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Gamma-Strahlen-Blitze (GRBs):  
Historisches

• 1967 Entdeckung (Vela-Satelliten) 

• 1991 Compton Gamma Ray 
Observatory (CGRO), BATSE-
Detektor  

• 1997 Beppo-SAX-Satellit, 
anschließend HETE-2 

• 2004 Swift-Satellit 
 

• AGILE-Satellit  
Fermi-Satellit (GLAST)  
MAGIC (HESS, VERITAS, ...)
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• Er > roher < Er> = 500kW -1MW Ist >10ms
,

.nu?15s1/Tag,isotropeVeteiLz-eatragalaktisch!

• Entdeckendes Nachleuchten (Röntgen)
Zeitnahe Beobachtungendiesiteässbestnimg
Korrelation mit SN - Explosionen
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GRB- 
Eigenschaften
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• Irreguläre
Zeitabläufe

• sehr verschiedene
Zeitskala

•
kaumRegelmäßigkeitenvorhanden

• klassifiziere
sehr schwierig
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Energiespektrum und Ausbruchsdauer
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First detected in 
gamma-ray, x-ray, radio 
and optical spectrums

long GRBS
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Richtungsverteilung
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Erwartete Verteilung der GRBs
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19.2 Homogeneous Distribution of Events 289
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Fig. 19.4 The number of GRBs whose peak flux is brighter than flux P. A homogeneous
distribution of bursts in space would imply a slope of −3/2 (see text) (Data from BATSE, figure
from P. Meszaros (http://www2.astro.psu.edu/users/nnp/cosm.html))

a signature of the evolution of the burst parent population with cosmic time, or as
a cosmological geometrical effect, or a combination of both. A more problematic
consequence of the cosmological distances to GRBs, however, is that taking the
measured fluence of the bursts and assuming that the sources emit isotropically
immediately leads to the conclusion that the energy radiated by the bursts are of the
order of 1054–1055 erg, a significant fraction of the energy equivalent of the mass of
the Sun. The question then became: how is it possible to transform "1M# of mass
into gamma rays in a fraction of a second?

19.2 Homogeneous Distribution of Events

We can show that the expected integral flux distribution of a homogeneous source
distribution in Euclidean space is a power law of slope −3/2 with the following
argument. Consider a density n of sources of luminosity L0. There are ∆N =
4πr2∆rn sources in a shell of width ∆r at a distance r from any observer. The
sources in the shell are observed to have a flux s = L0

4πr2 . They are observed in a
flux interval
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Luminositätsabschätzung
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Luminositätsabschätzung
ANRV385-AA47-14 ARI 15 July 2009 2:43
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Figure 1
Gamma-rays are excellent probes of the most energetic phenomena in nature, which typically involve
dynamical nonthermal processes and include interactions of high-energy electrons with matter, photons, and
magnetic fields; high-energy nuclear interactions; matter–antimatter annihilation; and possibly other
fundamental particle interactions. Shown here are representative spectra νFν ∝ ν2 N(ν) of γ-ray bursts
(GRBs) (Kaneko et al. 2007, 2008) along with the Crab pulsar nebula (Kuiper et al. 2001) and the galactic
black hole candidate Cygnus X-1 (McConnell et al. 2002).

normalization. In contrast, the spectra of many galactic and extragalactic accretion systems are
often well fitted by single power-laws. A simple power-law contains little information, whereas
a complex spectrum composed of many broken power-laws tells us much more, as each break
frequency must be explained.

At cosmological distances, the observed GRB fluxes imply energies that can exceed 1053 ("/4π )
erg, where " is the solid angle of the emitting region (Figure 2; see also Bloom, Frail & Sari
2001). This is the mass equivalent of 0.06 M" for the isotropic case. Compared with the size of the
sun, the seat of this activity is extraordinarily compact, with sizes of less than milli-light-seconds
(<300 km) as indicated by rapid variability of the radiation flux (Bhat et al. 1992). It is unlikely that
mass can be converted into energy with better than a few (up to ten) percent efficiency; therefore,
the more powerful GRB sources must “process” upwards of 10−1("/4π )M" through a region
not much larger than a neutron star (NS) or a stellar-mass black hole (BH). No other entity can
convert mass to energy with such high efficiency or within such a small volume.

The observed γ-rays have a nonthermal spectrum. Moreover, they commonly extend to ener-
gies above 1 MeV, the pair production threshold in the rest frame. These facts together imply that
the emitting region must be relativistically expanding (Guilbert, Fabian & Rees 1983; Goodman
1986; Paczyński 1986). We draw this conclusion for two reasons. First, if the region were indeed
only a light-second across or less, as would be implied by the observed rapid variability in the
absence of relativistic effects, the total mass of baryons in the region would need to be below
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Problem der optischen Dichte
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Dichteproblem
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Optische Dichte
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Optische Dichte mit Korrekturen
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Nachleuchten (Afterglow)

13
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short, hard GRB if it had occurred within ∼40 Mpc, a distance scale encompassing the Virgo
cluster (Palmer et al. 2005). However, the paucity of observed GFs in our own Galaxy has so far
precluded observationally based determinations of either their luminosity function or their rate.
The observed isotropic distribution of short BATSE GRBs on the sky and the lack of excess events
from the direction of the Virgo cluster suggest that only a small fraction, ≤5%, of these events
can be SGR GFs within 40 Mpc (Palmer et al. 2005).

Before Swift detected short GRBs and their associated afterglow signatures, searches for nearby
galaxies within narrow Interplanetary Network (IPN) error boxes revealed that only up to #15%
of them could be accounted for by SGRs capable of producing GFs (Nakar et al. 2006). A recent,
intriguing candidate is short GRB070201, which was observed by the IPN to have a location
consistent with the arms of the nearby (0.8 Mpc) M31 galaxy (Mazets et al. 2008). A LIGO search
for gravitational waves (Abbott et al. 2008) at the time of the burst turned up no signal, thereby
excluding a compact merger origin. If the GRB was really in M31, it may have been an SGR GF.
Although the fraction of SGR events among what are now classified as short GRBs may not be
dominant, it should be detectable and can be tested with future Swift observations. It is also worth
noting that some short GRBs likely originate in the local Universe (Tanvir et al. 2005).

3.2. Afterglow Observations
3.2.1. X-ray observations. Swift was designed to investigate the GRB afterglows by filling the
temporal gap between observations of the prompt emission and the afterglow. The combined
power of the Burst Alert Telescope (BAT) and X-Ray Telescope (XRT) has revealed that prompt
X-ray emission smoothly transitions into the decaying afterglow (Barthelmy et al. 2005b, O’Brien
et al. 2006). Three representative Swift X-ray light curves are shown in Figure 6 for both long and
short GRBs. These X-ray light curves start as early as 100 s after the GRB trigger and cover up to
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Figure 6
Representative examples of X-ray afterglows of (a) long and (b) short Swift events with steep-to-shallow transitions (GRB050315,
050724), large X-ray flares (GRB050502B, 050724), and rapidly declining (GRB051210) and gradually declining (GRB051221a,
050826; flux scale divided by 100 for clarity) afterglows.
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short, hard GRB if it had occurred within ∼40 Mpc, a distance scale encompassing the Virgo
cluster (Palmer et al. 2005). However, the paucity of observed GFs in our own Galaxy has so far
precluded observationally based determinations of either their luminosity function or their rate.
The observed isotropic distribution of short BATSE GRBs on the sky and the lack of excess events
from the direction of the Virgo cluster suggest that only a small fraction, ≤5%, of these events
can be SGR GFs within 40 Mpc (Palmer et al. 2005).

Before Swift detected short GRBs and their associated afterglow signatures, searches for nearby
galaxies within narrow Interplanetary Network (IPN) error boxes revealed that only up to #15%
of them could be accounted for by SGRs capable of producing GFs (Nakar et al. 2006). A recent,
intriguing candidate is short GRB070201, which was observed by the IPN to have a location
consistent with the arms of the nearby (0.8 Mpc) M31 galaxy (Mazets et al. 2008). A LIGO search
for gravitational waves (Abbott et al. 2008) at the time of the burst turned up no signal, thereby
excluding a compact merger origin. If the GRB was really in M31, it may have been an SGR GF.
Although the fraction of SGR events among what are now classified as short GRBs may not be
dominant, it should be detectable and can be tested with future Swift observations. It is also worth
noting that some short GRBs likely originate in the local Universe (Tanvir et al. 2005).

3.2. Afterglow Observations
3.2.1. X-ray observations. Swift was designed to investigate the GRB afterglows by filling the
temporal gap between observations of the prompt emission and the afterglow. The combined
power of the Burst Alert Telescope (BAT) and X-Ray Telescope (XRT) has revealed that prompt
X-ray emission smoothly transitions into the decaying afterglow (Barthelmy et al. 2005b, O’Brien
et al. 2006). Three representative Swift X-ray light curves are shown in Figure 6 for both long and
short GRBs. These X-ray light curves start as early as 100 s after the GRB trigger and cover up to
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Figure 6
Representative examples of X-ray afterglows of (a) long and (b) short Swift events with steep-to-shallow transitions (GRB050315,
050724), large X-ray flares (GRB050502B, 050724), and rapidly declining (GRB051210) and gradually declining (GRB051221a,
050826; flux scale divided by 100 for clarity) afterglows.
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Modell-
vorstellungen

Lange Gamma-Strahlen-Blitze:  
Hypernova-Explosionen

Kurze Gamma-Strahlen-Blitze:  
Vereinigung von kompakten  
Objekten



Größe der Quellen
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Fig. 4.— Time evolution of the density (bottom of each frame) and Lorentz factor (top of

each frame) in the jet and its environs for Model 2C. The density is on a logarithmic scale,
the Lorentz factor is on a linear scale, both color coded. Quantities are given 8, 16, 18, 28,

48, and 70 s after the initiation of the jet at 0.1 × 1011 cm. See also Fig. 2. Model 2C is a
less energetic jet and takes longer to reach the surface.

arXiv:astro-ph/0308389v2 



Entfernungsverteilung

16

ANRV385-AA47-14 ARI 15 July 2009 2:43

Ic supernova signatures), the class boundaries (e.g., short- and long-duration events) have blurred
where the defined subclasses transcend traditional boundaries. However, many new properties do
correlate with old ones. This is all the more remarkable in that the conventional diagnostics (e.g.,
burst duration) measure properties on scales several orders of magnitude larger than that which
we believe to be characteristic of the engine.

3.1.2. Observed durations and redshifts. GRBs traditionally have been assigned to different
classes based on their duration—usually defined by the time during which the middle 50% (T50)
or 90% (T90) of the counts above background are measured. On the basis of this criterion, there
are two classes of GRBs—short and long—separated by ∼2 s duration. The initial hints for the
existence of such classes (Cline & Desai 1974, Mazets et al. 1981) were followed by stronger
evidence from ISEE-3 and Konus-WIND data (Norris et al. 1984) and by definite proof using
large statistics from BATSE (Kouveliotou et al. 1993). BATSE results also showed that short
bursts have a harder spectrum than long bursts (Kouveliotou et al. 1993), although this contrast
is less prominent in observations by Konus-WIND, HETE-2, and Swift (Sakamoto et al. 2006).

The duration and redshift distributions for Swift GRBs are shown in Figure 4. The blue his-
togram in the left panel represents observed durations; the orange histogram shows the durations
corrected to the source frame T90/(1 + z) for those bursts with redshift determinations. In the
source frame, the typical long-burst duration is ∼20 s compared to ∼50 s in the observer frame.
Swift has been detecting a lower fraction (∼10%) of short bursts than BATSE did (25%). This is
because Swift observes in a softer energy band (15–150 keV) than BATSE does (50 keV–2 MeV)
and because Swift requires a sky image of the event for burst detection and the image part of the
trigger algorithm is less sensitive to short bursts owing to their lower fluences. Figure 4b shows
the measured redshift distributions. The blue histogram is for Swift events; the grey one is for
pre-Swift bursts. It is clear that Swift is currently detecting GRBs at a higher average redshift:
〈z〉 ∼ 2.5 for Swift bursts versus 〈z〉 ∼ 1.2 for pre-Swift events. The reason for this difference is
the higher sensitivity of Swift compared to BeppoSAX and HETE-2.
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Figure 4
Duration and redshift distribution for Swift GRBs. (a) The duration distribution. The blue histogram is the measured T90 distribution;
the orange one is corrected to the source frame: T90/(1 + z). (b) The redshift distribution for Swift GRBs in blue and pre-Swift GRBs in
grey. Swift is detecting higher redshift bursts on average than pre-Swift. The thick solid red theory curve illustrates the evolution of a
comoving volume element of the Universe; the thin dotted red curve is a convolution of the comoving volume with a model for the
star-formation rate as calculated by Porciani & Madau (2001).
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Figure 2
Apparent isotropic γ-ray energy as a function of redshift and observed duration. The energy is calculated
assuming isotropic emission in a common comoving bandpass for a sample of short and long GRBs with
measured redshifts. This spread in the inferred luminosities obtained under the assumption of isotropic
emission may be reduced if most GRB outflows are jet-like. A beamed jet would alleviate the energy
requirements, and some observational evidence does suggest the presence of a jet.

∼10−12 M# in order that the electrons associated with the baryons should not provide a large
opacity (Piran & Shemi 1993, Paczyński 1990). Second, larger source dimensions are required
in order to avoid opacity due to photon-photon collisions. If the emitting region is expanding
relativistically, then, for a given observed variation time scale, the dimension R can be increased by
!2. The opacity to electrons and pairs is then reduced by !4, and the threshold for pair production,
in the observer frame, goes up by ∼! from its rest-frame value (Fenimore et al. 1993; Woods &
Loeb 1995; Baring & Harding 1997; Granot, Cohen-Tanugi & do Couto e Silva 2008). Best-guess
numbers are Lorentz factors ! in the range 102 to 103 (Lithwick & Sari 2001), allowing rapidly
variable emission to occur at radii in the range 1012 to 1014 cm.

Because the emitting region must be several powers of ten larger than the compact object that
acts as a trigger, there are further physical requirements. The original internal energy contained
in the radiation and pairs would, after expansion, be transformed into relativistic kinetic energy.
A variant that has also been suggested is based on the possibility that a fraction of the energy is
carried by Poynting flux (Blandford & Znajek 1977, Usov 1992). This energy cannot be efficiently
radiated as γ-rays unless it is rerandomized (Narayan, Paczyński & Piran 1992; Mészáros, Rees
& Papathanassiou 1994; Paczyński & Xu 1994; Rees & Mészáros 1994). Impact on an external
medium (or an intense external radiation field; see, e.g., Shaviv & Dar 1995) would randomize
half of the initial energy merely by reducing the expansion Lorentz factor by a factor of two.

572 Gehrels · Ramirez-Ruiz · Fox

A
nn

u.
 R

ev
. A

st
ro

. A
st

ro
ph

ys
. 2

00
9.

47
:5

67
-6

17
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

by
 W

IB
62

15
 - 

K
ar

ls
ru

he
 In

st
itu

te
 o

f T
ec

hn
ol

og
y 

- K
IT

 o
n 

07
/1

7/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Beobachtung einer Supernova nach GRB (GRB 060218)
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#

(Campana et al. Nature 2006, 442)

GRB 060218

SN 2006aj



Nachweis relativistischer Plasmastrahlen
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Plasmastrahlen als Emissionsquelle
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Gammastrahlen -
Ausbrüche

Annika Rudolph

Einleitung

Phänomenologie

Feuerballmodell
Nachglühen
Vorgänger

Anwendungen

Lorentz-Invarianz
Proben des
Universums

Nachweis des Jettings: ”Jet-Break”

Schockwelle verlangsamt → Θ
wird größer

Für alle Frequenzen gleich!

13 / 22

Schockwelle verlangsamt → Θb wird größer



Relativistische Bewegung als Lösung

20

nario !Piran and Sari, 1998". GRB’s are produced by in-
ternal shocks within a relativistic flow. Subsequent exter-
nal shocks between the flow and the circumburst
medium produce a smooth long-lasting emission—the
afterglow. Various observations !see Sec. II.A.6" support
this picture. I begin with a comparison of internal vs
external shocks. I then review the prompt emission from
internal shocks, then the prompt emission from external
shocks !which includes contributions to the late part of
long GRB’s and the prompt optical flash". I also discuss
the transition from the observations of one shock to the
other.

A. Internal vs external shocks

1. General considerations

Consider a quasispherical relativistic emitting shell
with a radius R, a width !, and a Lorentz factor ". This
can be a whole spherical shell or a spherical-like section
of a jet whose opening angle # is larger than "−1. Be-
cause of relativistic beaming, an observer would observe
radiation only from a region of angular size #"−1. Con-
sider now photons emitted at different points along the
shock !see Fig. 20". Photons emitted by matter moving
directly towards the observer !point A in Fig. 20" will
arrive first. Photons emitted by matter moving at an
angle "−1 !point D in Fig. 20" would arrive after tang
=R /2c"2. This is also tR, the time of arrival of photons
emitted by matter moving directly towards the observer
but emitted at 2R !point C in Fig. 20". Thus tR$ tang
!Fenimore et al., 1996; Sari and Piran, 1997b". This coin-
cidence is the first part of the argument that rules out
external shocks in variable GRB’s.

At a given point particles are continuously accelerated
and emit radiation as long as the shell with a width ! is
crossing this point. The photons emitted at the front of
this shell will reach the observer at a time t!=! /c before
those emitted from the rear !point B in Fig. 20". In fact,
photons are emitted slightly longer, as it takes some time
for the accelerated electrons to cool. However, for most
reasonable parameters the cooling time is much shorter
than the other time scales !Sari et al., 1996" and I ignore
it hereafter.

The emission from different angular points smooths
the signal on a time scale tang. If t!$ tang$ tR, the result-
ing burst will be smooth with a width tang$ tR. The sec-
ond part of this argument follows from the hydrodynam-
ics of external shocks. I show later in Sec. VI.C !see also
Sari and Piran, 1997b" that for external shocks ! /c
$R /c"2$ tR$ tang and for a spreading shell !$R /c"2.
Therefore external shocks can produce only smooth
bursts!

As we find only two time scales and as the emission is
smoothed over a time scale tang, a necessary condition
for the production of a variable light curve is that t!

=! /c% tang. In this case t! would be the duration of the
burst and tang the variability time scale. This can be eas-
ily satisfied within internal shocks !see Fig. 21". Consider
an “inner engine” emitting a relativistic wind active over
a time t!=! /c !where ! is the overall width of the flow
in the observer frame". The source is variable on a scale
L /c. Internal shocks will take place at Rs$L"2. At this
place the angular time and the radial time satisfy tang
$ tR$L /c. Internal shocks continue as long as the
source is active, thus the overall observed duration T
= t! reflects the time that the “inner engine” is active.
Note that now tang$L /c& t! is trivially satisfied. The
observed variability time scale, 't, reflects the variability
of the source L /c, while the overall duration of the burst
reflects the overall duration of the activity of the “inner
engine.”

Numerical simulations !Kobayashi et al., 1997" have
shown that not only are the time scales preserved but
the source’s temporal behavior is reproduced on an al-
most one-to-one basis in the observed light curve. This
can be explained !Nakar and Piran, 2002a" by a simple
toy model !see Sec. VI.B.3 below".

2. Caveats and complications

Clearly the way to get around the previous argument
is to have tang& tR. In this case one can identify tR with
the duration of the burst and tang as the variability time
scale. The observed variability would require in this case

FIG. 20. Different time scales from a relativistic expanding
shell in terms of the arrival times !ti" of various photons: tang
= tD− tA, tR= tC− tA and t!= tB− tA.

FIG. 21. !Color in online edition" The internal shocks model
!from Sari, 1999a". Faster shells collide with slower ones and
produce the observed ( rays. The variability time scale is L /c,
while the total duration of the burst is ! /c. From Sari, 1999a.
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In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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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 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Figure 15
A 360◦ vista showing the entire sky, with visible structures stretching back in distance, time, and redshift.
The most distant light we observe comes from the radiation leftover from the Big Bang: the CMB. As we
descend the chart, we find the most distant objects known, followed by a web of Sloan Digital Sky Survey
(SDSS) quasars and galaxies. Closer to home, we start to see a collection of familiar “near” galaxies ( purple
triangles). Also marked are all Swift GRBs with known distances (blue stars); SN 1997ff, the most distant type
Ia supernova at z = 1.7; and the archetypal large galaxy cluster, the Coma cluster. The redshift distances of
most distant GRBs are comparable to the most distant galaxies and quasars [adapted from Ramirez-Ruiz
(2006a)].
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