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Light curves

No two GRB light curves are identical.

Duration: milliseconds - minutes

Some are not continuous (precursors).



Long vs short GRBs





GRB spectrum

Band spectrum 
(broken power-law)



Title



Fermi Satellite

• Gamma-ray burst Monitor
• Large Area Telescope



Neil Gehrels Swift Observatory

• Burst Alert Telescope (BAT)
• X-Ray Telescope (XRT)
• Ultraviolet/Optical Telescope (UVOT)



SVOM



Energetics

(solar mass = 1.8 x 1054 erg)



Fireball model

Luminosity is many orders of magnitude beyond the Eddington luminosity:

So the high-temperature plasma expands à outflow.

Meszaros RPP 2006

For very high luminosities, the large density of gamma photons could make the 
fireball opaque to photons for energies above 0.5 MeV.

But many GRB photons are >> 0.5 MeV  à outflow needs to be relativistic (so it is less dense)

Total energy, as seen, is much more than what stellar core collapse and other events are thought to be able 
to produce à beaming (all the radiation is focused into some jet, so the total luminosity is not that high.)



Relativistic outflow

Accreting black hole Magnetar
(neutron star with strong 

magnetic fields)http://sites.krieger.jhu.edu/astronomy/numerical-simulations/

Magnetic field lines should be 
important (but we don’t really know)



Particle acceleration

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

Internal shocks



photosphere

Fireball: neutron rich 
outflow 
(Derishev+ 1999)



photosphere

Fireball: neutron rich 
outflow 
(Derishev+ 1999)

neutron decouples –
compound flow



photosphere

Fireball: neutron rich 
outflow 
(Derishev+ 1999)

neutron decouples –
compound flow

n-p collisions à g + n

(g) + n



photosphere

Fireball: neutron rich 
outflow 
(Derishev+ 1999)

neutron decouples –
compound flow

n-p collisions à g + n

g released – explains 
observed Band spectrum!
(Beloborodov 2010)

(g) + n



gr
av

ita
tio

na
l w

av
es

Bartos+ PRD 2012

photosphere

gravitational waves

neutrinos 

IceCube+LIGO+Virgo
PRD 2014



Duration ~ fallback time?



Energetics



How much energy is available?

Typical value is ~0.01-0.1 Msun

Depends on:
• NS Equation of State
• Mass ratio
• BH mass

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 (?)



Long GRBs – stellar core collapse



Short GRBs – binary mergers



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



∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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• Gravitational-wave trigger in LIGO-Hanford only
• Livingston – noise transient
• No signal in Virgo
• Consistent with BNS merger
• 1.7s later --- GRB alert from Fermi
• Weak GRB (~10-7 erg cm-2)

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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∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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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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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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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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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).

4

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.



Margutti+ 2018

Afterglow…



Gas remains from stellar progenitor
(Perna+ 2016, Mink+ 2017)

Black holes AGN disks
(Bartos+ 2017, Stone+ 2017)

possible source of dense environment



Galactic centers may harbor thousands of stellar mass black holes 
within the inner parsec (Morris 1993, O’Leary+ 2009).

Bartos+ 2016Bartos+ 2016



A fraction of black holes may be in binaries (30%; Pfuhl 2014).

Bartos+ 2016



Some galactic centers accrete large amounts of gas (active galactic nuclei).

Bartos+ 2016



<10Myr

Binaries migrate into the disk…

Bartos+ 2016



<1Myr

<10Myr

…and then rapidly inspiral via dynamical friction.

Bartos+ 2016



<1Myr

<10Myr

…and then rapidly inspiral via dynamical friction.

Bartos+ 2016

• Possible electromagnetic counterpart
• AGN rate / galaxy rate  >>  AGN # / galaxy #

à may be dominant dynamical channel
• May congregate BHs at resonant distance
• May affect AGN overall accretion

MacFadyen, Campanelli, Shapiro…


