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Science with GRB afterglows
GRB physics 
• Shocks

• Role of magnetic fields

• Jets

• Central engine


Progenitors 
• Long GRBs: GRB-SN connection

• Short GRBs: compact objects merging (GW)


GRB redshifts 
• From the local Universe to the re-ionization era 


GRB environment 
• Circumburst environment

• IGM

• Chemical history of the Universe



A bit of history

BATSE instrument (CGRO, 1991): 
GRBs isotropically distributed over 
the sky


so they are “likely” extragalactic 
objects....

discovered in the ‘60s by the 
Vela satellites (military program 
to monitor nuclear tests)

announced in 1973
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LGRBs are distant:<z>=2.1, zmax=8.2


This implies they are the most powerful 
objects in the Universe (Eγ~ 1052 erg)

BeppoSAX (1996): discovery of counterpart 
and localization of LGRBs

Central engine 
jets 

Shock 
acceleration 
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The discovery of the afterglow of long (L)GRBs

AFTERGLOW
✦ from GeV to radio 

✦ power-law decay

✦ duration hours to days



Swift (2005): discovery of SGRB 
afterglow

The discovery of the afterglow of short (S)GRBs



The Neil Gehrels Swift observatory

BAT: coded mask, 15-150 
keV, ~2 sr fov, transients 
detection and localisation


XRT: 0.3-10 keV, rapid slew 
(~ 1 min) and accurate 
localisation (5”)


UVOT: 6 filters (170-600 
nm), 24th mag sensitivity 
(1000 s), centroid accuracy 
0.5”  

➡currently ~1000 GRB afterglows detected in X-rays, and 
~1/3 detected also in optical-UV



AFTERGLOW

➡interaction with ambient 
medium (external shocks)Log(t)

Log(Lum)

1050 
erg/s

0.1-100 s ~ 1 day 7

Gamma-ray bursts: the current paradigm



✦ “canonical” X-
ray light curve 
(steep-plateau-
normal) in ~ 1/2 
GRBs


✦  X-ray flares in 
~ 1/3 GRBs

Afterglow

Flares

Pr
om

pt

Log(Lum)

1050 
erg/s

Log(t)0.1-100 s ~ 1 day~ 1 hour

plateau

GRB X-ray afterglow

➡ not expected by standard model 
➡likely related to the central engine activity



LGRB X-ray afterglow
Catalogues of all the XRT observations (e.g. Evans+11; Margutti, 
Zaninoni, MGB+13)


BAT6 complete (flux-limited) sample (Salvaterra+12): sample of bright 
LGRBs observed by BAT, with favourable observing conditions from 
ground


➡high level of completeness in redshift (97%)

➡ observational biases controlled

✦Strong correlations of the 
prompt and X-ray afterglow 
emission properties


✦Lx correlates with the prompt 
only at early times

➡contribution of the central 
engine at early (~ hours) 
times

D’Avanzo, …, MGB+12

2 P. D’Avanzo et al.

2011; Kann et al. 2010; Kann et al. 2011; Nysewander et al.
2009; Ghirlanda et al. 2009; Margutti et al. 2012; Bernar-
dini et al. 2012a,b). Although this second approach enable
to physically characterize these objects, it can be affected by
observational biases, given that almost 2/3 of Swift GRBs
are lacking a redshift measurement. Such correlation studies
are of key importance for the understanding of the physics
of GRB emission mechanisms and of their relation to their
progenitors and to the surrounding environment.

In this paper, we investigate the existence of correla-
tions among afterglow emission and prompt spectral prop-
erties of a carefully selected sub-sample of Swift long GRBs
presented in Salvaterra et al. (2012). This sample is nearly
complete in redshift (∼ 90%) and, consisting of 58 GRBs, is
large enough to allow significant statistical studies.

The paper is organized as follows. In section 2 we de-
scribe the properties of the GRBs composing the complete
sample of Salvaterra et al. (2012). In section 3 we compare
these properties and discuss our findings. Our conclusion are
presented in section 4. Throughout the paper we assume a
standard cosmology with h = ΩΛ = 0.7 and Ωm = 0.3.

2 THE SAMPLE: SELECTION AND

CORRELATIONS

Jakobsson et al. (2006) proposed to select among long GRBs
(those with duration above ∼ 2 s; Kouveliotou et al. 1993)
detected by Swift only those with favorable observing condi-
tions for ground-based optical follow-up1 aimed at redshift
determination. This sample has a completeness in redshift
of ∼ 53%. Salvaterra et al. (2012) restricted this sample to
those events with a peak photon flux P ! 2.6 ph s−1 cm−2,
measured in the 15–150 keV energy band by the Swift-BAT.
This further criterium selects 58 GRBs, 52 with a measured
redshift (a completeness level of 90%, which increases up
to 95% considerings events with some constraint on z). Be-
ing free of selection effects (except flux limit), such sample
provides the possibility to compare the rest-frame physical
properties of GRB prompt and afterglow emission in an un-
biased way.

Using the automated data products provided by the
Swift/XRT light curve2 and spectra3 repositories (Evans et
al. 2009) we estimated the afterglow X–ray integral fluxes
in the 2-10 keV rest frame common energy band and com-
puted the corresponding rest frame X–ray luminosities at
different rest frame times for all the GRBs of our sample
with a measured redshift. The 2-10 keV rest frame fluxes
were computed from the observed integral 0.3-10 keV un-
absorbed fluxes and the measured spectral index, Γ, (that
we retrieved from the in the Swift/XRT data repositories
above) in the following way (see also Gehrels et al. 2008):

fX,rf (2−10 keV) = fX(0.3−10 keV)

(

10
1+z

)2−Γ
−

(

2
1+z

)2−Γ

102−Γ
− 0.32−Γ

(1)

The X–ray light curves were fitted with power laws, bro-
ken power laws or multiply broken power laws (after remov-
ing the time intervals showing significant flaring) and then

1 http://www.raunvis.hi.is/pja/GRBsample.html
2 http://www.swift.ac.uk/xrt curves/
3 http://www.swift.ac.uk/xrt spectra/

Figure 1. Best fit of the X–ray luminosity light curves of the 46
GRBs analyzed in this paper normalized to their Eiso. The X-
ray luminosities were computed for each GRB in the common rest
frame 2− 10 keV energy band following the precedure described
in Sec. 2. The rest frame times at which we computed LX −Eiso,
LX −Epeak and LX −Liso correlations are marked with vertical
dashed lines. The light (dark) shaded area represents the 1σ (2σ)
scatter around the mean value of the Liso/Eiso distribution at a
given rest-frame time trf .

the fits where interpolated or extrapolated to the given rest
frame times. A peculiar case is given by GRB060614, whose
light curve was fitted by an exponential function plus a bro-
ken power-law (see also Mangano et al. 2007).

2.1 Correlation Analysis

The obtained afterglow X–ray luminosities were compared
with the prompt emission isotropic energy Eiso, the isotropic
peak luminosity Liso and the rest frame peak energy Epeak

reported in a companion paper by Nava et al. (2012) for
the bursts of our sample. As a result, we obtained 46 GRBs
for which all the quantities LX , Eiso, Liso and Epeak were
determined (79% of the sample). GRBs with limits on the
redshift were not included in our analysis.

In Fig. 1 we show the X-ray light curves of the 46
GRBs analyzed in this paper normalized to their Eiso. This
plot shows that the Eiso−normalized X-ray light curves are
rather clustered, with an intrinsic scatter that changes with
the rest frame time. With the aim of investigating such
evolution in time between the prompt and X-ray afterglow
emission, different correlations (LX − Eiso, LX − Liso and
LX − Epeak) were tested at four rest frame time. The early
X-ray afterglow flux was measured at trf = 5 min and at
trf = 1 hr, i.e. at the end of the prompt phase and during
the expected plateau phase of the “canonical” X–ray light
curve (Nousek et al. 2006; Zhang et al. 2006; O’Brien et al.
2006; see also Sec. 3.1), while the late time afterglow flux

c⃝ 2012 RAS, MNRAS 000, 1–7



LGRB optical afterglow
Melandri et al. 2014: Rest-frame light curves of the complete BAT6 sample

Fig. 1. Rest frame �-ray (grey), X-ray (black) and optical (orange) luminosity. The red triangle shows the value of
average isotropic �-ray luminosity Liso. Blue and green dotted lines represent the light curve best fit for the X-ray and
optical bands, respectively.
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Melandri, …, MGB+12

✦ only ~30% of LCs have 
the same behaviour in 
optical and X-ray


✦ no cluster of Lot/Eiso

➡contribution of the 
central engine 
“chromatic”

Melandri, …, MGB+12

Zaninoni, MGB+13

Light Curves  II

D’Avanzo+ 2012

• No clustering of Eiso-norm. 
Optical Lum at any time  

• X-ray emission still powered 
by CE up to few hrs

Credits: A.Melandri

+ GRB luminosity function and evolution, optical extinction, 
the origin of dark GRBs, GRB host galaxies, …



Short vs. long GRBs: the afterglow emission 

Short GRBs afterglows are fainter:  

-  less dense environment? 

-  less energetic? 

Kann et al. 2010 
Margutti et al.  

2013 

X-ray optical 

Short

Long

A complete sample of Swift short GRBs 11

Figure 4. Eiso − Epeak − EX,iso correlation. The power-law best fit is shown as a solid dark line. The shaded region represents the
3σ scatter of the distribution. SGRBs of our complete sample are marked as squares. Two possible LGRBs belonging to our complete
sample (GRB090426 and GRB100816A) are also marked.

Figure 5. Best fit of the X-ray luminosity light curves of the
SGRBs with redshift of our complete sample normalized to their
Eiso. The X-ray luminosities were computed for each GRB in
the common rest frame 2 − 10 keV energy band following the
precedure described in Sec. 3.2.2. The rest frame times at which
we computed LX −Eiso, LX −Epeak and LX −Liso correlations
are marked with vertical dashed lines. The dark (light) shaded
area represent the 1σ (2σ) scatter of the same plot obtained for
the LGRBs of the BAT6 sample (D’Avanzo et al. 2012).

The distribution of the Eiso-normalized X-ray light curves
for the LGRBs of the BAT6 sample (taken from D’Avanzo et
al. 2012) is also represented in the background for compar-

ison. This plot shows that the Eiso−normalized X-ray light
curves of long and short GRBs are rather clustered, with an
intrinsic scatter that changes with the rest frame time. With
the aim of investigating such evolution in time between the
prompt and X-ray afterglow emission, different correlations
(LX −Eiso, LX − Liso and LX −Epeak) were tested for the
SGRBs of the complete sample at four different rest frame
times. Following the procedure described in D’Avanzo et al.
(2012), the early X-ray afterglow luminosity was measured
at trf = 5 min and at trf = 1 hr, while the late time af-
terglow flux was measured at trf = 11 hr and trf = 24 hr
(Fig. 5).

As a general trend, we note that the afterglow X-ray
luminosity at early times (trf = 5 min) correlates with the
prompt emission quantities Eiso, Liso and Epeak with null
probabilities of 10−2

− 10−1 and dispersion ∼ 0.3− 0.6 dex.
At later times (trf = 1, 11 and 24 hr) the scatter increases
and these correlations become much less significant. The
early time prompt-afterglow correlation we find (Table 7) are
rather similar to the same correlations found for the BAT6
sample of LGRBS (D’Avanzo et al. 2012). In particular, the
early time LX − Eiso correlations for short and long GRBs
from the two samples have the same slope, with the SGRBs
lying on the faint end of the correlation (in agreement with
what found by Nysewander et al. 2009). To compare them
qualitatively, we show in Fig. 6 the time resolved prompt-
afterglow correlations for the SGRBs of our complete sam-
ple and for the LGRBs of the BAT6 sample. Concerning the
LX−Liso plane we note that at all times, assuming the same
Liso, SGRBs have on average lower X-ray luminosity with
respect to LGRBs. However, we note that the systematics in
the procedure of Liso estimate for SGRBs discussed in Sect.
4.2.1 for the Epeak − Liso relation might amplify this effect.
Similarly, compared to LGRBs, for a given Epeak, SGRBs
are found at an average lower X-ray luminosity. Consider-
ing the correlation found between LX and Eiso, such a result

c⃝ 2014 RAS, MNRAS 000, 1–17

Margutti, Zaninoni, MGB+13

SGRB vs LGRB afterglow

SGRBs 100 times less energetic than LGRBs

SGRBs and LGRBs have similar luminosities in the prompt emission

SGRBs have fainter X-ray afterglow

SGRBs and LGRBs are similar when we rescale for the total energy

X-ray afterglow light curve

SBAT4 complete 
sample (D’Avanzo, 

Salvaterra, MGB+14)



➡whatever powers SGRBs lasts on shorter timescale, with a lower overall 
energy supply

➡radiation/dissipation mechanisms are similar

A “UNIVERSAL” SCALING3 parameter correlation: Ex-Epk-Eiso
Short and long GRBs: a unified view 

Bernardini et al. 2012; Margutti et al. 2013 

Short

Long

Bernardini+12

SGRBs vs LGRBs: general picture
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The X-ray afterglow: clues to the central engine

0.3-10 keV
tSD

Dai & Lu 1998 
Zhang & Meszaros 2001 
Corsi & Meszaros 2009 
Lyons et al. 2010 
Dall’Osso et al. 2011

Metzger et al. 2011 
Bernardini et al. 2012,2013 
Rowlinson et al. 2013, 2014 
Lu & Zhang 2014 
Lu et al. 2015

LSD

10 Bernardini et al.

Lsd = 1049B2
15 P

−4
−3 erg s−1 (B3)

tsd = 3× 103B−2
15 P 2

−3 s , (B4)

fine

✦ Magnetar spin-down power 
reproduces the plateau 
properties

LSD~P-2tSD-1

Bernardini et al. 2012

✦ Luminosity-duration correlation 
implied by the model Bernardini+12, 
Rowlinson+14



Probing the GRB redshift distribution

14 P. D’Avanzo et al.

Figure 7. Redshift distribution of our complete sample of
SGRBs. The shaded are takes into account the uncertainties due
to the lack of redshift measurement for five bursts in the sam-
ple. Model results for n = −1.5, -1, and -0.5 are shown with the
long-dashed, short-dashed and dotted line, respectively. In com-
puting the expected redshift distribution for the different model
we apply the same photon flux cut, P64 ! 3.5 ph s−1 cm−2 in
the Swift-BAT 15–150 keV band, used in the definition of our
complete sample.

plete sample of LGRBs presented in Campana et al. (2012).
In order to make a proper comparison, we considered only
those LGRBs whose redshift is lower or equal to z = 1.3
(which is the highest redshift recorded in our SGRB com-
plete sample) obtaining a mean log NH(z) = 21.6 and a stan-
dard deviation σlog NH(z) = 0.4 (Fig. 8). When compared in
the same redshift bin, the distribution of the intrinsic X-ray
absorbing column densities of the two sample are fully con-
sistent. A two-sample Kolmogorov-Smirnov (K-S) test gives
a probability of 34%, likely indicating that the two distri-
butions are drawn from the same population. Such result is
in agreement with the findings (obtained following a simi-
lar procedure) by Kopac et al. (2012) and Margutti et al.
(2013).

Although this result can be intepreted as the evidence
of a common environment for long and short GRBs, we cau-
tion that the intrinsc X-ray NH might be a good proxy of
the GRB host galaxy global properties but not for the spe-
cific properties of the circumburst medium. Furthermore,
the possibility that gas along the line of sight in the diffuse
intergalactic medium or intervening absorbing systems can
contribute to the absorption observed in the X-ray emis-
sion of GRBs has to be taken into account (Behar et al.
2011; Campana et al. 2012; Starling et al. 2013). However,
such effect is expected to dominate at z ! 3, while at lower
redshifts, comparable to the values found for our complete
sample, the absorption within the GRB host galaxy is ex-
pected to dominate (Starling et al. 2013). For LGRBs, the
massive star progenitor is expected to significantly enrich

the surrounding environment with metals (whose X-ray NH

is a proxy) before the collapse with its stellar wind. Alterna-
tively, it has been recently proposed that the Helium in the
H II regions where the burst may occur is responsible for the
observed X-ray absorption in LGRBs (Watson et al. 2013).
Under these hypothesis, a high intrinsic X-ray NH , can be
interpreted as the evidence of a dense circumburst medium.
Something similar can happen for SGRBs, under the con-
dition that a short time (of the order of Myrs) separates
the supernova explosions which gave origin to the compact
objects in the primordial binary system progenitor and its
coalescence, with the result that the burst would occur inside
its host galaxy and near its star forming birthplace (Perna
& Belczynski 2002). Such formation channel of “fast merg-
ing” primordial binaries is in agreement with the observed
redshift distribution of our complete sample discussed above.
Indeed, the only case for which combined X-ray and opti-
cal afterglow spectroscopy could be performed for a genuine
SGRBs (GRB130603B, which is included in our sample),
provided evidence for a progenitor with short delay time or
a low natal kick (de Ugarte Postigo et al. 2013).

SGRBs originated by double compact object systems
which experienced a large natal kick or which are dynami-
cally formed in globular clusters are expected to be associ-
ated with a low-density environments. As shown in Table 4,
four SGRBs of the complete sample have only upper limits
on the intrinsic X-ray NH . Among these, GRB100625A is
the only event whose upper limit is significantly below the
average NH of the distribution. Assuming that such limit
is indicative of a low-density circumburst medium, we can
estimate that at least 10% of the events of our sample are
originated by coalescing binaries formed via the dynamical
channel (or having experienced a large natal kick). Further-
more, three (out of five) events of the complete sample miss-
ing a robust redshift measure (GRB061201, GRB080503,
GRB090515) have no detected host galaxy coincident with
the afterglow position in spite of the precise (sub-arcsecond)
location and the deep magnitude limits (Berger 2010 and
references therein). As discussed in Berger (2010) “hostless”
SGRBs may lie at moderately high redshifts z > 1, and have
faint hosts, or represent a population where the progenitor
has been kicked out from its host or is sited in an outly-
ing globular cluster. A statistical study carried out recently
by Tunnicliffe et al. (2014) pointed out that the proximity
of these events to nearby galaxies is higher than is seen for
random positions on the sky, in contrast with the high red-
shift scenario. Following this interpretation, up to 4 events
(25% of the SGRBs of the complete sample)10 might have
occurred in low-density environments.

Finally, we remark that the complete sample presented
in this paper is built by selecting the events with a bright
prompt emission that, according to the standard GRB
model, is independent on the type of circumburst environ-
ment.

10 Namely, GRB100625A and the three “hostless” bursts.

c⃝ 2014 RAS, MNRAS 000, 1–17

Berger+14

LGRBs: <z>~2

SGRBs: <z>~0.5-0.8

redshift distributions significantly 
different

LGRBs follow the star-formation rate 
(SFR, with some caveats)

SGRBs: delayed SFR

➡LGRBs: death of massive stars 
➡SGRBs: merging of compact 
objects

D’Avanzo, Salvaterra, MGB+14
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Galama et al. 1998; Stanek et al. 2003; Hjorth et al. 2003; Della Valle et al. 2003; 
Malesani et al. 2004; Soderberg et al. 2005; Pian et al. 2006; Campana et al. 2006; 
Della Valle et al. 2006, Bufano et al. 2012, Melandri et al. 2012, Schulze et al. 2014, 
Melnadri et al. 2014 and others… 

LGRB progenitors
star-forming galaxies

young stellar population

SNe spectroscopically associated

➡core-collapse of Type Ic SNe

Galama+98; Stanek+03; Hjorth+03; Della Valle+03; Malesani+04; 

Soderberg+05; Pian+06; Campana+06; Della Valle+06; Bufano+12; Melandri+12,14; Schulze+14 ....

"!

GRBs are cosmological and occur in galaxies 

 Fluence: 10–5 erg cm–2 
 Distance: <z>=2.1 ~ 1028 cm 

Energy:  ~ 1053 erg 
Like the energy emitted by 

our Galaxy in 10 years 



SGRB progenitors
mix of early and late type galaxies

kicks/migration from their birth sites:

➡offset

➡no correlation with UV light of their host 

galaxies

➡diversity of their environment


no supernova associated

association with kilonova

➡merging of compact objects 

(NS-NS or NS-BH)
D’Avanzo15

The Astrophysical Journal, 776:18 (16pp), 2013 October 10 Fong & Berger
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Figure 6. Left: differential distributions of host-normalized offsets in units of effective radius, re, accounting for the uncertainty in each offset measurement, for short
GRBs (red shaded region) and long GRBs (black line). The sample is comprised of 20 short GRBs with resolved host galaxies from HST data (Fong et al. 2010 and
this work), including GRB 050509B which has only an XRT position. Arrows denote the weighted median offset for each population: 1.0re (long) and 1.5re (short).
Right: cumulative host-normalized offset distributions for short GRBs (red) and long GRBs (black). Also shown are the distributions for core-collapse supernovae
(green dashed; Kelly & Kirshner 2012) and Type Ia supernovae (blue dot-dashed; Galbany et al. 2012). Arrows denote the weighted median offset for each population;
the median for SNe is also ≈1re .
(A color version of this figure is available in the online journal.)

Therefore, the full sample of offsets includes 22 short GRBs
(Figure 5) with a resulting median offset of 4.5 kpc. We compare
the short GRB physical offset distribution to those determined
from HST observations of long GRBs (Bloom et al. 2002), and
ground-based observations of core-collapse and Type Ia SNe
(Prieto et al. 2008), where the offsets have been calculated in
a similar manner as that described in this work. In comparison
to the long GRB median offset of 1.3 kpc (Bloom et al. 2002),
the short GRB median offset is ≈3.5 times larger. The short
GRB median offset is comparable to those for Type Ia and core-
collapse SNe of ≈3 kpc (Figure 5; Prieto et al. 2008), but the
short GRB offset distribution extends to much larger offsets:
only 10% of both SN types have offsets of !10 kpc, compared
to 25% for short GRBs. Furthermore, no SNe have offsets of
!20 kpc, while 10% of short GRBs do.

In Figure 5, we also show a comparison of the short GRB
offset distribution to the predicted distributions from indepen-
dent population synthesis models of NS–NS binary mergers in
Milky-Way-type galaxies (Fryer et al. 1999; Bloom et al. 1999;
Belczynski et al. 2006). The short GRB distribution is broadly
consistent with the NS–NS binary merger predictions, and is
in very good agreement with two of the three models (Bloom
et al. 1999; Belczynski et al. 2006). The discrepancies between
the models themselves can be attributed to uncertainties in their
inputs, such as the distribution of kick velocities, orbital sepa-
rations and details of common envelope evolution. The median
offset for the predicted distributions is 5–7 kpc, slightly larger
than the observed median of 4.5 kpc. We note that the observed
distribution is mainly derived from short GRBs with optical
afterglows and may be missing a few bursts with less precise
localization from X-ray afterglows (Fong et al. 2013) that may
occur outside of their host galaxies. Thus, while the observed
distribution of offsets should be fairly representative of the true
distribution, accounting for such missing events would only ex-
tend the distribution to larger offsets, in even better agreement
with the NS–NS merger models.

A study by Troja et al. (2008) suggested that short GRBs
with extended emission in the X-rays have smaller offsets

than short GRBs with no such emission. Two bursts in our
sample, GRBs 070714B and 080503 have reported evidence
for extended emission at !5σ significance (Racusin et al.
2007; Mao et al. 2008; Perley et al. 2009). GRB 070714B
has an offset of ≈12.2 kpc while GRB 080503 has an offset
of ≈7.2 kpc from its most probable host assuming z ≈ 1.
Combining these two bursts with four bursts analyzed in
Fong et al. (2010) with sub-arcsecond positions and extended
emission (GRBs 050709, 050724, 061006, and 060121), the
median offset for the population is 3.2 kpc, with a range of
≈1–12 kpc. For the remaining 16 bursts with no extended
emission and precise offset measurements, the median offset is
5.3 kpc. A Kolmogorov–Smirnov (K-S) test comparing the two
populations gives a p-value of 0.9, supporting the null hypothesis
that the two populations are drawn from the same underlying
distribution. Therefore, there is no clear evidence from their
locations that short GRBs with and without extended emission
require different progenitor systems.

To compare the offset distributions in a more uniform man-
ner, we calculate host-normalized offsets, δR/re, using the
effective radii as determined from our morphological analy-
sis (Section 2.6). We find a range of host-normalized offsets
of ≈0.3–15.5re for the bursts with sub-arcsecond positions
(Table 2). We supplement this sample with seven measurements
from Fong et al. (2010), one of which has only an XRT po-
sition and thus a more uncertain offset (GRB 050509B). To
account for the varying uncertainty in each offset, we plot a dif-
ferential distribution of host-normalized offsets following the
methodology of Bloom et al. (2002), as well as the resulting
cumulative distribution (Figure 6). The total sample of short
GRBs with host-normalized offsets is comprised of 20 events,
with a median of ≈1.5re and only about 25% of the events at
"1re. For comparison, the host-normalized offset distributions
for long GRBs (Fruchter et al. 2006), core-collapse SNe (Kelly
et al. 2008), and Type Ia SNe (Galbany et al. 2012) have me-
dian offsets of ≈1re. Furthermore, a K-S test comparing the
host-normalized offsets for long and short GRBs does not sup-
port the null hypothesis that the two populations are drawn from

11

Fong+13

AA52CH02-Berger ARI 30 July 2014 6:55

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

8

7

6

5

4

3

2

1

0

–1

05
07

09
08

09
05

A

05
05

09
B

07
07

24
A

07
12

27

05
12

21
A

13
06

03
B

Short GRBs
Long GRB−SNe
060505/060614
Type Ib/c SNe

Redshift
M

ag
ni

tu
de

s f
ai

nt
er

 th
an

 S
N

 1
99

8b
w

−1.5 −1 −0.5 0 0.5
0

0.1

0.2

Figure 2
Limits on supernovae (SNe) associated with short GRBs ( filled triangles) relative to the peak absolute
magnitude of the canonical long GRB-SN 1998bw. Also shown are the distribution of SN peak magnitudes
for long GRBs ( filled circles; hatched region marks the median and standard deviation for the population;
Hjorth & Bloom 2012), local Type Ib/c SNe (histogram; Drout et al. 2011), and two unusual long GRBs that
lacked associated SNe (open triangles; 060505 and 060614; Della Valle et al. 2006, Fynbo et al. 2006,
Gal-Yam et al. 2006, Gehrels et al. 2006). The latter may represent a long duration or extended emission tail
of the short GRB population. With the exception of GRB 050509B, all short bursts with limits on associated
SNe occurred in star-forming galaxies, indicating that despite the overall star-formation activity, the short
GRB progenitors were not massive stars. The inset shows the overall duration distribution of the short
GRBs considered in this review (histogram); the durations of the 7 short GRBs with SN limits are marked by
arrows. The dotted vertical line marks the claimed duration separating Swift noncollapsar and collapsar
progenitors according to the analysis by Bromberg et al. (2013), and yet three of the short GRBs lacking SN
associations have longer durations.

coincident hosts (GRBs 050724A and 100117A; Berger et al. 2005b, Fong et al. 2011), two addi-
tional cases with subarcsecond afterglow positions and likely elliptical hosts with large projected
offsets (GRBs 070809 and 090515; Berger 2010), and four additional likely cases (probabilities of
about 1–5%) based on Swift/XRT positions alone (GRBs 050509B, 060502B, 070729, 100625A)
(Gehrels et al. 2005; Bloom et al. 2006, 2007; Fong et al. 2013). Overall, about 20% of short
GRBs are associated with early-type host galaxies (Fong et al. 2013). In nearly all cases, the iden-
tification of the hosts as early-type galaxies is based on spectroscopic observations that reveal no
star-formation activity (to !0.1 M⊙ year−1), optical/near-IR spectral energy distributions that are
matched by a single stellar population with an age of "1 Gyr, and/or morphological information
based on HST observations. I explore the host-galaxy demographics distribution, and its impli-
cations for the progenitor population, in the next section, but it is clear from the occurrence of at
least some short GRBs in elliptical galaxies that the progenitors belong to an old stellar population.

6. SHORT GAMMA-RAY BURST GALAXY-SCALE ENVIRONMENTS
Having established that the progenitors of short GRBs are generally distinct from those of long
GRBs on the basis of the lack of SN associations and their occurrence in elliptical galaxies, I now
turn to the question of what the progenitors are and what we can infer about their nature from the
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The afterglow of GW 170817/GRB 170817A: 
constraints on the outflow geometry

X-ray (and radio) emission not 
expected to be related to the kilonova 
but to the GRB itself


➡information on the SGRB afterglow

non-detection with Swift/XRT, NuSTAR 
and Chandra before 2 days 


detection with Chandra after 9 days


simultaneous radio detection with VLA
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Figure 4: Predicted X-ray flux of an afterglow to GW 170817. A: The distribution of short GRB light curves
(14), scaled to 40 Mpc. The solid line shows the median behavior; the two dashed lines represent the 25 and 75
percentiles. The blue line with the triangle corresponds to the time range covered by the large-scale tiling with
Swift-XRT and shows the typical sensitivity achieved per tile. The red arrows represent the XRT upper limits on
emission from EM 170817 obtained by summing all the data up to the time of the arrow. The grey diamonds show
the NuSTAR limits on emission from EM 170817. B: The X-ray flux predicted for an on-axis jet for a range of
isotropic afterglow energies and circumburst densities. The black line indicates the flux upper limit of the first
NuSTAR observation; red squares are known short GRBs with E

AG

and n
0

(19). Our observations rule out an
energetic, ultra-relativistic outflow with E

AG

>⇠ 1050 erg for on-axis geometries.

6

Evans+17

X-rays SGRB 
light curves @ 


40 Mpc 

 

Figure 3: Multi-wavelength light curves for the counterpart of GW170817 

a Temporal evolution of the X-ray and radio counterparts of GW170817 compared to the model 

predictions (thin solid lines) for a short GRB afterglow viewed at an angle qv ~ 28°. The thick gray 

line shows the X-ray light curve of the same afterglow as seen on-axis, falling in the typical range15 

of short GRBs (vertical dashed line). Upper limits are 3 s. b Temporal evolution of the optical and 

infrared transient SSS17a compared with the theoretical predictions (solid lines) for a kilonova 

seen off-axis with viewing angle qv ~ 28°. For comparison with the ground-based photometry, 

HST measurements (squares) were converted to standard filters. Our model includes the 

contribution from a massive, high-speed wind along the polar axis (Mw~0.015 Msun, v~0.08c) and 

from the dynamical ejecta (Mej~0.002 Msun, v~0.2c). The presence of a wind is required to explain 

the bright and long-lived optical emission, which is not expected otherwise (see dashed line).  

 
 

 

 

Troja+17

➡on-axis GRB afterglow is ruled out
➡off-axis afterglow with 𝜃v~20o-40o and 𝜃j~15o



a b c
4 O. Salafia et al.

Layer

Spine

v iew

v iew
jet

Figure 1. Indicative afterglow lightcurves in radio (5 GHz), optical (R band) and X-ray (1 keV) for the three scenarios. Parameters in Table 1. Left panel:
isotropic fireball. Mid panel: the spine/layer model (which we consider equivalent also to the jet plus cocoon scenario), where the spine is the assumed to
have parameters typical of a standard SGRB jet. The layer contributes to the light curve at early times, since ✓

layer

= ✓
view

= 30�. Right panel: off-beam
slow jet model. The dotted lines show representative detection limits for the three bands. The corresponding flux values are shown on the figure. The optical
and X-ray fluxes are uncertain, since they depend on the presence of high energy electrons. For all models, the behaviour of the lightcurve is almost the
same regardless of the observer frequency: this is due to all three frequencies being between ⌫

m

and ⌫
c

(for the chosen parameters) at all times shown
on the plot, except for the early rising part of the off-beam slow jet and of the core.

3.3 Off-beam slow jet

The energy distribution of SGRB jets may have a low energy tail,
accompanied by a corresponding low � tail. In this case a jet with
✓
jet

⇠ 10

�, E
k,iso

⇠ 10

51 erg and � ⇠5–15 could be seen also at a
relatively large ✓

view

⇠ 30

�. If seen on-axis, such a jet would pro-
duce E

�,iso

= ⌘E
k,iso

= 10

50⌘�1

E
k,iso,51

erg. These values of
E

k,iso

and � are roughly consistent (i.e. they are within the rather
large dispersion) with the relation shown in Ghirlanda et al. (2012)
and Liang et al. (2013). Using Eq. 2 and Eq. 3 in Ghisellini et al.
(2006) we can calculate the observed E

�,iso

for any ✓
view

. It turns
out that for ✓

view

= 30

�, the de-beaming factor is 1/2500, and
then E

�,iso

(30

�
) ⇡ 4 ⇥ 10

46⌘�1

E
k,iso,51

erg, detectable up to
⇠60 Mpc if the fluence limit is 10�7 erg cm�2. For ✓

view

> 30

�

the de-beaming makes the source undetectable. The probability to
see a burst within 30

� is P = (1� cos 30

�
) ⇠ 0.13: small, but not

impossible. Taking into account the anisotropy of the GW emission
(Schutz 2011), the probability to see the jet within 30

� after the
progenitor NS-NS binary has been detected in GW is significantly
larger1, being ⇠ 0.38. With the parameters listed in Table 1, we
calculated the expected afterglow, shown in the right panel of Fig.
1. The peak flux corresponds approximately to the time when the
Lorentz factor 1/� ⇠ (✓

view

� ✓
jet

), namely when we start to see

1 This relies upon the assumption that the jet is launched perpendicular
to the orbital plane of the binary. This most likely holds in NS-NS mergers,
while it is less certain for BH-NS mergers, because the BH spin might cause
the accretion disk plane in the post-merger phase to be tilted with respect to
the original orbital plane.

Model E
k,iso

� ✓
jet

✓
view

[erg] [deg] [deg]

Isotropic fireball 1049 5 — —
spine 1052 100 10 30
layer 1049 5 30 30
off–beam 1051 10 10 30

Table 1. Parameters used for the models shown in Fig. 1. For all models,
we assumed an ISM number density n

0

= 10�3 cm�3 and microphysical
parameters p = 2.3, ✏

e

= 0.1, ✏
B

= 0.01. The source is located at a
luminosity distance of 60 Mpc.

the border of the jet. This occurs at t
peak

⇠ 60 days for the parme-
ters shown in Tab. 1, and it goes as t

peak

/ (E
k,iso

/n
0

)

1/3 for a
given viewing angle, i.e. it is independent from the initial Lorentz
factor, due to the self-similar nature of the deceleration (Blandford
& McKee 1976).

After t
peak

, the flux decreases monotonically. After the peak,
the lightcurve is similar to an isotropic fireball with the same E

k,iso

and initial �. However, there is an important difference: the flux of
an off-beam jet should be strongly polarized at t

peak

, because the
observer sees only the border of the jet (Rossi et al. 2004).

4 DISCUSSION

Most models that associate a detectable high-energy, prompt elec-
tromagnetic counterpart to a gravitational wave event require the

MNRAS 000, 1–5 (2017)

Salafia+17

Different scenarios are still consistent with early observations:


a. isotropic fireball Salafia+17 or hot cocoon from a failed jet Mooley+17


b. structured jet: standard jet+less energetic cocoon/layer Lazzati+17, 
Kathirgamaraju+17, Gottlieb+17, Lyman+18, Margutti+18, D’Avanzo+18, Nakar & Piran 18, …


c. uniform (top-hat) jet with unusually low Lorentz factor Pian+17

The afterglow of GW 170817/GRB 170817A: 
constraints on the outflow geometry



Different scenarios are still consistent with early observations:


a. isotropic fireball Salafia+17 or hot cocoon from a failed jet Mooley+17


b. structured jet: standard jet+less energetic cocoon/layer Lazzati+17, 
Kathirgamaraju+17, Gottlieb+17, Lyman+18, Margutti+18, D’Avanzo+18, Nakar & Piran 18, …


c. uniform (top-hat) jet with unusually low Lorentz factor Pian+17

Lazzati+17

 
Figure 7. Comparison of the three model structures | Comparison among the best-fit 

model for the three model structures discussed: an isotropic fireball (red), an off-axis, 

top-hat jet (green), and a structured jet (blue). Only data at 3 GHz are shown, but the fit 

were performed an all the multi-wavelength dataset. The inset shows the best-fit energy 

and Lorentz factor profiles of the three models. The vertical arrows show the location of 

the observer in the top-hat and structured models. 

 

 

 

 

 

 

Radio observations up to 100 
days with VLA Mooley+17

➡the radio afterglow is rising

The afterglow of GW 170817/GRB 170817A: 
constraints on the outflow geometry



GW 170817/GRB 170817A: late afterglow observations
✦ Observations with Chandra and XMM once the source exit the Sun constraint 

(~100-160 days) D’Avanzo, ..,MGB+18; Margutti+18; Haggard+18; Troja+18


✦ Optical and radio observations (~200-264 days) Lyman+17; Margutti+18; Alexander+18, Dobie+18


➡the afterglow lightcurve has risen, then flattened and started decaying

constraints on the nature of the emission 
process (synchrotron emission)


no constraints on the nature of the 
relativistic ejecta (both scenarios still valid)

X-ray, optical and radio observations at 
t = 200-264 d confirm the turnover in the light 
curve and show evidence for decay. Both 
scenarios (struct. jet vs. isotropic still valid)

GRB 170817A: evidence for a fading afterglow

Alexander+18

Troja+18

Dobie+18

radio

radio
optical
X-ray

X-ray, optical and radio observations at 
t = 200-264 d confirm the turnover in the light 
curve and show evidence for decay. Both 
scenarios (struct. jet vs. isotropic still valid)

GRB 170817A: evidence for a fading afterglow

Alexander+18

Troja+18

Dobie+18

radio

radio
optical
X-ray

t0.8

t-2

✦ Measures of superluminal 
motion and source size with 
VLBI Mooley+18; Ghirlanda+18


the outflow is likely a 
structured jet



t

L

Off-axis “orphan” afterglow

Orphan afterglows: 

+ more numerous, 
Noff~Non(1-cos𝜃j)-1~200 Non


- dimmer and delayed


- no gamma-ray trigger


No orphan afterglow 
detected so far  t

L

trise~𝜃v-𝜃j 

tpk~𝜃v+𝜃j 

𝜃b~1/Γ

𝜃j

𝜃v



Prospects for detection of orphan afterglows (OAs)

G. Ghirlanda , et al.: Unveiling the population of orphan Gamma Ray Bursts

Fig. 4. Spectral energy distribution of the OA that can be detected by the LSST (pink filled region). The SED of the low power blazar BLLac (open
circles), of the FSRQ 3C454.3 (asterisks) and of two supernovae SN1978K (open squares) and the GRB–SN associated GRB980425/SN1998bw
(open stars) are shown by different symbols. The solid lines provide an interpolation of the data points and do not represent any physical model.
For the two blazars we also show (dashed grey line for 3C454.3 and dashed orange line for BLLac) how their spectra would appear if they
were at z = 2 (typical of GRBs). The (5σ) limits for a 12 h continuum observation with the SKA is shown by the yellow shaded region.
The green shaded region marks the limiting flux of an ALMA observation (32 antennas of 12 m for 3 h of observation in dual mode - from
https://almascience.eso.org/proposing/sensitivity-calculator). The LSST liming flux (see Tab.2) is shown by the red square symbol.

Since the most promising detections will be with the forth-
coming LSST (Ivezic et al. 2008 - see Tab. 2), we have consid-
ered only the OA that will be detected by this survey. We predict
a rate ∼ 50 OA per year. The overall SED (i.e. the convolution
of the SEDs of all OA detectable by the LSST survey) is shown
by the hatched pink region in Fig. 4. The typical SED of OA de-
tectable by LSST peaks in the 1011−13 Hz range. The spectrum
below the peak, in the GHz down to the MHz range scales ∝ ν2.

Possible extragalactic variable sources that could compete
with GRB orphan afterglows in brightness, frequency of discov-
ery and timescales are supernovae and blazars. Fig. 4 shows the
SED of two blazars: the Flat Spectrum Radio Quasar (FSRQ)
3C454.3 and BLLac itself as representative of the respective
classes (see Ghisellini et al. 2010). Two supernovae are also
shown: SN 1978K as a possible representative of highly lumi-
nous supernovae and the GRB980425/SN1998bw (Galama et al.
1998) for the class of GRB–SNe associated. For all these
sources, we report their SED as obtained by multifrequency ob-
servational campaigns and retrieved from Italian Space Agency
(ASI) Science Data Center Sed Builder tool5. The solid curves in
Fig. 4 are not physical models but only illustrative of the overall
broad band spectral energy distribution of these classes of ob-
jects. For the blazars we also show how their SED would be like
if they were shifted at z = 2, i.e. at the typical distance of long
GRBs.

5 http://tools.asdc.asi.it

For comparison in Fig. 4 we show the LSST flux limit (red
square symbol). The OA that can be detected by LSST when
their jet emission is fully visible by the off–axis observer will
have their peak frequency already below the optical band, in
the mm region. This is because the peak of the OA emission
is reached several months after the burst (§3 - see also G14).
Furthermore, Fig. 4 shows that their emission in the MHz/GHz
region is still in the self absorbed regime. Differently, BLLacs
and SN emission like 1998bw or 1978K are characterised by a
softer spectrum in the radio band than the typical OA detected
in an optical survey like the LSST. Therefore, the follow up of
these transients in the mm and GHz bands will characterise their
different SED.

5. Discussion
Among previous works in the literature which estimated the de-
tection rate of OA, Totani & Panaitescu (2002) considered 10
GRB of the pre–Swift era with well monitored afterglow light
curves as templates. By assuming different off–axis viewing an-
gles they estimated the rate of OA in the X–ray, optical and radio
band. Their predictions were based on a very small number of af-
terglowsmostly representative of the bright afterglow population
of GRBs. Similarly Zou et al. (2007) adopted a set of fixed phys-
ical parameters (kinetic energy and micro–physical parameters)
and allowed only for a possible distribution of þ. They predict a
rate of 1.3×10−2 deg−2 yr−1 for OA brighter than R = 20 which
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Ghirlanda+17

✦ Prospects for OA detection from LGRBs using a population synthesis code
+standard afterglow model Ghirlanda, …, MGB+15


most of the past and on-going surveys have small chances to detect OAs 
(except for Gaia - ~ 2 OT/yr). Better prospects for future surveys


In optical: ~20 OA/yr with ZTF, ~50 OA/yr with LSST 

In X-rays: ~30 OA/yr with eROSITA
Major problem: how to 
distinguish an OA from another 
optical transient? 

➡optical and X-ray 
photometrical follow-up


➡optical spectroscopy (if bright 
enough)


➡GHz and mm follow-up will 
characterise the SED and 
distinguish from other similar 
transients



Conclusions

EM observations of GRBs at all wavelengths in the last 20 years 
revolutionised our understanding of this phenomenon


Multi-wavelength observations of GRB afterglows are important to 
unveil the GRB phenomenon itself (progenitors, central engine, 
outflow properties and composition) and to use them as probes of 
the local environment up to high redshift


Future developments:


• GRB afterglows as counterparts of GWs


• GRB orphan afterglows in large surveys (es. LSST), also as 
counterparts of GW emitters


• ….

➡Necessary to continue monitoring GRBs at all wavelengths!



The SVOM mission

French-chinese mission, 
launch ~2021


ECLAIRs: coded mask, 
4-150 keV, ~2 sr fov, 
transients detection and 
localisation


GRM: 3 detectors, 
15-5000 keV, ~2 sr fov


MXT and VT onboard + 
ground segment

Rome - De 25, 2014 SVOM Phase B  kick-off  3 

SVOM scientific instrument arrangement 
 

ECLAIRs 

VT 

GRM 

GFT-2 GWAC GFT-1 

Satellite ~ 930 Kg 
Payload  ~ 450 kg 

Dedicated to the study of gamma-ray bursts and hard X-ray transients 

Key role in the multi-messenger and multi-wavelength era


