long vs short GRBs



How much energy is available?

Typical value is ~0.01-0.1 Msun

Depends on:
• NS Equation of State
• Mass ratio

Binary neutron star mergers or 
binary black hole mergers: Stellar core collapse

Could be several Msun

Depends on: 
• How much energy is injected in the 

stellar envelope (?)



Energetics

(solar mass = 1.8 x 1054 erg)



Energetics

(solar mass = 1.8 x 1054 erg) GRB 170817A



The 90% credible intervals(Veitch et al. 2015; Abbott et al.
2017e) for the component masses (in the m m1 2. convention)
are m M1.36, 2.261 Î :( ) and m M0.86, 1.362 Î :( ) , with total
mass M2.82 0.09

0.47
-
+

:, when considering dimensionless spins with

magnitudes up to 0.89 (high-spin prior, hereafter). When the
dimensionless spin prior is restricted to 0.05- (low-spin prior,
hereafter), the measured component masses are m 1.36,1 Î (

M1.60 :) and m M1.17, 1.362 Î :( ) , and the total mass is

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the SPI-ACS data. The background estimate from Goldstein et al. (2016) is overlaid in red.
Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Bottom: the time-frequency map of GW170817 was obtained by coherently combining LIGO-Hanford and LIGO-
Livingston data. All times here are referenced to the GW170817 trigger time T0

GW.
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Fig. 5. Model schematics considered in this paper. In each panel, the eye indicates 
the line of sight to the observer. (A) A classical, on-axis, ultra-relativistic, weak short 
gamma-ray burst (sGRB). (B) A classical, slightly off-axis, ultra-relativistic, strong 
sGRB. (C) A wide-angle, mildly-relativistic, strong cocoon with a choked jet. (D) A 
wide-angle, mildly-relativistic, weak cocoon with a successful off-axis jet. 
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Kasliwal+ Science 2017

• Very weak --- energy orders of magnitude below weakest GRB detected

• Short-hard --- consistent with binary neutron star picture

• Host galaxy --- low star formation, probably very old NSs (Blanchard+ 2017)

• X-ray/Radio delay (9 and 15 days) --- unusual, consistent with off-axis scenario

• There was a GRB   à merger remnant collapsed to a black hole

• 1.7 s delay --- e.g. jet propagation before shock

• Fundamental limits: Constraint on speed of gravity: ~10-15c | rules out DM emulators | etc.



Off-axis?

We
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Afterglow



Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Tipical multi-wavelength lightcurve

power-law decay



Time and viewing angle dependence

Peak flux:
• Higher for lower angles
• Delayed for greater angles

Ø After peak there is ~power law decay

Ø Spectrum is also ~power law above 
some peak frequency

Ø Spectrum softens with time

Van Eerten+ ApJL 2011



Kicks – short GRBs are often outside the host galaxy

Berger 2014



Star formation in host galaxies

Star-formation rate (SFR) as a function 
of rest-frame B-band luminosity for the 
host galaxies of short GRBs (squares), 
long GRBs (circles), and field star-
forming galaxies at similar redshifts to 
short GRB hosts (stars; Kobulnicky & 
Kewley 2004). 

Low star formation indicates that the 
binary formed a long time ago.

Berger 2014



Metallicity of host galaxy

Metallicity as a function of host-galaxy rest-frame B-
band luminosity for short GRBs (squares), long GRBs 
(circles), field galaxies at similar redshifts to short GRB 
hosts (stars; Kobulnicky & Kewley 2004), and the Sloan 
Digital Sky Survey luminosity-metallicity relation 
(Tremonti et al. 2004). Short GRB host galaxies have 
higher metallicities than long GRB hosts, but they 
closely track the luminosity-metallicity relation for the 
field galaxy population (inset). 

Long GRBs prefer low-metallicity environments ---
favorable for massive stellar explosions

Berger 2014



Opening angles

Berger 2014



Precursors



Precursors


