
PHZ 7097  |  Modern Astrophysics

Gamma-ray bursts

Spring 2020

Lecture XXVII.

Imre Bartos
Department of Physics



Gamma-ray 
burst

First release: 16 October 2017  www.sciencemag.org  (Page numbers not final at time of first release) 14 
 

  

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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• 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.
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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. Magni!cation insets give a picture of the !rst 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 !rst 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 !4500!Å prevents the identi!cation 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



Margutti+ 2018

GW170817

Flux still increasing!



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



Electromagnetic signature



Electromagnetic signature

• Beamed
• Good gamma-ray FoV
• Limited localization 

(difficult to follow-up)



• Good time frame (~week)
• ~Isotropic
• Limited IR FoV / sensitivity

à not for every telescope

Electromagnetic signature



• Isotropic
• Long-term  -- easy follow-up
• Flux may be small

accretion diskaccretion disk

merger ejecta

kilonova
(near-infrared;

~ 1 week)

radioactive decay
shocks within the 

interstellar medium
(radio; years)

following Metzger & Berger 2012

(seconds)

gamma raysgamma rays

high-energy neutrinos

gamma-ray burst

Electromagnetic signature



Search for ultrahigh-energy emission (neutrinos)18

to attenuation by the ejecta, we compare our neutrino con-
straints to neutrino emission expected for typical GRB pa-
rameters. For the prompt and extended emissions, we use the
results of Kimura et al. (2017) and compare these to our con-
straints for the relevant ±500 s time window. For extended
emission we consider source parameters corresponding to
both optimistic and moderate scenarios in Table 1 of Kimura
et al. (2017). For emission on even longer timescales, we
compare our constraints for the 14-day time window with
the relevant results of Fang & Metzger (2017), namely emis-
sion from approximately 0.3 to 3 days and from 3 to 30 days
following the merger. Predictions based on fiducial emis-
sion models and neutrino constraints are shown in Fig. 2. We
find that our limits would constrain the optimistic extended-
emission scenario for a typical GRB at ⇠ 40Mpc, viewed at
zero viewing angle.

4. CONCLUSION

We searched for high-energy neutrinos from the first bi-
nary neutron star merger detected through GWs, GW170817,
in the energy band of [⇠ 1011 eV, ⇠ 1020 eV] using the
ANTARES, IceCube, and Pierre Auger Observatories, as well
as for MeV neutrinos with IceCube. This marks an unprece-
dented joint effort of experiments sensitive to high-energy
neutrinos. We have observed no significant neutrino counter-
part within a ±500 s window, nor in the subsequent 14 days.
The three detectors complement each other in the energy
bands in which they are most sensitive (see Fig. 2).

This non-detection is consistent with our expectations from
a typical GRB observed off-axis, or with a low-luminosity
GRB. Possible gamma-ray attenuation in the ejecta from the
merger remnant could also account for the low gamma-ray
luminosity, which could mean stronger neutrino emission.
Optimistic scenarios for such on-axis gamma-attenuated
emission are constrained by the present non-detection.

While the location of this source was nearly ideal for
Auger, it was well above the horizon for IceCube and
ANTARES for prompt observations. This limited the sensitiv-
ity of the latter two detectors, particularly below ⇠ 100TeV.
For source locations near, or below the horizon, a factor of
⇠ 10 increase in fluence sensitivity to prompt emission from
an E�2 neutrino spectrum is expected.

With the discovery of a nearby binary neutron star merger,
the ongoing enhancement of detector sensitivity (Abbott
et al. 2016) and the growing network of GW detectors (Aso
et al. 2013; Iyer et al. 2011), we can expect that several binary
neutron star mergers will be observed in the near future. Not
only will this allow stacking analyses of neutrino emission,
but it will also bring about sources with favorable orientation
and direction.

The ANTARES, IceCube, and Pierre Auger Collaborations
are planning to continue the rapid search for neutrino can-

Figure 2. Upper limits (at 90% confidence level) on the neutrino
spectral fluence from GW170817 during a ±500 s window centered
on the GW trigger time (top panel), and a 14-day window follow-
ing the GW trigger (bottom panel). For each experiment, limits are
calculated separately for each energy decade, assuming a spectral
fluence F (E) = Fup ⇥ [E/GeV]�2 in that decade only. Also
shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission
(EE) and prompt emission are scaled to a distance of 40 Mpc, and
shown for the case of on-axis viewing angle (0�) and selected off-
axis angles to indicate the dependence on this parameter. GW data
and the redshift of the host-galaxy constrain the viewing angle to
⇥ 2 [0�, 36�] (see Section 3). In the lower plot, models from Fang
& Metzger (2017) are scaled to a distance of 40 Mpc. All fluences
are shown as the per flavor sum of neutrino and anti-neutrino flu-
ence, assuming equal fluence in all flavors, as expected for standard
neutrino oscillation parameters.

didates from identified GW sources. A coincident neutrino,
with a typical position uncertainty of ⇠ 1 deg2 could signifi-
cantly improve the fast localization of joint events compared
to the GW-only case. In addition, the first joint GW and high-
energy neutrino discovery might thereby be known to the
wider astronomy community within minutes after the event,
opening a rich field of multimessenger astronomy with parti-
cle, electromagnetic, and gravitational waves combined.

ACKNOWLEDGMENTS

ANTARESPierre Auger
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Figure 1. Localizations and sensitive sky areas at the time of the GW event in equatorial coordinates: GW 90% credible-level localization
(red contour; Abbott et al. 2017c), direction of NGC 4993 (black plus symbol; Coulter et al. 2017a), directions of IceCube’s and ANTARES’s
neutrino candidates within 500 s of the merger (green crosses and blue diamonds, respectively), ANTARES’s horizon separating down-going
(north of horizon) and up-going (south of horizon) neutrino directions (dashed blue line), and Auger’s fields of view for Earth-skimming (darker
blue) and down-going (lighter blue) directions. IceCube’s up-going and down-going directions are on the northern and southern hemispheres,
respectively. The zenith angle of the source at the detection time of the merger was 73.8� for ANTARES, 66.6� for IceCube, and 91.9� for
Auger.

the interaction of cosmic ray particles with the atmosphere
above the detectors. This discrimination is done by consid-
ering the observed direction and energy of the charged par-
ticles. Surface detectors focus on high-energy (& 1017eV)
showers created close to the detector by neutrinos from near-
horizontal directions. In-ice and in-water detectors can select
well-reconstructed track events from the up-going direction
where the Earth is used as a natural shield for the dominant
background of penetrating muons from cosmic ray showers.
By requiring the neutrino interaction vertex to be contained
inside the instrumented volume, or requiring its energy to
be sufficiently high to be incompatible with the down-going
muon background, even neutrino events originating above
the horizon are identifiable. Neutrinos originating from cos-
mic ray interactions in the atmosphere are also observed and
constitute the primary background for up-going and vertex-
contained event selections.

All three observatories, ANTARES, IceCube, and Auger,
performed searches for neutrino signals in coincidence with
the binary neutron star merger event GW170817, each us-
ing multiple event selections. Two different time windows
were used for the searches. First, we used a ±500 s time
window around the merger to search for neutrinos associated
with prompt and extended gamma-ray emission (Baret et al.
2011; Kimura et al. 2017). Second, we searched for neutrinos
over a longer 14-day time window following the GW detec-
tion, to cover predictions of longer-lived emission processes
(e.g., Gao et al. 2013; Fang & Metzger 2017).

2.1. ANTARES

The ANTARES neutrino telescope has been continuously
operating since 2008. Located deep (2500 m) in the Mediter-
ranean Sea, 40 km from Toulon (France), it is a 10 Mt-
scale array of photosensors, detecting neutrinos with energies
above O(100) GeV.

Based on the originally communicated locations of the
GW signal and the GRB detection, high-energy neutrino can-
didates were initially searched for in the ANTARES online
data stream, relying on a fast algorithm which selects only
up-going neutrino track candidates (Adrián-Martı́nez et al.
2016b). No up-going muon neutrino candidate events were
found in a ±500 s time window centered on the GW event
time – for an expected number of atmospheric background
events of ⇠ 10�2 during the coincident time window. An ex-
tended online search during ±1 h also resulted in no up-going
neutrino coincidences.

As it subsequently became clear, the precise direction of
origin of GW170817 in NGC 4993 was above the ANTARES
horizon at the detection time of the binary merger (see Fig. 1).
Thus, a dedicated analysis looking for down-going muon
neutrino candidates in the online ANTARES data stream was
also performed. No neutrino counterparts were found in this
analysis. The results of these low-latency searches were
shared with follow-up partners within a few hours for the
up-going search and a few days for the down-going search
(Ageron et al. 2017a,b).

Here, ANTARES used an updated high-energy neutrino fol-
low up of GW170817 that includes the shower channel. It

IceCube
Auger, IceCube, ANTARES, LIGO, Virgo 2017



Optical counterpart: kilonova
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Fig. 3. Near-infrared spectrum of 
EM170817 at 4.5 days after merger. For 
display purposes, the data have been 
smoothed using a Savitzky-Golay filter (solid 
black line), and the unfiltered data are shown 
in grey. A predicted model macronova 
spectrum (23) assuming an ejecta mass of 
Mej = 0.05Mո and a velocity of v = 0.1c at a 
phase of 4.5 days post merger is shown in 
red. The spectra have been corrected for 
Milky Way extinction assuming reddening E(B 
– V) = 0.1 (10). Regions of low signal-to-noise 
ratio from strong telluric absorption by the 
Earth’s atmosphere between the near-
infrared J, H, and K spectral windows are 
indicated by the vertical dark grey bars. The 
light grey shaded band is the blackbody 
which best fits the photometric 
measurements at 4.5 days (10). 
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 Red: kilonova at 4.5 days, M=0.05Msun, v=0.1c

Black: observation

• Evolution inconsistent with GRB afterglow
• Roughly consistent with kilonova emission

Dark Energy Camera (DECam), Gemini-South/FLAMINGOS-2 
(GS/F2), and the Hubble Space Telescope (HST) 

Cowperthwaite+ ApJL 2017

• We need a combination of two outflows 
to explain observations



Possible explanations
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Figure 1 | Schematic illustration of the components of matter ejected from neutron-

star mergers. Red colours denote regions of heavy r-process elements, which radiate 

red/infrared light. Blue colours denote regions of light r-process elements which radiate 

blue/optical light. During the merger, tidal forces peel off tails of matter, forming a torus 

of heavy r-process ejecta in the plane of the binary. Material squeezed into the polar 

regions during the stellar collision can form a cone of light r-process material. Roughly 

spherical winds from a remnant accretion disk can also contribute, and are sensitive to the 

fate of the central merger remnant. a, If the remnant survives as a hot neutron star for tens 

of milliseconds, its neutrino irradiation lowers the neutron fraction and produces a blue 

wind. b, If the remnant collapses promptly to a black hole, neutrino irradiation is 

suppressed and the winds may be red. c, In the merger of a neutron star and a black hole, 

only a single tidal tail is ejected and the disk winds are more likely to be red. 
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c

Kasen+ Nature 2017

• Dynamical ejecta: v = 0.2 – 0.3 c,   M = 10-3 – 10-2 M☉, neutron rich à absorption à red, slower
• Winds: v = 0.05 – 0.1 c, M = 10-2 – 10-1 M☉, less neutron rich à blue, faster
• Winds can come from a NS that doesn’t collapse immediately, or the accretion disk.
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Multimessenger astrophysics



Credit: The Scientific Monthly

1916

Einstein just published his General Theory of Relativity, 
and is looking for ways to observationally test it. Albert Einstein



Credit: The Scientific Monthly

1916

Albert Einstein
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gravity  =  curved spacetime
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Albert Einstein
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gravitational waves: disturbances in the curvature of 
spacetime, generated by accelerated masses, that 
propagate as waves.



Credit: The Scientific Monthly

1916

Albert Einstein

To a large extent, gravitational waves 
are produced like electromagnetic waves.

ü An accelerated charged particle will emit waves.
ü Acceleration cannot be spherically symmetric.
ü Propagates with the speed of light.

v Gravitational wave emission requires a changing 
quadrupole moment.

v It is effectively changing distances perpendicular to the 
propagation (transverse wave).

v Polarizations: + and X (plus and cross).
v Amplitude decreases as 1/r.



Credit: The Scientific Monthly

1916

Albert Einstein

gravity is weak   è impossible to detect (?)



Resonance bar detectors (Joseph Weber)

1960’s

Concept: tidal forces due to gravitational waves 
distort the bar. It resonates if the distortion changes 
at the resonance frequency. 

Richard Feynman convinced the community at the 
1957 Chapel Hill conference (under pseudonym Mr. 
Smith) that gravitational waves are real using the 
“sticky bead” argument.

1969: Weber claims discovery of gravitational waves. 
He starts claiming regular detections. Others try but 
can’t reproduce his results.



Laser Interferometer 
Gravitational-wave Observatory

Courtesy: David Shoemaker

Rai Weiss

1968

Courtesy: David Shoemaker Courtesy: David Shoemaker

First experiment: laser interferometer with ~1m armlength.

(LIGO)



LASER INTERFEROMETER





Kipp Thorne started thinking about what could actually produce detectable gravitational waves.



Something heavy and small 
needs to accelerate a lot.

Image credit: Paramount pictures/Warner bros.



neutron stars

Proposed in 1934, ~1 year 
after the discovery of the 
neutron by James Chadwick!

Not taken seriously until 
the 60’s when pulsars were 
detected (Scorpius X-1, 
1967).

Neutron stars are born when the 
electric force is not strong enough 

to compensate the gravitational 
pull. Happens at a critical 1.4𝑀⊙

mass (Charandrasekhar mass). Can be 
reached gradually in accreting white 
dwarfs or in stellar core collapse. 

White dwarf



neutron

½ page
1 Nobel prize



dark stars

John Michell
(1783)

• Matter could be even denser – if nuclear forces are also not sufficient 
keep matter from collapsing under gravity.

• “Dark stars”: hypothesized in the 1700’s that in stars that are 
sufficiently massive gravity can pull photons back, making the star dark.



“frozen stars”

above some mass limit (3𝑀⊙), neutron stars collapse too 
(Tollman, Oppenheimer, Volkoff, 1939)

for an outside observer, time on the collapsing star stops



Massive “spheres” defined by their 
surface of no return (event horizon).

Event horizon

Schwarzschild radius

black holes

First observational clue in 
1972 in an X-ray binary 

(Cygnus X-1)


