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CHAPTER 1

GRBS: WHAT OBSERVATIONS TELL US

1.1 GRBs History and Phenomenology

GRBs are flashes of γ-rays, lasting about 1 − 100 seconds. They were discovered in the late ’60s by the VELA
military satellites, shown in Fig. 1.1, launched by the US and aimed at spying russian nuclear activity. Fig. 1.1
shows the first γ-ray light curve ever measured, relative to the events GRB 670702 (July 2nd 1967).
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Figure 1.1: Left panel: one of the VELA satellites before launching. Right panel: γ-ray light curve of the first
GRB event on July 2nd 1967.

Their detection was made public only in 1973, and by that time about 16 events had been recorded. Several
models were put forward to explain these events, from nuclear flashes on NS and WD surfaces, to primordial BHs
evaporation, but the paucity of data did not allow scientists to set meaningful constraints, in particular, without a
determination of the distance, it was not possible to establish the energetics of these events. The science of GRBs
had a major progress in 1991 thanks to the BATSE instrument on bord of the CGRO, Fig. 1.2, which operated until
2000. For the first time it was possible to measure with millisecond accuracy the light-curve of GRBs, to get a rough
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2 GRBS: WHAT OBSERVATIONS TELL US

estimate of their spectrum, and to locate their position. In the period from 1991 to 2000 BATSE measured about
8000 events, one every few days, and the first sky map, Fig. 1.2, immediately ruled out a galactic population. The
events were compatible with an isotropic distribution, at all energies, showing no sign of either a disk component,
or an overdensity in the direction of the Virgo Cluster. Of all the various models, only those invoking sources at
cosmological distances, or in the solar neighborhood (at distance smaller than the disk scale-high ∼ 100pc) were
left to survive.
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Figure 1.2: Left panel: the BATSE instruments (marked by the orange circles) on board of the CGRO. Right panel:
the sky distribution of 2704 BATSE GRBs color-coded for their fluence.

Looking at BATSE light-curves, Fig. 1.3, it is immediately evident that the temporal evolution of the γ-ray lumi-
nosity can be extremely diverse: There are events with smooth evolution, others showing large variability up to
millisecond timescales; some events are characterized by multiple peaks or flares; some have a very rapid rise time,
others quite shallow.
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Figure 1.3: Light curves of various BATSE GRBs.

However thanks to the large number of events recorded by BATSE, it was possible to provide the first character-
ization of GRBs, based on two parameters: the so called hardness ratio (HR), simply defined as the ratio of the
energy detected in two different energy channels of the BATSE instrument, and the T90 time defined as time during
which 90% of the GRB energy was detected. Fig. 1.4 shows the distribution of T90. The distribution is bimodal
and reveals the presence of two populations, one of long events (LongGRBs) with typical T90 & 2s, and one of
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short events (ShortGRBs) with typical T90 . 2s. Interestingly, these two populations, are distinct also in terms
of the hardness ratio. The so called hardness-duration diagram in Fig. 1.4, shows that LongGRBs are softer and
ShortGRBs are harder. About one fourth of all GRBs detected by BATSE is a Short one.
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Fig. 1. The bimodal duration distribution of GRBs. The observations (2041 bursts in the current BATSE catalog) are marked
by the thick stairs. The decomposition of the distribution into two lognormal distributions, as determined by Horváth (2002),
(thin solid lines) and the sum of these components (thick solid line) are superposed.

most of the bursts in the sample exhibit variability on time scales that are shorter than the bursts’ durations
(see Fig. 2 for a typical SHB light curve). More than half of the bursts in their sample show at least two
well-separated pulses and more than a third show rapid variability in the sense that the shortest pulse is
shorter by more than an order of magnitude than the burst duration. No correlation is found between the
duration of a burst and the duration of its sub-pulses (given that the burst is not single pulsed). The duration
distribution of single pulses ranges from 5 ms to 300 ms with a broad peak around 50 ms. Thus, the lower
limit on the shortest time scale observed in these SHBs is of the order of 10 ms, and is set by the resolution
limit. Shorter time scales are probably present, as evident from a single case in which a very bright < 1 ms
pulse is observed in a SHB (Scargle, Norris & Bonnell, 1998, fainter pulses than this one cannot be resolved
on ms time scale). McBreen et al. (2001) analyzed the distribution of various temporal properties of pulses
in 100 bright BATSE SHBs. They find that the rise times, fall times, FWHM, pulse amplitudes and areas
are all consistent with lognormal distributions and that time intervals between pulses and pulse amplitudes
are highly correlated with each other.

A comparison of the temporal structure of bright SHBs to the initial 2 s of a sample of long GRBs 7 shows
similar time scales and similar distributions of pulse durations (Nakar & Piran, 2002b). This similarity is
demonstrated in figure 2. Similarly, McBreen et al. (2001) find a great similarity between the lognormal
distributions and correlations in the temporal structure of short and long GRBs. On the other hand, an
examination of the temporal evolution of pulses as a function of frequency shows a different behavior in
long and short bursts. Norris, Scargle & Bonnell (2001) compare the spectral lags of short and long GRBs.
Spectral lag is a measurement of the spectral evolution timescale of the pulse structure, where a positive
value indicates a hard-to-soft evolution (see Norris, Marani & Bonnell, 2000, for an exact definition). They
find that long bursts show positive spectral lags that extend up to ∼ 2 s with a core around 50 ms. SHBs,
however, show a symmetric distribution of lags that ranges between ±30 ms.

7 The sample includes only long GRBs that have high resolution light curve and an initial pulse that is shorter than 2 s
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Fig. 3. The duration T90 and the hardness ratio of all GRBs with available data from the BATSE catalog (dots). Swift (stars)
and HETE-2 (plus) SHBs are marked as well. The average logarithmic values of BATSE bursts with T90 > 2 s and T90 < 2
s are marked by the two squares. The hardness ratio used here is the ratio of the fluence in the 50-100 keV and 25-50 keV
energy bands. The BATSE data is taken from the current BATSE catalog and Swift and HETE-2 data are taken from Table
2, where the hardness ratio is calculated using the photon index. Note that the fluence ratio that is used here is different than
the typical hardness ratio, that uses counts.

The Konus-Wind SHB catalog (Mazets et al. , 2004) contains 140 spectra of 98 SHBs (for some SHBs
the spectrum is time integrated and for some it is given in two or three different time intervals). Mazets
et al. (2004) use the same spectral models as Ghirlanda, Ghisellini & Celotti (2004) to fit the spectra
of Konus-Wind SHBs. They fit 60% of the spectra with a PLE, 21% with a single power-law and 16%
with a Band function. The average α value of the PLE spectra is −0.78, rather similar to the one found
by Ghirlanda, Ghisellini & Celotti (2004) for BATSE SHBs. The average Ep of PLE spectra is 837 keV,
significantly higher than the value found for BATSE events. This difference is probably a result of the wider
energy window of Konus-Wind, 15 − 10000 keV compared to 25 − 2000 keV for BATSE. The highest Ep

value in the Konus-Wind catalog is 3.1 MeV. In about 30% of the sample photons are observed up to 5 MeV
but only in ≈ 5% of the bursts harder photons are observed. Only a single burst shows 10 MeV photons
(the one with a PLE spectrum with Ep = 3.1 MeV).

An important point is that while most spectra are consistent with exponential cut-offs, the low energy
spectrum of most SHBs is too soft to be consistent with a blackbody spectrum. Lazzati, Ghirlanda &
Ghisellini (2005) studied the spectra of 76 BATSE SHBs and find that in more than 75% of the bursts the
spectrum is inconsistent with a blackbody spectrum.

The fact that PLE provides the best fit to most SHB spectra is in contrast to long GRBs, where a Band
function, with a rather shallow high energy power-law (∼ E−2.25), provides the best spectral fit for most
of the bursts (Preece et al. , 2000; Ghirlanda, Celotti & Ghisellini, 2002). This dissimilarity may reflect a
genuine intrinsic difference between the spectra of short and long GRBs, in which case long GRBs are actually
harder than SHBs at high energies ($MeV). However, this difference may also be a result of observational
selection effects. A PLE fit may be preferred over a Band function fit in cases of low signal-to-noise ratio at
high energies, as suggested by the results of Kaneko et al. (2006) that analyze the spectra of the 17 brightest
BATSE SHBs and find that most of them are well fitted by a Band function or a broken power-law.
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Figure 1.4: Left panel: the bimodal distribution of the T90 duration for 2041 GRBs in the BATSE GRBs catalogue.
Superimposed are the decomposition of the distribution into two lognormal distributions (thin red and green solid
lines) and their sum (thick solid blue line). Right panel: the duration T90 and the hardness ratio of 2000 GRBs
from the BATSE catalog (grey dots), together with few Swift and HETE2 events (blue stars and crosses). Black
squares mark the average logarithmic location of the ShortGRBs and LongGRBs population.

BATSE provided also the first determination of the time integrated γ-ray spectrum, of the prompt emission. Unlike
their light curves, the time-integrated spectra of GRBs do not show the same extent of diversity. The majority
of the BATSE GRB prompt emission spectra in the keV-MeV energy range were adequately fit with an empirical
function called the Band function, Fig. 1.5, which consists of two power laws, smoothly connected together at the
break energy Epeak, where the flux peaks. Typical values of power-law index for the low energy photon spectrum
α, range from ∼ −2 to ∼ 0. Typical values of power-law index for the high energy photon spectrum β, range
from ∼ −4.5 to ∼ −1.5 (note that values > −2 imply the presence of some high-energy cutoff, otherwise the
total energy would diverge). Epeak has a quite narrow range from 100keV to 1MeV, with an average ∼ 300keV,
Fig. 1.6.
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Figure 1.6: Distribution of power-law index for the low energy photon spectrum α (left), for the high energy
photon spectrum β (right), and break energy Epeak (center), for GRBs in the BATSE catalogues, fitted with the
Band function.

Unfortunately BATSE pointing accuracy ∼ 4◦ was not high enough to allow possible follow-up form ground
based telescopes in order to identify possible optical counterparts. It was only with the launch of the Italian-Dutch
satellite BeppoSAX, in 1996, that the identification of counterparts became possible. BeppoSAX was specifically
design to allow rapid X-ray observation following a γ-ray trigger. Given the highest resolution of X-ray optics, it
was possible to provide ground based facilities with high accuracy positions. On February 28th 1997 the first X-
ray and optical afterglow of a GRB was detected. An optical galaxy was found in coincidence with the position of
GRB 970228, Fig. 1.7, and the identification of absorption lines in its spectrum, allowed the first determination of
a GRB red-shift. GRB 970228 was located at Z = 0.695. This firmly established GRBs as cosmological sources.
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FIG. 1.ÈTop : Weighted average spectrum of the host galaxy of GRB
970228, obtained at the Keck II telescope. Prominent emission lines [O II]
j3727, [O III] j5007, and possibly [Ne III] j3869 are labeled assuming the
lines originate from the host at redshift z \ 0.695. The notation ““ ns ÏÏ refers
to noise spikes from strong night-sky lines. Bottom : Average night-sky
spectrum observed during the GRB 970228 host observations, extracted
and averaged in exactly the same way as the host galaxy spectrum.

surements of the Hb j4861 and [O III] j4959 lines as well as
the higher Balmer lines.

The corrected [O II] j3727 line Ñux is (2.2 ^ 0.1) ] 10~17
ergs cm~2 s~1 Hz~1, and its observed equivalent width is

i.e., 30 ^ 2.4 in the rest frame. This is notWj \ 51 ^ 4 A! , A!
unusual for Ðeld galaxies in this redshift range (Hogg et al.
1998). The [Ne III] j3869 line, if real, has a Ñux of at most
10% of the [O II] j3727 line, which is reasonable for an
actively star-forming galaxy. The corrected [O III] j5007
line Ñux is (1.55 ^ 0.12) ] 10~17 ergs cm~2 s~1 Hz~1, and
its observed equivalent width is i.e.,Wj \ 30 ^ 2 A! ,
17.7 ^ 1.2 in the rest frame. For the Hb line, we derive anA!
upper limit of less than 3.4 ] 10~18 ergs cm~2 s~1 Hz~1
(D1 p) and for its observed equivalent width. WeWj \ 7 A!
note however that this measurement may be severely
a†ected by the poor night-sky subtraction.

The continuum Ñux at corresponding tojobs \ 4746 A! ,
is kJy, with a statistical measure-jrest \ 2800 A! , Fl \ 0.29

ment uncertainty of D10% and a systematic uncertainty of
30%, inherited from the overall Ñux zero-point uncertainty.
The continuum Ñux at corresponding to thejobs D 7525 A! ,
rest-frame B band, is kJy, with a statistical mea-Fl \ 0.77
surement uncertainty of D7% (plus 30% systematic).

4. IMPLICATIONS OF THE REDSHIFT

For the following discussion, we will assume a Ñat cos-
mology as suggested by recent results (e.g., de Bernardis et
al. 2000), with km s~1 Mpc~1, andH0 \ 65 )

M
\ 0.3,

For z \ 0.695, the luminosity distance is"0 \ 0.7.
1.40 ] 1028 cm, and 1A corresponds to 7.65 proper kpc or
13.0 comoving kpc in projection. By virtue of the close
spatial connection of GRB 970228 with the putative host
galaxy (see ° 1), we assume that GRB itself occurred at a
redshift z \ 0.695.

4.1. Burst Energetics
The gamma-ray Ñuence (integrated Ñux over time) is con-

verted from count rates under the assumption of a GRB
spectrum, the spectral evolution, and the true duration of
the GRB. These quantities are estimated from the GRB
data itself but can lead to large uncertainties (a factor of
a few) in the Ñuence determination. In Bloom, Frail, &
Sari (2001a) we developed a methodology to account for
these uncertainties as well as to ““ k-correct ÏÏ each Ñuence
measurement to a standard comoving bandpass. Utilizing
the redshift reported herein we found that the iso-
tropic-equivalent energy release in GRB 970228 was
(1.4 ^ 0.3) ] 1052 ergs in the comoving bandpass 20È2000
keV and a bolometric energy release of (2.7 ^ 1.0) ] 1052
ergs (Bloom et al. 2001a).

Since at least some GRBs are now believed to be jetted
(e.g., Frail et al. 2001), the true energy release may have been
signiÐcantly less than that implied if the energy release was
isotropic. The degree of jettedness in GRBs is most readily
determined by the observation of an achromatic break in
the afterglow light curves. As such, the slow decline and
absence of a strong break in the optical light curve of GRB
970228 (e.g., Galama et al. 1997) suggests that the GRB
emission was nearly isotropic (cf. Sari, Piran, & Halpern
1999), and so the knowledge of the total energy release is
primarily limited by the accuracy of the Ñuence measure-
ment.

4.2. T he O†set of the Gamma Ray Burst and the
Host Morphology

For the purpose of determining the position of the GRB
within its host, we examined the HST /STIS observations
taken on 1997 Sept 4.7 UT (Fruchter et al. 1999). The obser-
vation consisted of eight 575 s STIS clear (CCD 50) expo-
sures paired into four 1150 s images to facilitate removal of
cosmic rays. We processed these images using the drizzle
technique of Fruchter & Hook (1997) to create a Ðnal image
with a plate scale of pixel~1. To enhance the low0A.0254
surface brightness host galaxy, we smoothed this image
with a Gaussian of The optical transient is wellp \ 0A.043.
detected in Figure 2 (point source toward the south) and is
clearly o†set from the bulk of the detectable emission of the
host.

Two morphological features of the host stand out : a
bright knot manifested as a sharp 6 p peak near the centroid
of the host pointing north of the transient and an extension
from this knot toward the transient. Although as we
demonstrate below this host is a subluminous galaxy (i.e.,
not a classic late-type spiral galaxy), and we attributeL *these features to a nucleus and a spiral arm, respectively. It
is not unusual for dwarf galaxies to exhibit these canonical
Hubble-diagram structures (S. Odewahn 2000, private
communication).

Centroiding the transient and the nucleus components
within a 3 pixel aperture radius about their respective peak,
we Ðnd an angular o†set of 436 ^ 14 mas between the
nucleus and the optical transient. With our assumed cos-
mology, this amounts to a projected physical distance of
3.34 ^ 0.11 kpc.h65~1

4.3. Physical Parameters of the Presumed Host Galaxy
We found the half-light radius of the host galaxy using

our Ðnal drizzled HST /STIS image : we mask a 3 ] 3 pixel
region around the position of the optical transient and
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Figure 1.7: Left panel: HST image of the host galaxy of GRB 970228 together with the location of the optical
afterglow. Right panel: optical spectrum of the host galaxy. Marked are the identified lines of [O II], [O III] and
[Ne III] with their rest frame wavelength.

We now know that the majority of optically identified GRB host galaxies (almost all of them for LongGRBs) have
redshift between Z = 4 and Z = 1, with a peak at Z = 2, as shown in Fig. 1.8. Noteworthy a few GRBs
are detected at Z > 8 making them among the farthest objects known. These redshifts imply that the isotropic
luminosity (the luminosity of an equivalent isotropic source) could be as high as 1052 erg s−1, corresponding to a
total isotropic energy emitted in γ-ray up to 1054 erg. In general it is found that LGRBs and SGRBs have similar
luminosities, but LGRB are about two orders of magnitude more energetic. Moreover short GRBs are usually
found at smaller redshifts, Fig. 1.8.
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FIG. 1.ÈTop : Weighted average spectrum of the host galaxy of GRB
970228, obtained at the Keck II telescope. Prominent emission lines [O II]
j3727, [O III] j5007, and possibly [Ne III] j3869 are labeled assuming the
lines originate from the host at redshift z \ 0.695. The notation ““ ns ÏÏ refers
to noise spikes from strong night-sky lines. Bottom : Average night-sky
spectrum observed during the GRB 970228 host observations, extracted
and averaged in exactly the same way as the host galaxy spectrum.

surements of the Hb j4861 and [O III] j4959 lines as well as
the higher Balmer lines.

The corrected [O II] j3727 line Ñux is (2.2 ^ 0.1) ] 10~17
ergs cm~2 s~1 Hz~1, and its observed equivalent width is

i.e., 30 ^ 2.4 in the rest frame. This is notWj \ 51 ^ 4 A! , A!
unusual for Ðeld galaxies in this redshift range (Hogg et al.
1998). The [Ne III] j3869 line, if real, has a Ñux of at most
10% of the [O II] j3727 line, which is reasonable for an
actively star-forming galaxy. The corrected [O III] j5007
line Ñux is (1.55 ^ 0.12) ] 10~17 ergs cm~2 s~1 Hz~1, and
its observed equivalent width is i.e.,Wj \ 30 ^ 2 A! ,
17.7 ^ 1.2 in the rest frame. For the Hb line, we derive anA!
upper limit of less than 3.4 ] 10~18 ergs cm~2 s~1 Hz~1
(D1 p) and for its observed equivalent width. WeWj \ 7 A!
note however that this measurement may be severely
a†ected by the poor night-sky subtraction.

The continuum Ñux at corresponding tojobs \ 4746 A! ,
is kJy, with a statistical measure-jrest \ 2800 A! , Fl \ 0.29

ment uncertainty of D10% and a systematic uncertainty of
30%, inherited from the overall Ñux zero-point uncertainty.
The continuum Ñux at corresponding to thejobs D 7525 A! ,
rest-frame B band, is kJy, with a statistical mea-Fl \ 0.77
surement uncertainty of D7% (plus 30% systematic).

4. IMPLICATIONS OF THE REDSHIFT

For the following discussion, we will assume a Ñat cos-
mology as suggested by recent results (e.g., de Bernardis et
al. 2000), with km s~1 Mpc~1, andH0 \ 65 )

M
\ 0.3,

For z \ 0.695, the luminosity distance is"0 \ 0.7.
1.40 ] 1028 cm, and 1A corresponds to 7.65 proper kpc or
13.0 comoving kpc in projection. By virtue of the close
spatial connection of GRB 970228 with the putative host
galaxy (see ° 1), we assume that GRB itself occurred at a
redshift z \ 0.695.

4.1. Burst Energetics
The gamma-ray Ñuence (integrated Ñux over time) is con-

verted from count rates under the assumption of a GRB
spectrum, the spectral evolution, and the true duration of
the GRB. These quantities are estimated from the GRB
data itself but can lead to large uncertainties (a factor of
a few) in the Ñuence determination. In Bloom, Frail, &
Sari (2001a) we developed a methodology to account for
these uncertainties as well as to ““ k-correct ÏÏ each Ñuence
measurement to a standard comoving bandpass. Utilizing
the redshift reported herein we found that the iso-
tropic-equivalent energy release in GRB 970228 was
(1.4 ^ 0.3) ] 1052 ergs in the comoving bandpass 20È2000
keV and a bolometric energy release of (2.7 ^ 1.0) ] 1052
ergs (Bloom et al. 2001a).

Since at least some GRBs are now believed to be jetted
(e.g., Frail et al. 2001), the true energy release may have been
signiÐcantly less than that implied if the energy release was
isotropic. The degree of jettedness in GRBs is most readily
determined by the observation of an achromatic break in
the afterglow light curves. As such, the slow decline and
absence of a strong break in the optical light curve of GRB
970228 (e.g., Galama et al. 1997) suggests that the GRB
emission was nearly isotropic (cf. Sari, Piran, & Halpern
1999), and so the knowledge of the total energy release is
primarily limited by the accuracy of the Ñuence measure-
ment.

4.2. T he O†set of the Gamma Ray Burst and the
Host Morphology

For the purpose of determining the position of the GRB
within its host, we examined the HST /STIS observations
taken on 1997 Sept 4.7 UT (Fruchter et al. 1999). The obser-
vation consisted of eight 575 s STIS clear (CCD 50) expo-
sures paired into four 1150 s images to facilitate removal of
cosmic rays. We processed these images using the drizzle
technique of Fruchter & Hook (1997) to create a Ðnal image
with a plate scale of pixel~1. To enhance the low0A.0254
surface brightness host galaxy, we smoothed this image
with a Gaussian of The optical transient is wellp \ 0A.043.
detected in Figure 2 (point source toward the south) and is
clearly o†set from the bulk of the detectable emission of the
host.

Two morphological features of the host stand out : a
bright knot manifested as a sharp 6 p peak near the centroid
of the host pointing north of the transient and an extension
from this knot toward the transient. Although as we
demonstrate below this host is a subluminous galaxy (i.e.,
not a classic late-type spiral galaxy), and we attributeL *these features to a nucleus and a spiral arm, respectively. It
is not unusual for dwarf galaxies to exhibit these canonical
Hubble-diagram structures (S. Odewahn 2000, private
communication).

Centroiding the transient and the nucleus components
within a 3 pixel aperture radius about their respective peak,
we Ðnd an angular o†set of 436 ^ 14 mas between the
nucleus and the optical transient. With our assumed cos-
mology, this amounts to a projected physical distance of
3.34 ^ 0.11 kpc.h65~1

4.3. Physical Parameters of the Presumed Host Galaxy
We found the half-light radius of the host galaxy using

our Ðnal drizzled HST /STIS image : we mask a 3 ] 3 pixel
region around the position of the optical transient and
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FIG. 1.ÈTop : Weighted average spectrum of the host galaxy of GRB
970228, obtained at the Keck II telescope. Prominent emission lines [O II]
j3727, [O III] j5007, and possibly [Ne III] j3869 are labeled assuming the
lines originate from the host at redshift z \ 0.695. The notation ““ ns ÏÏ refers
to noise spikes from strong night-sky lines. Bottom : Average night-sky
spectrum observed during the GRB 970228 host observations, extracted
and averaged in exactly the same way as the host galaxy spectrum.

surements of the Hb j4861 and [O III] j4959 lines as well as
the higher Balmer lines.

The corrected [O II] j3727 line Ñux is (2.2 ^ 0.1) ] 10~17
ergs cm~2 s~1 Hz~1, and its observed equivalent width is

i.e., 30 ^ 2.4 in the rest frame. This is notWj \ 51 ^ 4 A! , A!
unusual for Ðeld galaxies in this redshift range (Hogg et al.
1998). The [Ne III] j3869 line, if real, has a Ñux of at most
10% of the [O II] j3727 line, which is reasonable for an
actively star-forming galaxy. The corrected [O III] j5007
line Ñux is (1.55 ^ 0.12) ] 10~17 ergs cm~2 s~1 Hz~1, and
its observed equivalent width is i.e.,Wj \ 30 ^ 2 A! ,
17.7 ^ 1.2 in the rest frame. For the Hb line, we derive anA!
upper limit of less than 3.4 ] 10~18 ergs cm~2 s~1 Hz~1
(D1 p) and for its observed equivalent width. WeWj \ 7 A!
note however that this measurement may be severely
a†ected by the poor night-sky subtraction.

The continuum Ñux at corresponding tojobs \ 4746 A! ,
is kJy, with a statistical measure-jrest \ 2800 A! , Fl \ 0.29

ment uncertainty of D10% and a systematic uncertainty of
30%, inherited from the overall Ñux zero-point uncertainty.
The continuum Ñux at corresponding to thejobs D 7525 A! ,
rest-frame B band, is kJy, with a statistical mea-Fl \ 0.77
surement uncertainty of D7% (plus 30% systematic).

4. IMPLICATIONS OF THE REDSHIFT

For the following discussion, we will assume a Ñat cos-
mology as suggested by recent results (e.g., de Bernardis et
al. 2000), with km s~1 Mpc~1, andH0 \ 65 )

M
\ 0.3,

For z \ 0.695, the luminosity distance is"0 \ 0.7.
1.40 ] 1028 cm, and 1A corresponds to 7.65 proper kpc or
13.0 comoving kpc in projection. By virtue of the close
spatial connection of GRB 970228 with the putative host
galaxy (see ° 1), we assume that GRB itself occurred at a
redshift z \ 0.695.

4.1. Burst Energetics
The gamma-ray Ñuence (integrated Ñux over time) is con-

verted from count rates under the assumption of a GRB
spectrum, the spectral evolution, and the true duration of
the GRB. These quantities are estimated from the GRB
data itself but can lead to large uncertainties (a factor of
a few) in the Ñuence determination. In Bloom, Frail, &
Sari (2001a) we developed a methodology to account for
these uncertainties as well as to ““ k-correct ÏÏ each Ñuence
measurement to a standard comoving bandpass. Utilizing
the redshift reported herein we found that the iso-
tropic-equivalent energy release in GRB 970228 was
(1.4 ^ 0.3) ] 1052 ergs in the comoving bandpass 20È2000
keV and a bolometric energy release of (2.7 ^ 1.0) ] 1052
ergs (Bloom et al. 2001a).

Since at least some GRBs are now believed to be jetted
(e.g., Frail et al. 2001), the true energy release may have been
signiÐcantly less than that implied if the energy release was
isotropic. The degree of jettedness in GRBs is most readily
determined by the observation of an achromatic break in
the afterglow light curves. As such, the slow decline and
absence of a strong break in the optical light curve of GRB
970228 (e.g., Galama et al. 1997) suggests that the GRB
emission was nearly isotropic (cf. Sari, Piran, & Halpern
1999), and so the knowledge of the total energy release is
primarily limited by the accuracy of the Ñuence measure-
ment.

4.2. T he O†set of the Gamma Ray Burst and the
Host Morphology

For the purpose of determining the position of the GRB
within its host, we examined the HST /STIS observations
taken on 1997 Sept 4.7 UT (Fruchter et al. 1999). The obser-
vation consisted of eight 575 s STIS clear (CCD 50) expo-
sures paired into four 1150 s images to facilitate removal of
cosmic rays. We processed these images using the drizzle
technique of Fruchter & Hook (1997) to create a Ðnal image
with a plate scale of pixel~1. To enhance the low0A.0254
surface brightness host galaxy, we smoothed this image
with a Gaussian of The optical transient is wellp \ 0A.043.
detected in Figure 2 (point source toward the south) and is
clearly o†set from the bulk of the detectable emission of the
host.

Two morphological features of the host stand out : a
bright knot manifested as a sharp 6 p peak near the centroid
of the host pointing north of the transient and an extension
from this knot toward the transient. Although as we
demonstrate below this host is a subluminous galaxy (i.e.,
not a classic late-type spiral galaxy), and we attributeL *these features to a nucleus and a spiral arm, respectively. It
is not unusual for dwarf galaxies to exhibit these canonical
Hubble-diagram structures (S. Odewahn 2000, private
communication).

Centroiding the transient and the nucleus components
within a 3 pixel aperture radius about their respective peak,
we Ðnd an angular o†set of 436 ^ 14 mas between the
nucleus and the optical transient. With our assumed cos-
mology, this amounts to a projected physical distance of
3.34 ^ 0.11 kpc.h65~1

4.3. Physical Parameters of the Presumed Host Galaxy
We found the half-light radius of the host galaxy using

our Ðnal drizzled HST /STIS image : we mask a 3 ] 3 pixel
region around the position of the optical transient and

Figure 1.8: Left panel: distribution of the redshift of host galaxies of selected long GRBs. Right panel: redshift
distribution for Long (light grey) and Short (dark grey) GRBs.

In 1998 for the first time, it was found an optical counterpart of a GRB in the SN 1998bw, Fig. 1.9. GRB 980425
is a Long one, and SN 1998bw is a type Ic supernova. Type Ic SNe are core collapse SNe that show no H and
He lines, and are usually associated to the death of massive stars M > 30M�, that have lost their outer H and He
envelope via powerful stellar winds (other possibilities include lower massive stars in a binary system that have
lost their outer layers due to mass transfer in a common envelope phase, or convective star undergoing chemical
mixing). Today we know about 20 GRB-SN firm associations (in several GRBs late time optical bump in the
light-curve are often interpreted as the evidence of an underlying SN).
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Fig. 1.— Evolution of the GRB03029/SN2003 spectrum, from April 1.13 UT (2.64 days

after the burst), to April 8.13 UT (9.64 days after the burst). The early spectra consist of a

power-law continuum (Fν ∝ ν−0.9) with narrow emission lines originating from HII regions

in the host galaxy at a redshift of z=0.168. Spectra taken after Apr. 5 show the development

of broad peaks in the spectra characteristic of a supernova.
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Fig. 1. GRB 120729A: optical and X-ray (0.3–10 keV) light curves.
BRcIc magnitudes have been transformed into gri using transformation
equations from Jordi et al. (2006), see the main text for details. The
optical data are host-subtracted and have been corrected for foreground
and rest-frame extinction. Note that the errorbars are usually smaller
than the size of the plotted symbols. All LCs have been fit with a broken
power-law to determine the decay rate before (↵⌫,1) and after (↵⌫,2) and
the break (T⌫,B), as well as the timing of the break. ↵1 is approximately
the same in the optical and X-ray, as well as the time of the break (TB ⇡
0.1 d). After the break the X-ray decays at a faster rate than the optical
filters. In r and i we simultaneously fit a SN-component (i.e. a stretch
and luminosity factor relative to a redshifted, k-corrected template LC).
The paucity of optical points limits our analysis, however when fixing
the stretch factor to s = 1.0 in both filters, we find luminosity factors of
kr = 1.29 ± 0.19 and ki = 0.76 ± 0.11.

fitting the r and i LCs, see Sect. 2.5) to determine the de-
cay rate before (↵⌫,1) and after (↵⌫,2) the break, as well as the
timing of the break (T⌫,B). Our best-fitting parameters (fit be-
tween 0.005–30 d) are (1) X-ray: ↵X,1 = 0.97 ± 0.06, ↵X,2 =
3.54±0.27, TX,B = 0.12±0.02 d; (2) optical: ↵g,1 = 0.86±0.04,
↵g,2 = 2.49 ± 0.14, Tg,B = 0.11 ± 0.02 d; ↵r,1 = 0.86 ± 0.03,
↵r,2 = 2.85±0.10, Tr,B = 0.10±0.02 d; ↵i,1 = 0.95±0.07, ↵i,2 =
2.77 ± 0.22, and Ti,B = 0.14 ± 0.04 d. The time the LC breaks
is approximately the same at all frequencies (TB ⇡ 0.11 d). The
value of ↵1 is roughly the same at all wavelengths before the
break, and while ↵2 is steeper in the X-ray than the optical, it is
quite similar in all optical bands, although there is a hint that it
decays slightly slower in g, though of course the paucity of ob-
servations limits how much we can comment on this. If instead
we fit the optical LCs simultaneously, assuming that the time the
LC breaks and the decay constants before and after the break
are the same, we find ↵opt,1 = 0.89 ± 0.09, ↵opt,2 = 2.70 ± 0.18,
Topt,B = 0.10 ± 0.04 d.

If the achromatic break at t � t0 ⇡ 0.11 d is interpreted as a
jet break, it is possible to estimate the angular width of the jet
using Eq. (4) in Piran (2004). Assuming a density of n = 1 cm�3

and an isotropic kinetic energy in the ejecta ⌘ ⌘Eiso,�, where ⌘
is the radiative e�ciency and we assume a value of ⌘ = 0.2, we
estimate an opening angle of ✓ ⇡ 4.4�. Using Eiso,� = 2.3+0.3

�1.5 ⇥
1052, this in turn this implies a beaming-corrected �-ray energy
release of E✓� = ( ✓

2

2 )Eiso,� ⇠ 6.8 ⇥ 1049 erg. If the density is
higher, n = 10, the opening angle is larger (✓ ⇡ 5.7�), and so is
the beam-corrected kinetic energy (E✓,� ⇠ 1.2 ⇥ 1050 erg).

2.3. The spectral energy distribution

We combined our host-subtracted GTC magnitudes at t � t0 =
0.75 d, which were corrected for foreground extinction and

Fig. 2. GRB 120729A: rest-frame X-ray to optical SED of the AG at
t � t0 = 0.42 d. A single PL provides a good fit to the data, with � =
1.0 ± 0.1. Our best-fitting parameters (�2/d.o.f. = 29.6/28) are AV =
0.15 mag (<0.55 at 90% CL), and an intrinsic column absorption of
NH = 1.0 ⇥ 1021 cm�2 (<2.7 ⇥ 1021 at 90% CL).

converted into monochromatic fluxes, with contemporaneous
X-ray observations to construct an X-ray to optical spectral en-
ergy distribution (SED), with the intention of deriving an esti-
mate of the amount of rest-frame extinction (Fig. 2). We used the
general procedure outlined in Guidorzi et al. (2009) when con-
structing the energy spectrum. As there are fewer X-ray photons
at late times (the final observation is at t � t0 = 0.5 d), the X-ray
spectrum was accumulated from 0.046 to 0.074 days with 2.5 ks
exposure.

Both a single (�X = �O) and broken PL (�X��O = 0.5, which
is fixed) were fitted to the SED, and it was found that a cooling
break was not needed to fit the data, with a spectral index of
� = 1.0±0.1 proving to be a good fit. When a cooling break was
imposed upon the data, it was always found to occur below the
optical data. The paucity of data does not allow us to distinguish
between the di↵erent extinction curves of the Small Magellanic
Cloud (SMC), Large Magellanic Cloud (LMC), and Milky Way
(MW) from Pei (1992), therefore we adopted the SMC template
(which has proved to be a suitable fit to the AG SEDs, e.g. Kann
et al. 2006). Our best-fitting parameters (�2/d.o.f. = 29.6/28)
are AV = 0.15 mag (<0.55 at 90% CL), and an intrinsic column
absorption of NH = 1.0⇥1021 cm�2 (<2.7⇥1021 at 90% CL). To
convert the rest-frame extinction into equivalent observer-frame
extinctions in our SDSS filters we used the SMC extinction
template at z = 0.8 and the e↵ective wavelengths in Fukugita
et al. (1995), finding Ag,obs = 0.34 mag, Ar,obs = 0.26 mag and
Ai,obs = 0.20 mag. We used these values of the rest-frame extinc-
tion throughout our analysis of GRB 120729A.

2.4. The host galaxy

We used our griz observations of the host galaxy, taken at t� t0 ⇡
189 d and corrected for foreground extinction, to constrain some
of its key physical properties (Fig. 3). Our procedure involves
fitting the photometry with stellar population synthesis models
from Bruzual & Charlot (2003) with LePHARE (Arnouts et al.
1999). We used a Calzetti dust-attenuation law (Calzetti et al.
2000), a Chabrier initial mass function (Chabrier 2003), and a
grid of di↵erent star-burst ages with varying e-folding timescales
to derive theoretical galaxy spectra, which then were compared
to our photometry. A more elaborate description of our SED fit-
ting procedure and its caveats is given in Krühler et al. (2011).

A19, page 4 of 16

Figure 1.9: Left panel: DSS sky map if the region of GRB 980425. Dashed circles locate the position of two
BeppoSAX sources detected in coincidence with the GRB. The arrow marks the host galaxy of SN 1998bw. Right
panel: HST image of the host galaxy. The insert shows that the location where SN 1998bw exploded (see image
below it) coincides with a star forming region.

The GRB-SN association was confirmed in 2003 by GBR 030329 associated with SN2003h, where it was possible
to follow the evolution of the spectrum of the GRB into the spectrum of the SN: at early time the optical spectrum
is dominated by the non-termal emission form the GRB afterglow, which fades out progressively letting the SN
spectrum emerge at late time a shown Fig. 1.10. Today, apart from few rare events, where no SN was detected
even in deep searches, we can say that all LGRB are possibly associated with SNe. In particular it is found that
Long GRBs are associated to Type Ic supernovae, (on average there is one GRB every 100 SNe Ic), and that among



6 GRBS: WHAT OBSERVATIONS TELL US

type Ic SNe, GRBs are associated with the ones having the highest velocity ejecta, and that are usually referred as
Hypernovae.
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Fig. 1.— Evolution of the GRB03029/SN2003 spectrum, from April 1.13 UT (2.64 days

after the burst), to April 8.13 UT (9.64 days after the burst). The early spectra consist of a

power-law continuum (Fν ∝ ν−0.9) with narrow emission lines originating from HII regions

in the host galaxy at a redshift of z=0.168. Spectra taken after Apr. 5 show the development

of broad peaks in the spectra characteristic of a supernova.
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Fig. 1. GRB 120729A: optical and X-ray (0.3–10 keV) light curves.
BRcIc magnitudes have been transformed into gri using transformation
equations from Jordi et al. (2006), see the main text for details. The
optical data are host-subtracted and have been corrected for foreground
and rest-frame extinction. Note that the errorbars are usually smaller
than the size of the plotted symbols. All LCs have been fit with a broken
power-law to determine the decay rate before (↵⌫,1) and after (↵⌫,2) and
the break (T⌫,B), as well as the timing of the break. ↵1 is approximately
the same in the optical and X-ray, as well as the time of the break (TB ⇡
0.1 d). After the break the X-ray decays at a faster rate than the optical
filters. In r and i we simultaneously fit a SN-component (i.e. a stretch
and luminosity factor relative to a redshifted, k-corrected template LC).
The paucity of optical points limits our analysis, however when fixing
the stretch factor to s = 1.0 in both filters, we find luminosity factors of
kr = 1.29 ± 0.19 and ki = 0.76 ± 0.11.

fitting the r and i LCs, see Sect. 2.5) to determine the de-
cay rate before (↵⌫,1) and after (↵⌫,2) the break, as well as the
timing of the break (T⌫,B). Our best-fitting parameters (fit be-
tween 0.005–30 d) are (1) X-ray: ↵X,1 = 0.97 ± 0.06, ↵X,2 =
3.54±0.27, TX,B = 0.12±0.02 d; (2) optical: ↵g,1 = 0.86±0.04,
↵g,2 = 2.49 ± 0.14, Tg,B = 0.11 ± 0.02 d; ↵r,1 = 0.86 ± 0.03,
↵r,2 = 2.85±0.10, Tr,B = 0.10±0.02 d; ↵i,1 = 0.95±0.07, ↵i,2 =
2.77 ± 0.22, and Ti,B = 0.14 ± 0.04 d. The time the LC breaks
is approximately the same at all frequencies (TB ⇡ 0.11 d). The
value of ↵1 is roughly the same at all wavelengths before the
break, and while ↵2 is steeper in the X-ray than the optical, it is
quite similar in all optical bands, although there is a hint that it
decays slightly slower in g, though of course the paucity of ob-
servations limits how much we can comment on this. If instead
we fit the optical LCs simultaneously, assuming that the time the
LC breaks and the decay constants before and after the break
are the same, we find ↵opt,1 = 0.89 ± 0.09, ↵opt,2 = 2.70 ± 0.18,
Topt,B = 0.10 ± 0.04 d.

If the achromatic break at t � t0 ⇡ 0.11 d is interpreted as a
jet break, it is possible to estimate the angular width of the jet
using Eq. (4) in Piran (2004). Assuming a density of n = 1 cm�3

and an isotropic kinetic energy in the ejecta ⌘ ⌘Eiso,�, where ⌘
is the radiative e�ciency and we assume a value of ⌘ = 0.2, we
estimate an opening angle of ✓ ⇡ 4.4�. Using Eiso,� = 2.3+0.3

�1.5 ⇥
1052, this in turn this implies a beaming-corrected �-ray energy
release of E✓� = ( ✓

2

2 )Eiso,� ⇠ 6.8 ⇥ 1049 erg. If the density is
higher, n = 10, the opening angle is larger (✓ ⇡ 5.7�), and so is
the beam-corrected kinetic energy (E✓,� ⇠ 1.2 ⇥ 1050 erg).

2.3. The spectral energy distribution

We combined our host-subtracted GTC magnitudes at t � t0 =
0.75 d, which were corrected for foreground extinction and

Fig. 2. GRB 120729A: rest-frame X-ray to optical SED of the AG at
t � t0 = 0.42 d. A single PL provides a good fit to the data, with � =
1.0 ± 0.1. Our best-fitting parameters (�2/d.o.f. = 29.6/28) are AV =
0.15 mag (<0.55 at 90% CL), and an intrinsic column absorption of
NH = 1.0 ⇥ 1021 cm�2 (<2.7 ⇥ 1021 at 90% CL).

converted into monochromatic fluxes, with contemporaneous
X-ray observations to construct an X-ray to optical spectral en-
ergy distribution (SED), with the intention of deriving an esti-
mate of the amount of rest-frame extinction (Fig. 2). We used the
general procedure outlined in Guidorzi et al. (2009) when con-
structing the energy spectrum. As there are fewer X-ray photons
at late times (the final observation is at t � t0 = 0.5 d), the X-ray
spectrum was accumulated from 0.046 to 0.074 days with 2.5 ks
exposure.

Both a single (�X = �O) and broken PL (�X��O = 0.5, which
is fixed) were fitted to the SED, and it was found that a cooling
break was not needed to fit the data, with a spectral index of
� = 1.0±0.1 proving to be a good fit. When a cooling break was
imposed upon the data, it was always found to occur below the
optical data. The paucity of data does not allow us to distinguish
between the di↵erent extinction curves of the Small Magellanic
Cloud (SMC), Large Magellanic Cloud (LMC), and Milky Way
(MW) from Pei (1992), therefore we adopted the SMC template
(which has proved to be a suitable fit to the AG SEDs, e.g. Kann
et al. 2006). Our best-fitting parameters (�2/d.o.f. = 29.6/28)
are AV = 0.15 mag (<0.55 at 90% CL), and an intrinsic column
absorption of NH = 1.0⇥1021 cm�2 (<2.7⇥1021 at 90% CL). To
convert the rest-frame extinction into equivalent observer-frame
extinctions in our SDSS filters we used the SMC extinction
template at z = 0.8 and the e↵ective wavelengths in Fukugita
et al. (1995), finding Ag,obs = 0.34 mag, Ar,obs = 0.26 mag and
Ai,obs = 0.20 mag. We used these values of the rest-frame extinc-
tion throughout our analysis of GRB 120729A.

2.4. The host galaxy

We used our griz observations of the host galaxy, taken at t� t0 ⇡
189 d and corrected for foreground extinction, to constrain some
of its key physical properties (Fig. 3). Our procedure involves
fitting the photometry with stellar population synthesis models
from Bruzual & Charlot (2003) with LePHARE (Arnouts et al.
1999). We used a Calzetti dust-attenuation law (Calzetti et al.
2000), a Chabrier initial mass function (Chabrier 2003), and a
grid of di↵erent star-burst ages with varying e-folding timescales
to derive theoretical galaxy spectra, which then were compared
to our photometry. A more elaborate description of our SED fit-
ting procedure and its caveats is given in Krühler et al. (2011).

A19, page 4 of 16

Figure 1.10: Left panel: evolution of the optical spectrum of GRB 030329. During a period of 8 days it is
possible to see that the spectrum of the optical afterglow changes from a simple power-law, to a more structured
shape. Middle panel: optical residuals with respect to a pure power-law of the spectrum of GRB 030329 at 8 days,
compared with optical spectra of the typical Type Ic supernova SN 1998bw at similar times. Right panel: afterglow
evolution of GRB 120729A in various bands. The optical-IR bump observed at ∼ 10 days is interpreted as the
emerging light from the associated SN.

Studies of X-ray and optical afterglows, enabled us to characterize the LGRBa and SGRB populations better than
what could be simply done from the γ-ray prompt emission alone. Later, afterglows were discovered also in
radio, hundreds of days after the prompt emission. It was found that SGRBs and LGRBs trace two distinct stellar
populations. SGRBs are found in more massive galaxies including large spirals (Milkyway type) and elliptical,
while LGRBs happen preferentially in smaller irregular blue galaxies with mass . 1010M�, Fig. 1.11. SGRBs
select in general for older stellar populations, while LGRBs trace younger stars (they tend to be associated with
star forming systems, and in general their redshift distribution tends to follow the high-mass star formation rate).
They also differ in terms of their typical location within the host galaxy: SGRBs tend to be found at larger offset
from the center than LGRBs. Moreover all SN-GRBs association are with Long one.
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Figure 2. Optical and near-IR SED of GRB 050709 with the three models used in this paper to extract the stellar mass and population age. Symbols are as in Figure 1.
Left: single age SSP model. Center: young+old SSP model (magenta = old; cyan = young) with the old population age fixed at the age of the universe at the redshift
of the burst (z = 0.161 in this case). Right: maximal mass model with the population age fixed at the age of the universe and using only the K-band photometry. The
young+old model leads to total masses intermediate between the single age SSP and the maximal models, and has younger ages for the young population than the
single age SSP model. The resulting best-fit masses and ages for the three models are listed in Table 2.
(A color version of this figure is available in the online journal.)

Table 3
Stellar Ages and Masses of Long GRB Host Galaxies

GRB z SSPa log(MMax)b

Age Mass χ2
r (M!)

(Gyr) (M!)

970228 0.695 0.14 8.6 1.1 8.7
970508 0.835 0.07 8.5 0.4 8.8
980613 1.097 0.05 9.1 3.6 9.4

0.02c 9.0 1.0
980703 0.966 0.05 9.3 1.0 10.8
990123 1.600 0.05 9.4 2.0 9.7
990712 0.433 0.11 9.1 1.1 9.3
991208 0.706 0.10 8.8 0.6 9.0
000210 0.846 0.12 9.3 0.7 9.5
000418 1.118 0.05 9.3 2.0 9.6
000911 1.058 0.06 8.9 0.2 9.6
010222 1.480 0.06 8.6 0.8 8.9
010921 0.451 0.22 9.6 0.4 9.6
011121 0.362 0.24 9.5 2.0 10.3
020813 1.255 0.09 9.4 1.3 9.6
020819b 0.410 0.35 10.3 1.0 10.5
020903 0.251 0.01 7.8 0.9 9.1
030328 1.520 0.06 9.3 0.7 9.6
030329 0.168 0.01 6.8 1.1 8.0
030528 0.782 0.01 9.0 0.4 10.0

0.04d 8.6 0.7
050826 0.296 0.50 9.9 2.0 11.0
060218 0.034 0.01 6.7 0.1 9.1

0.06d 7.5 0.3
060505 0.089 0.23 9.4 2.4 9.7

0.01e 8.3 0.9
060614 0.125 0.57 8.1 0.3 9.2

Notes. Stellar population parameters derived from the broadband SEDs using
the Maraston (2005) stellar population synthesis models (Section 3).
a Fit with a single stellar population age.
b The maximal mass is derived using the observed K-band flux in conjunction
with the maximal age allowed by the burst redshift.
c This model includes host extinction with AV,host = 0.5 mag.
d These hosts exhibit two acceptable, non-contiguous solutions.
e This model includes host extinction with AV,host = 0.3 mag.

techniques used here. We use a metallicity of 0.5 Z!, appropriate
for long GRB hosts, which out to z ∼ 0.5 have a median
metallicity of about 0.3 Z! (Stanek et al. 2006; Savaglio et al.
2009; Levesque et al. 2010a, 2010b). We derive single age SSP
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Figure 3. Histograms of inferred stellar masses from the single stellar population
fits shown in Figure 1 for the hosts of short (black) and long (gray) GRBs. The
inset shows the cumulative distributions, including for the subset of late-type
short GRB hosts (blue). The median values for the three samples are given in
parentheses, and the K-S probabilities that the distributions of short and long
GRB hosts, as well as star-forming short GRB and long GRB hosts, are drawn
from the same distribution are provided in the inset.
(A color version of this figure is available in the online journal.)

values, and maximal masses using the K-band photometry alone.
The results are listed in Table 3. As in the case of the short GRB
hosts, we do not include the effects of extinction, unless strictly
required by the goodness of fit (see Table 3).

4. HOST GALAXY STELLAR MASSES AND AGES

4.1. Short GRB Host Galaxies

The distribution of stellar masses for the short GRB hosts
derived from the single age SSP fits is shown in Figure 3.
We find that the masses span three orders of magnitude,
MSSP ≈ 6 × 108–4 × 1011 M!, with a median value of
〈MSSP〉 ≈ 1.3 × 1010M!. Dividing the sample into early- and
late-type host galaxies we find that the former span the range
MSSP ≈ (2–40) × 1010 M!, while the latter have much lower
masses of MSSP ≈ (0.06–2) × 1010 M!. The clear distinction
between the two samples partially reflects the bias of single
age SSP models, which for the late-type hosts are dominated
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Figure 6. Single stellar population masses plotted as a function of redshift for the
hosts of short (black) and long (gray) GRBs. Circles and stars designate early-
and late-type short GRB hosts, respectively. Filled symbols designate hosts
identified through optical afterglow positions, thick open symbols designate
hosts identified through coincidence with Swift/XRT error circles, and thin open
symbols designate galaxies identified as potential hosts for short GRBs with
optical afterglows based on chance coincidence probabilities (Berger 2010a).
Open gray symbols designate the ambiguous long GRBs 060505 and 060614.
In all cases the lines indicate the maximal masses. The arrow indicates the
rough value of M∗ for the general galaxy mass function used in the analysis of
Section 5.1.2.
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Figure 7. Histograms of inferred stellar population ages from the single stellar
population fits shown in Figure 1 for the hosts of short (black) and long (gray)
GRBs. The inset shows the cumulative distributions, including for the subset of
late-type short GRB hosts (blue). The median values for the three samples are
given in parentheses, and the K-S probabilities that the distributions of short
and long GRB hosts, as well as star-forming short GRB and long GRB hosts
are drawn from the same distribution, are provided in the inset.
(A color version of this figure is available in the online journal.)

accounted for by the forced old population. The median age for
the young population in this model is about 0.1 Gyr (Table 2).

Finally, in Figure 8 we plot age as a function of redshift for the
single age SSP models. For the full sample we find a significant
negative correlation between the two quantities, with a Kendall’s
τ value of −0.57, corresponding to a null hypothesis (no-
correlation) probability of only ≈0.01. However, the correlation
appears to be due mainly to hosts identified in coincidence with
XRT error circles and through chance coincidence probabilities.
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Figure 8. Single stellar population ages plotted as a function of redshift for the
hosts of short (black) and long (gray) GRBs. Symbols are as in Figure 6.

If we restrict the sample to hosts identified in coincidence
with optical afterglows, then no significant correlation is found
(Kendall’s τ value of −0.33 with a no-correlation probability
of 0.26). We note that for the maximal and young+old models
we cannot associate an age with the old stellar population due
to our conservative assumption that it is equivalent to the age of
the universe.

4.2. Long GRB Host Galaxies

For the long GRB host comparison sample we derive single
age SSP parameters, as well as maximal masses. For the SSP
model we find a range of MSSP ≈ 6 × 106–2 × 1010 M%, with
a median value of 〈MSSP〉 ≈ 1.3 × 109 M% (Figure 3). The
maximal masses span MMax ≈ 9 × 107–9 × 1010 M%, with
a median value of 〈MMax〉 ≈ 4.0 × 109M% (Figure 4). Our
median SSP and maximal values bracket the median masses of
2 × 109 M% and 1.8 × 109 M% found by Savaglio et al. (2009)
and Levesque et al. (2010b), respectively. We also note that
the median ratio of MMax/MSSP ≈ 3 for the long GRB hosts is
more modest than for the late-type short GRB hosts (see above),
indicating that long GRB hosts do not generally harbor massive
old stellar populations.

As in the case of the short GRB hosts, we find no clear
correlation between redshift and stellar mass, although the
lowest redshift hosts (z ! 0.25) appear to have lower than
average masses (Figure 6). These hosts also exhibit some of the
largest ratios of MMax/MSSP, so the low masses may be at least
partially due to their very young ages (four of the five hosts are
consistent with ages of only ∼10 Myr; see Table 3 and Figure 8).

The SSP stellar population ages span about 10–570 Myr, with
a median value of 〈τSSP〉 ≈ 65 Myr. We find no clear correlation
between the ages and redshifts of these hosts, although there
appears to be a larger spread in ages at z ! 0.5 than at higher
redshifts. The inferred ages are in good agreement with the
analysis of Christensen et al. (2004) for a smaller sample.

Finally, we pay particular attention to the hosts of GRBs
060505 and 060614 since these nearby bursts had long durations
but lacked an associated supernova, possibly pointing to a non-
massive star origin (Della Valle et al. 2006; Fynbo et al. 2006;
Gal-Yam et al. 2006; Gehrels et al. 2006; Ofek et al. 2007;
Levesque & Kewley 2007; Thöne et al. 2008). For the host
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Figure 1.11: Left and Middle panels: stellar mass distribution and stellar age distribution of the host galaxies for
Long and Short GRBs. Right panel: cumulative distribution of the offset of Long and Short GRBs with respect to
the center of the galaxy.
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This suggested that LBRGs should be associated with the death of massive stars, and might constitute the high
energy tail of regular CC SNe. SGRBs are instead associated to an older population, and their canonical model
invokes the coalescence of NS-NS or NS-BH binaries.

One of the most interesting phenomenology observed in the afterglow of GRBs was the presence of late time jet-
breaks. Jet-breaks are achromatic changes in the light curve (a steepening), observed typically a few days after
prompt emission, and that are interpreted as an evidence for the collimation of a decelerating outflow (see Sect. ??).
In Fig. 1.12, we show a typical example of jet-break, together with one of the fist study on the distribution of the
jet-break time.
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Figure 2. Optical and near-IR SED of GRB 050709 with the three models used in this paper to extract the stellar mass and population age. Symbols are as in Figure 1.
Left: single age SSP model. Center: young+old SSP model (magenta = old; cyan = young) with the old population age fixed at the age of the universe at the redshift
of the burst (z = 0.161 in this case). Right: maximal mass model with the population age fixed at the age of the universe and using only the K-band photometry. The
young+old model leads to total masses intermediate between the single age SSP and the maximal models, and has younger ages for the young population than the
single age SSP model. The resulting best-fit masses and ages for the three models are listed in Table 2.
(A color version of this figure is available in the online journal.)

Table 3
Stellar Ages and Masses of Long GRB Host Galaxies

GRB z SSPa log(MMax)b

Age Mass χ2
r (M!)

(Gyr) (M!)

970228 0.695 0.14 8.6 1.1 8.7
970508 0.835 0.07 8.5 0.4 8.8
980613 1.097 0.05 9.1 3.6 9.4

0.02c 9.0 1.0
980703 0.966 0.05 9.3 1.0 10.8
990123 1.600 0.05 9.4 2.0 9.7
990712 0.433 0.11 9.1 1.1 9.3
991208 0.706 0.10 8.8 0.6 9.0
000210 0.846 0.12 9.3 0.7 9.5
000418 1.118 0.05 9.3 2.0 9.6
000911 1.058 0.06 8.9 0.2 9.6
010222 1.480 0.06 8.6 0.8 8.9
010921 0.451 0.22 9.6 0.4 9.6
011121 0.362 0.24 9.5 2.0 10.3
020813 1.255 0.09 9.4 1.3 9.6
020819b 0.410 0.35 10.3 1.0 10.5
020903 0.251 0.01 7.8 0.9 9.1
030328 1.520 0.06 9.3 0.7 9.6
030329 0.168 0.01 6.8 1.1 8.0
030528 0.782 0.01 9.0 0.4 10.0

0.04d 8.6 0.7
050826 0.296 0.50 9.9 2.0 11.0
060218 0.034 0.01 6.7 0.1 9.1

0.06d 7.5 0.3
060505 0.089 0.23 9.4 2.4 9.7

0.01e 8.3 0.9
060614 0.125 0.57 8.1 0.3 9.2

Notes. Stellar population parameters derived from the broadband SEDs using
the Maraston (2005) stellar population synthesis models (Section 3).
a Fit with a single stellar population age.
b The maximal mass is derived using the observed K-band flux in conjunction
with the maximal age allowed by the burst redshift.
c This model includes host extinction with AV,host = 0.5 mag.
d These hosts exhibit two acceptable, non-contiguous solutions.
e This model includes host extinction with AV,host = 0.3 mag.

techniques used here. We use a metallicity of 0.5 Z!, appropriate
for long GRB hosts, which out to z ∼ 0.5 have a median
metallicity of about 0.3 Z! (Stanek et al. 2006; Savaglio et al.
2009; Levesque et al. 2010a, 2010b). We derive single age SSP
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Figure 3. Histograms of inferred stellar masses from the single stellar population
fits shown in Figure 1 for the hosts of short (black) and long (gray) GRBs. The
inset shows the cumulative distributions, including for the subset of late-type
short GRB hosts (blue). The median values for the three samples are given in
parentheses, and the K-S probabilities that the distributions of short and long
GRB hosts, as well as star-forming short GRB and long GRB hosts, are drawn
from the same distribution are provided in the inset.
(A color version of this figure is available in the online journal.)

values, and maximal masses using the K-band photometry alone.
The results are listed in Table 3. As in the case of the short GRB
hosts, we do not include the effects of extinction, unless strictly
required by the goodness of fit (see Table 3).

4. HOST GALAXY STELLAR MASSES AND AGES

4.1. Short GRB Host Galaxies

The distribution of stellar masses for the short GRB hosts
derived from the single age SSP fits is shown in Figure 3.
We find that the masses span three orders of magnitude,
MSSP ≈ 6 × 108–4 × 1011 M!, with a median value of
〈MSSP〉 ≈ 1.3 × 1010M!. Dividing the sample into early- and
late-type host galaxies we find that the former span the range
MSSP ≈ (2–40) × 1010 M!, while the latter have much lower
masses of MSSP ≈ (0.06–2) × 1010 M!. The clear distinction
between the two samples partially reflects the bias of single
age SSP models, which for the late-type hosts are dominated
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Figure 6. Single stellar population masses plotted as a function of redshift for the
hosts of short (black) and long (gray) GRBs. Circles and stars designate early-
and late-type short GRB hosts, respectively. Filled symbols designate hosts
identified through optical afterglow positions, thick open symbols designate
hosts identified through coincidence with Swift/XRT error circles, and thin open
symbols designate galaxies identified as potential hosts for short GRBs with
optical afterglows based on chance coincidence probabilities (Berger 2010a).
Open gray symbols designate the ambiguous long GRBs 060505 and 060614.
In all cases the lines indicate the maximal masses. The arrow indicates the
rough value of M∗ for the general galaxy mass function used in the analysis of
Section 5.1.2.
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(A color version of this figure is available in the online journal.)

accounted for by the forced old population. The median age for
the young population in this model is about 0.1 Gyr (Table 2).

Finally, in Figure 8 we plot age as a function of redshift for the
single age SSP models. For the full sample we find a significant
negative correlation between the two quantities, with a Kendall’s
τ value of −0.57, corresponding to a null hypothesis (no-
correlation) probability of only ≈0.01. However, the correlation
appears to be due mainly to hosts identified in coincidence with
XRT error circles and through chance coincidence probabilities.
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Figure 8. Single stellar population ages plotted as a function of redshift for the
hosts of short (black) and long (gray) GRBs. Symbols are as in Figure 6.

If we restrict the sample to hosts identified in coincidence
with optical afterglows, then no significant correlation is found
(Kendall’s τ value of −0.33 with a no-correlation probability
of 0.26). We note that for the maximal and young+old models
we cannot associate an age with the old stellar population due
to our conservative assumption that it is equivalent to the age of
the universe.

4.2. Long GRB Host Galaxies

For the long GRB host comparison sample we derive single
age SSP parameters, as well as maximal masses. For the SSP
model we find a range of MSSP ≈ 6 × 106–2 × 1010 M%, with
a median value of 〈MSSP〉 ≈ 1.3 × 109 M% (Figure 3). The
maximal masses span MMax ≈ 9 × 107–9 × 1010 M%, with
a median value of 〈MMax〉 ≈ 4.0 × 109M% (Figure 4). Our
median SSP and maximal values bracket the median masses of
2 × 109 M% and 1.8 × 109 M% found by Savaglio et al. (2009)
and Levesque et al. (2010b), respectively. We also note that
the median ratio of MMax/MSSP ≈ 3 for the long GRB hosts is
more modest than for the late-type short GRB hosts (see above),
indicating that long GRB hosts do not generally harbor massive
old stellar populations.

As in the case of the short GRB hosts, we find no clear
correlation between redshift and stellar mass, although the
lowest redshift hosts (z ! 0.25) appear to have lower than
average masses (Figure 6). These hosts also exhibit some of the
largest ratios of MMax/MSSP, so the low masses may be at least
partially due to their very young ages (four of the five hosts are
consistent with ages of only ∼10 Myr; see Table 3 and Figure 8).

The SSP stellar population ages span about 10–570 Myr, with
a median value of 〈τSSP〉 ≈ 65 Myr. We find no clear correlation
between the ages and redshifts of these hosts, although there
appears to be a larger spread in ages at z ! 0.5 than at higher
redshifts. The inferred ages are in good agreement with the
analysis of Christensen et al. (2004) for a smaller sample.

Finally, we pay particular attention to the hosts of GRBs
060505 and 060614 since these nearby bursts had long durations
but lacked an associated supernova, possibly pointing to a non-
massive star origin (Della Valle et al. 2006; Fynbo et al. 2006;
Gal-Yam et al. 2006; Gehrels et al. 2006; Ofek et al. 2007;
Levesque & Kewley 2007; Thöne et al. 2008). For the host
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Figure 1.12: Left panel: example of achromatic jet-break; evolution of the afterglow light-curve in four different
bands. Right panel distribution of observed jet breaks in Long-GRBs, as a function of time since burst.

In 2004 with the launch of the X-ray/UV satellite Swift, it became possible to conduct systematic studies of the
afterglows of GRBs. The most interesting phenomenology discovered with Swift was the so called late time activity
present in the afterglow, Fig. 1.13. By late time activity, we mean evidence in the afterglow, of some kinds of late
time energy injection, either in the form of plateaus, or in the form of flares/rebrightenings. These are also observed
in Short GRBs, about 100-1000 second after the prompt emission. Such energy injection demanded a long lasting
engine, setting strong constraints on the possible mechanism at the origin of GRBs.
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Figure 6. Comparison between XRT-light curves of Swift GRBs (Evans et al. 2007) with late-time decay index α > 2 and their CB-model descriptions assuming an
isothermal-sphere density profile for, top left (a): GRB 050318. Top right (b): GRB 050326. Middle left (c): GRB 051008. Middle right (d): GRB 050814. Bottom left
(e): GRB 061019. Bottom right (f): GRB 070306.
(A color version of this figure is available in the online journal.)

and 080109, however, the ICS optical peaks have a large lag time
and are clearly visible as humps in the light curves at different
optical wavelengths (see Figure 9).

4.5. Chromatic Afterglows

The early-time light curves of LGRBs are very chromatic
because their prompt γ -ray and X-ray emission is dominated
by ICS, while their optical emission is dominated by SR with
entirely different temporal and spectral properties. Even in
XRFs, where the prompt optical emission is also dominated
by ICS, the light curves are very chromatic because the ICS
pulses, which satisfy the “E t2 law,” are by themselves very
chromatic (see Figures 9 and 10).

The AG emission in GRBs is dominated by SR at all
wavelengths. In XRFs, the situation is more interesting: the same

statement is not correct, should one adhere to the traditional
definition of AG as anything seen after the decline of the prompt
X- or γ - signal. This is discussed in detail in Section 5.1.8 on
XRF 060218. The observed chromatic behavior of the AGs
results from their dependence on the circumburst density, the
bend frequency, and the attenuation of light along the line of
sight to the source of the AG. The most general behavior—that
takes into account light attenuation inside the CBs and in the
circumburst environment, CB expansion and density variation
as summarized in Equation (26), and the chromatic light curves
of superimposed flares—is rather complex and will not be
discussed in detail in this paper. The behavior becomes simpler
when the CB and circumburst medium become transparent
to radiation and the fast expansion of the CB has slowed
down.
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Figure 1. Comparison between Swift observations of canonical GRB X-ray light curves and their CB-model description for, top left (a): GRB 060729. Top right (b):
GRB 060729 at early time. Middle left (c): GRB 061121. Middle right (d): GRB 061121 at early time. Bottom left (e): GRB 050319. Bottom right (f): GRB 050319
at early time.
(A color version of this figure is available in the online journal.)

and AG fluences (e.g., Piran 1999, 2000). We have discussed
elsewhere other problems of FB models (DD2004; Dar 2005,
and references therein), including those related to “jet breaks”
(e.g., DDD2002a; DDD2006; Dar 2005), and the a posteriori
explanations of the reported detections (GRB 021206: Coburn
& Boggs 2003, see, however, Wigger et al. 2004 and Rutledge
& Fox 2004; GRBs 930131 and GRB 960924: Willis et al.
2005; GRB 041219A: Kalemci et al. 2007; McGlynn et al.
2007) of large γ -ray polarization (DDD2007b, and references
therein).

The Swift data have challenged the prevailing views on
GRBs. Kumar et al. (2007) concluded that the prompt γ -ray
emission cannot be produced in shocks, internal or external.

Zhang et al. (2008) found that the fast decay and rapid spectral
softening ending the prompt emission cannot be explained by
high latitude emission. The X-ray and optical AGs of Swift
GRBs are very chromatic at early time in contrast with the
FB model expectation. Moreover, Curran et al. (2006) have
carefully examined Swift data and found that X-ray and optical
AGs have chromatic breaks which differ significantly from the
jet break of the blast-wave model of AGs. Burrows & Racusin
(2006) examined the XRT light curves of the first ∼ 150 Swift
GRBs and reported that the expected jet breaks are extremely
rare. In particular, Liang et al. (2008) have analyzed the Swift
X-ray data for the 179 GRBs detected between 2005 January
and 2007 January and the optical AGs of 57 pre- and post-Swift
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Figure 3. Comparison between “semicanonical” X-ray light curves of Swift GRBs and their CB-model description for, top left (a): GRB 060211A. Top right (b): GRB
061110A. Middle left (c): GRB 080307. Middle right (d): GRB 051021B. Bottom left (e): GRB 080303. Bottom right (f): GRB 070220.
(A color version of this figure is available in the online journal.)

et al. 2003; Stanek et al. 2003), and other spectroscopically
proven associations, e.g., GRB030213/SN2003lw (Malesani
et al. 2004), GRB021211/SN2002lt (Della Valle et al. 2006),
XRF060218/SN2006aj (Campana et al. 2006b; Pian et al. 2006;
Mazzali et al. 2006), and XRF080109/SN2008D (Malesani
et al. 2009; Modjaz et al. 2006; Soderberg et al. 2008).

The CB model (DD2004) has been applied successfully to
explain all the main observed properties of long GRBs and XRFs
before the Swift era (e.g., Dar 2005, and references therein). The
model is summarized in Section 2. For detailed accounts, see,
e.g., De Rújula (2007a, 2007b).

In this paper, we extend and refine our analysis of the temporal
and spectral behavior of the γ -ray, X-ray, and optical light curves
of GRBs during the prompt emission, the rapid-decay phase, and
the AG phase. The observed prompt spectrum in the γ -ray to X-

ray domain is the predicted one, which is Compton-dominated
in the CB model (DD2004). The observed widths of the γ -ray
and X-ray peaks, as well as lag-times between them and their
relative fluences, are in accordance with the model’s predictions,
if free–free absorption dominates the transparency of the CBs
to eV photons in the CBs’ rest frame. We investigate whether
or not the CB model can describe all the data in terms of only
two emission mechanisms: inverse Compton scattering (ICS)
and synchrotron radiation (SR). We shall see that this simple
picture, explicitly based on the predictions in DDD2002a and
DD2004, gives a straightforward and successful description of
the Swift GRB data, at all observed energies and times.

An exploding SN illuminates the progenitor’s earlier ejecta,
creating a glory of scattered and re-emitted light. In the CB
model, ICS of glory photons is the origin of the prompt
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Figure 1. Multi-instrument light curve for GRB 081024B. The top panel shows the sum of the background-subtracted signal from two NaI detectors. The second
panel is BGO detector 1. The third panel shows all the events recorded by the LAT, without any selection on the quality of the events (background subtracted). The
fourth panel shows the selected “transient” events above 100 MeV. The energy of events is reported at the right axis of the plot. The arrival times, the reconstructed
positions, and the energies of the 11 events are reported in Table 1.
(A color version of this figure is available in the online journal.)

Table 1
Selected LAT “Transient” Events with Energy Above 100 MeV

Time-Ttrig
a Energyb R.A. Decl. PSFc Dist.d

(s) (MeV) (deg) (deg) (deg) in PSF

1 0.229 145 ± 22 325.3 21.4 2.6 0.8
2 0.248 101 ± 17 323.2 18.7 3.4 0.7
3 0.320 442 ± 44 322.6 20.6 1.1 0.6
4 0.342 140 ± 21 322.2 20.2 2.7 0.4
5 0.391 441 ± 44 323.6 20.9 1.1 0.7
6 0.406 368 ± 41 323.1 18.8 1.2 1.2
7 0.551 3070 ± 230 322.9 21.2 0.2 0.2
8 1.223 350 ± 39 324.1 20.7 1.3 1.0
9 1.986 143 ± 22 325.0 24.2 2.6 1.4
10 2.184 1680 ± 130 322.7 21.5 0.4 1.0
11 2.801 386 ± 41 322.6 20.1 1.2 1.0

Notes. Bold values are relative to the two events with highest energies, greater
than 1 GeV.
a Arrival time with respect to the GBM trigger time Ttrig = 246576161.864.
b Reconstructed energy with estimated error. Errors are estimated using Monte
Carlo simulations from the width of the reconstructed energy distribution.
c Evaluated 68% containment radius from the PSF for “transient” events.
d Distance from the GRB position, in PSF units.

2.18 s. Table 1 contains the arrival times, the energies with the
estimated error, and the arrival directions of these 11 selected

events. The last two columns of the table are the estimated 68%
containment radii calculated from the PSF and the distance from
the localization of the GRB, in PSF units.

We studied the narrow spike visible in the full light curve
(third panel) of interval “a.” The probability to obtain the same
number of counts from background fluctuations is discarded at
the 3.5σ level. Furthermore, we performed dedicated Monte
Carlo simulations to estimate properly the energy of these
LAT photons. These events do not belong to the “transient”
class, which is the most generous event selection with minimal
requirements on direction and energy reconstructions. Typically,
they are discarded because they produce very few hits in the
tracker (<20), with a very short track, and very low raw energy
deposited in the calorimeter (<5 MeV). These topologies are
typical of low-energy events, with energies between 10 MeV and
40 MeV. If we select these topologies in the data, the probability
that this narrow pulse is the result of a background fluctuation
decreases to 5.9σ level.

We conclude that the spike in interval “a” in the LAT data is
significant, with energies below 100 MeV (although the energy
resolution for this class of events is relatively poor, ∼50%, from
Monte Carlo simulations).

A common method for estimating GRB durations is to
compute the T90 which measures the duration of the time interval
during which 90% of the total observed counts have been
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Figure 1. Multi-instrument light curve for GRB 081024B. The top panel shows the sum of the background-subtracted signal from two NaI detectors. The second
panel is BGO detector 1. The third panel shows all the events recorded by the LAT, without any selection on the quality of the events (background subtracted). The
fourth panel shows the selected “transient” events above 100 MeV. The energy of events is reported at the right axis of the plot. The arrival times, the reconstructed
positions, and the energies of the 11 events are reported in Table 1.
(A color version of this figure is available in the online journal.)

Table 1
Selected LAT “Transient” Events with Energy Above 100 MeV

Time-Ttrig
a Energyb R.A. Decl. PSFc Dist.d

(s) (MeV) (deg) (deg) (deg) in PSF

1 0.229 145 ± 22 325.3 21.4 2.6 0.8
2 0.248 101 ± 17 323.2 18.7 3.4 0.7
3 0.320 442 ± 44 322.6 20.6 1.1 0.6
4 0.342 140 ± 21 322.2 20.2 2.7 0.4
5 0.391 441 ± 44 323.6 20.9 1.1 0.7
6 0.406 368 ± 41 323.1 18.8 1.2 1.2
7 0.551 3070 ± 230 322.9 21.2 0.2 0.2
8 1.223 350 ± 39 324.1 20.7 1.3 1.0
9 1.986 143 ± 22 325.0 24.2 2.6 1.4
10 2.184 1680 ± 130 322.7 21.5 0.4 1.0
11 2.801 386 ± 41 322.6 20.1 1.2 1.0

Notes. Bold values are relative to the two events with highest energies, greater
than 1 GeV.
a Arrival time with respect to the GBM trigger time Ttrig = 246576161.864.
b Reconstructed energy with estimated error. Errors are estimated using Monte
Carlo simulations from the width of the reconstructed energy distribution.
c Evaluated 68% containment radius from the PSF for “transient” events.
d Distance from the GRB position, in PSF units.

2.18 s. Table 1 contains the arrival times, the energies with the
estimated error, and the arrival directions of these 11 selected

events. The last two columns of the table are the estimated 68%
containment radii calculated from the PSF and the distance from
the localization of the GRB, in PSF units.

We studied the narrow spike visible in the full light curve
(third panel) of interval “a.” The probability to obtain the same
number of counts from background fluctuations is discarded at
the 3.5σ level. Furthermore, we performed dedicated Monte
Carlo simulations to estimate properly the energy of these
LAT photons. These events do not belong to the “transient”
class, which is the most generous event selection with minimal
requirements on direction and energy reconstructions. Typically,
they are discarded because they produce very few hits in the
tracker (<20), with a very short track, and very low raw energy
deposited in the calorimeter (<5 MeV). These topologies are
typical of low-energy events, with energies between 10 MeV and
40 MeV. If we select these topologies in the data, the probability
that this narrow pulse is the result of a background fluctuation
decreases to 5.9σ level.

We conclude that the spike in interval “a” in the LAT data is
significant, with energies below 100 MeV (although the energy
resolution for this class of events is relatively poor, ∼50%, from
Monte Carlo simulations).

A common method for estimating GRB durations is to
compute the T90 which measures the duration of the time interval
during which 90% of the total observed counts have been
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Figure 1. Multi-instrument light curve for GRB 081024B. The top panel shows the sum of the background-subtracted signal from two NaI detectors. The second
panel is BGO detector 1. The third panel shows all the events recorded by the LAT, without any selection on the quality of the events (background subtracted). The
fourth panel shows the selected “transient” events above 100 MeV. The energy of events is reported at the right axis of the plot. The arrival times, the reconstructed
positions, and the energies of the 11 events are reported in Table 1.
(A color version of this figure is available in the online journal.)

Table 1
Selected LAT “Transient” Events with Energy Above 100 MeV

Time-Ttrig
a Energyb R.A. Decl. PSFc Dist.d

(s) (MeV) (deg) (deg) (deg) in PSF

1 0.229 145 ± 22 325.3 21.4 2.6 0.8
2 0.248 101 ± 17 323.2 18.7 3.4 0.7
3 0.320 442 ± 44 322.6 20.6 1.1 0.6
4 0.342 140 ± 21 322.2 20.2 2.7 0.4
5 0.391 441 ± 44 323.6 20.9 1.1 0.7
6 0.406 368 ± 41 323.1 18.8 1.2 1.2
7 0.551 3070 ± 230 322.9 21.2 0.2 0.2
8 1.223 350 ± 39 324.1 20.7 1.3 1.0
9 1.986 143 ± 22 325.0 24.2 2.6 1.4
10 2.184 1680 ± 130 322.7 21.5 0.4 1.0
11 2.801 386 ± 41 322.6 20.1 1.2 1.0

Notes. Bold values are relative to the two events with highest energies, greater
than 1 GeV.
a Arrival time with respect to the GBM trigger time Ttrig = 246576161.864.
b Reconstructed energy with estimated error. Errors are estimated using Monte
Carlo simulations from the width of the reconstructed energy distribution.
c Evaluated 68% containment radius from the PSF for “transient” events.
d Distance from the GRB position, in PSF units.

2.18 s. Table 1 contains the arrival times, the energies with the
estimated error, and the arrival directions of these 11 selected

events. The last two columns of the table are the estimated 68%
containment radii calculated from the PSF and the distance from
the localization of the GRB, in PSF units.

We studied the narrow spike visible in the full light curve
(third panel) of interval “a.” The probability to obtain the same
number of counts from background fluctuations is discarded at
the 3.5σ level. Furthermore, we performed dedicated Monte
Carlo simulations to estimate properly the energy of these
LAT photons. These events do not belong to the “transient”
class, which is the most generous event selection with minimal
requirements on direction and energy reconstructions. Typically,
they are discarded because they produce very few hits in the
tracker (<20), with a very short track, and very low raw energy
deposited in the calorimeter (<5 MeV). These topologies are
typical of low-energy events, with energies between 10 MeV and
40 MeV. If we select these topologies in the data, the probability
that this narrow pulse is the result of a background fluctuation
decreases to 5.9σ level.

We conclude that the spike in interval “a” in the LAT data is
significant, with energies below 100 MeV (although the energy
resolution for this class of events is relatively poor, ∼50%, from
Monte Carlo simulations).

A common method for estimating GRB durations is to
compute the T90 which measures the duration of the time interval
during which 90% of the total observed counts have been
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Figure 2. Count spectrum in interval “b,” fit “3.” The data points are the rates
from GBM (red circles: NaI6; green squares: NaI9; and yellow crosses: BGO1)
and LAT (blue diamonds). The predicted rates in the various detectors are
obtained by folding the best-fit model (Band function) with the response of the
detectors, and are displayed as continuous cyan lines.
(A color version of this figure is available in the online journal.)

et al. 1994; Sommer et al. 1994), a 3 GeV photon from
GRB 081024B is well correlated with the second low-energy
pulse. The CCF of the light curves between 30–100 keV and
100–300 keV shows no strong signature of spectral lag larger
than 30 ms, which is consistent with the negligible spectral lags
in other short GRBs (Norris & Bonnell 2006).

While the majority of long GRB spectra are well fitted by
the conventional Band function, previous spectral analyses of
short GRBs have mostly used the cutoff power-law function
(Ghirlanda et al. 2004; Mazets et al. 2004). The exponential
cutoff implies that the bulk motion of short GRBs is not
necessarily ultrarelativistic, owing to the compactness problem
for high-energy photons above mec

2 (Meszaros 2002), which
becomes less severe (see, Nakar 2007) for a quantitative estimate
of the Γmin in this case). This difference between long and short
GRBs may be due to poor counting statistics at high energies in
short GRBs, stressing the need for a larger sample with sufficient
high-energy photons in MeV–GeV bands.

The delayed onset of a GeV pulse, which is frequently
found in other LAT-detected bursts such as GRB 080916C
or GRB 090902B, may be explained by the different physi-
cal parameters for two pulses (Abdo et al. 2009c), γ γ pair-
production opacity effect (Granot et al. 2008), or acceleration
timescale of high-energy protons for hadronic models (e.g.,
Rachen & Meszaros 1998; Dermer 2002; Razzaque et al. 2005;
Dermer & Atoyan 2006; Asano & Inoue 2007; Asano et al.
2009). The long-lasting tail of GeV emission is also common
to GRB 080916C, GRB 080825C, and GRB 090510. One pos-
sible interpretation is that the long tail is synchrotron or syn-
chrotron self-Compton (SSC) emission during the afterglow
phase (Ghirlanda et al. 2009). Alternatively, the GeV afterglow
emission may originate from cascades induced by ultrarelativis-
tic hadrons accelerated by the blast wave (Bottcher & Dermer
1998). In these afterglow scenarios even the 3 GeV photon at
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Figure 3. Analytical representation of the source photon spectra. From top to
bottom: fit “1” in interval “a” (COMPT model); fit “3” in interval “b” (Band); fit
“4” in interval “b” (COMPT plus power law); and fit “5” in interval “c” (power
law).
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Figure 4. Fluence–fluence diagram for six LAT GRBs. Black squares are
classified as short GRBs and filled gray circles represent long GRBs. The
dashed lines indicate the 1, 0.1, and 0.01 values of the ratios between the
100 MeV–10 GeV fluence and the 20 keV–2 MeV fluence.

t ! 0.5 s could have an afterglow origin, and the delayed onset
of GeV emission is also naturally explained. The onset time
(Molinari et al. 2007) and the hard spectrum for interval “c” do
not contradict the afterglow scenarios. Early afterglow models
for this long-lasting tail with synchrotron emission (He & Wang
2009) and SSC emission (Corsi et al. 2009) are actually pro-
posed. On the other hand, Corsi et al. (2009) pointed out that
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and LAT (blue diamonds). The predicted rates in the various detectors are
obtained by folding the best-fit model (Band function) with the response of the
detectors, and are displayed as continuous cyan lines.
(A color version of this figure is available in the online journal.)

et al. 1994; Sommer et al. 1994), a 3 GeV photon from
GRB 081024B is well correlated with the second low-energy
pulse. The CCF of the light curves between 30–100 keV and
100–300 keV shows no strong signature of spectral lag larger
than 30 ms, which is consistent with the negligible spectral lags
in other short GRBs (Norris & Bonnell 2006).

While the majority of long GRB spectra are well fitted by
the conventional Band function, previous spectral analyses of
short GRBs have mostly used the cutoff power-law function
(Ghirlanda et al. 2004; Mazets et al. 2004). The exponential
cutoff implies that the bulk motion of short GRBs is not
necessarily ultrarelativistic, owing to the compactness problem
for high-energy photons above mec

2 (Meszaros 2002), which
becomes less severe (see, Nakar 2007) for a quantitative estimate
of the Γmin in this case). This difference between long and short
GRBs may be due to poor counting statistics at high energies in
short GRBs, stressing the need for a larger sample with sufficient
high-energy photons in MeV–GeV bands.

The delayed onset of a GeV pulse, which is frequently
found in other LAT-detected bursts such as GRB 080916C
or GRB 090902B, may be explained by the different physi-
cal parameters for two pulses (Abdo et al. 2009c), γ γ pair-
production opacity effect (Granot et al. 2008), or acceleration
timescale of high-energy protons for hadronic models (e.g.,
Rachen & Meszaros 1998; Dermer 2002; Razzaque et al. 2005;
Dermer & Atoyan 2006; Asano & Inoue 2007; Asano et al.
2009). The long-lasting tail of GeV emission is also common
to GRB 080916C, GRB 080825C, and GRB 090510. One pos-
sible interpretation is that the long tail is synchrotron or syn-
chrotron self-Compton (SSC) emission during the afterglow
phase (Ghirlanda et al. 2009). Alternatively, the GeV afterglow
emission may originate from cascades induced by ultrarelativis-
tic hadrons accelerated by the blast wave (Bottcher & Dermer
1998). In these afterglow scenarios even the 3 GeV photon at
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t ! 0.5 s could have an afterglow origin, and the delayed onset
of GeV emission is also naturally explained. The onset time
(Molinari et al. 2007) and the hard spectrum for interval “c” do
not contradict the afterglow scenarios. Early afterglow models
for this long-lasting tail with synchrotron emission (He & Wang
2009) and SSC emission (Corsi et al. 2009) are actually pro-
posed. On the other hand, Corsi et al. (2009) pointed out that

Figure 1.13: Examples of late time activity in the form of plateaus in the light curve of the X-ray afterglow of
Long GRBs.
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1.1.1 Canonical Models for GRBs Engines

The key observations that constrain the possible engines for Long and Short GRBs, are the short time scale vari-
ability and the large isotropic energy. The observed millisecond variability implies central engines with typical
sizes of ∼ 10 km. The large isotropic energy, comparable with the rest mass of a 1M� object, corresponding to
typical beaming corrected energies ∼ 1052 erg, implies a mechanism with very large efficiency. Moreover the
possible engine must be compatible with the typical stellar population characteristic of the GRB environment.

There are two canonical models for the engine of Long GRBs. The collapsar model is based on the idea that the
core of massive stars (recall that Long GRBs are associated to the death of massive stars, M > 30M�), collapses
directly to Black Hole. Matter of the outer layers then falls onto the BH: while along the polar axis matter can
be directly accreted, leaving and evacuated funnel, along the equator, centrifugal support leads to the formation
of an accretion disk. It is the accretion of the outer layer that powers the GRBs, leading to a jet that propagates
along the evacuated polar funnel. In the collapsar model, the mass accretion rate, which is dictated by the structure
of the surrounding star, regulates the energy injection. The origin of the relativistic outflow is less clear: it could
originate from a disk wind, from neutrino-antineutrino annihilation in the disk corona, or from the Bladford-
Znajeck mechanism tied to the rotation of the BH itself. The main problems of the collapsar model are that: it does
not explain why the supernova looks like any other type Ic SN, or what drives the SN (the original collapsar model
predicted SN-less GRBs), it does not put tight constraints on the energetics, it requires large angular momentum in
the BH, it is not clear what powers late activity.

More recently an alternative model, the millisecond magnetar model, has been put forward, to address some of
those issues. The idea behind the millisecond-magnetar model is that the core of a massive star does not collapse
directly to BH, but forms a rapidly rotating NS with magnetar like magnetic field. A simple estimate using the
dipole spin-down formula, suggests that a millisecond rotator with a magnetic field ∼ 1015G, could lose ∼ 1052

erg of energy in∼ 100s, enough to power a Long GRB. The formation of a NS is more in line with standard models
for SNe, and fits naturally in the GRB-SN connection. The angular momentum requirements are less severe than for
BHs, and the spin-down evolution sets strong constraints on the energetics, that can be tested. The main problem
with this model is that it fails to predict very Long GRBs (t90 > 300s), or GRBs with major rebrigthnings. On the
other hand it naturally provides a long lasting engine that can power the late activity.

For Short GRBs the canonical model invokes the merger of a binary NS. It was originally proposed that such
mergers could lead to the formation of a rapidly rotating BH. During the merger about 10−3M� are left over
to form a disk that can accrete, on typical timescales ∼ 1s, powering a Short GRBs. However the presence of
late activity and energy injection (in Short GRBs the energy necessary for late activity is comparable to the one
powering the prompt phase), typically after 100s, is vey hard to justify. For this reason it was poposed that instead
of directly collapsing to BH the merger could lead to a rapidly rotating long-live (supra-massive) NS. If this NS has
magnetar like magnetic fields than the millisecond magnetar model could apply. The presence of a millisecond-
magnetar could naturally explain the late-activity.

1.2 GRBs are relativistic

There are several arguments based on simple observations of the temporal evolution and spectral properties of the
prompt γ-ray emission of GRBs, and their late Radio behavior, that immediately allow one to conclude that GRBs
must be associated to relativistically expanding systems.
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1.2.1 Cavallo Rees Relation

There is a very important limit that can be placed on the ratio of the luminosity and typical timescale of an astro-
physical source. For an astrophysical source of size R with luminosity L lasting for a time ∆t the total energy
must be L∆t, and it will be related to the mass contained in the source by:

L∆t = η
4π

3
R3nmpc

2 (1.1)

where n is the baryonic density, mp the proton mass, and η < 1 is the efficiency of matter to energy conversion.
For an instantaneous injection (the duration of the spike∼ 1s is much longer than the typical timescales at the base
of the NS magnetosphere ∼ R/c ∼ 10−3 s) the duration of the source is related to the time it takes for a photon to
escape.

∆t >
R

c
(1 + τT) (1.2)

where R/c is the light crossing time and τT the optical depth. The correction comes from the fact that for τT > 1
photons diffuse with a random walk and the escape time increases accordingly. The opacity for a fully ionized
system (Epeak ∼ 300 keV) is just the Thompson opacity due to electrons τT = σTnR, where we have assumed
one electron per baryon (the case of H). Combining Eq. 1.1 and 1.2 to simplify the radius, one has:

∆t >
3

4π

σT

mpc4
L

η

(1 + τT)2

τT
⇒ L <

4π

3

mpc
4

σT

τT
(1 + τT)2

η∆t <
π

3

mpc
4

σT
η∆t (1.3)

given that the maximum is for τT = 1. One then has:

L

∆t
< 2η × 1042erg s−2 (1.4)

This in known as Cavallo-Rees limit, and it does not depend on any property of the source. In Long GRBs The
typical isotropic energy Eiso is of the order of 1053 erg, while the typical duration is ∆t ∼ 100s, leading to
L
∆t ≈ 1049 erg s−2, about 7 orders of magnitude higher than the above limit.

The Cavallo-Rees limit assumes a source that does not expand at relativistic speeds, such that the light crossing
time is strictly related to the observed duration. For a system expanding at the speed of light this is not so. Let us
assume that the first photon is emitted when the typical size of the system is Ri, and the last photon is emitted after
a time ∆ttrue when the size of the system is Rf . Now if the system expands at a high Lorentz factor γ, then the
velocity is v ' 1− 1/2γ2, and Rf = Ri + v∆ttrue. As a consequent the difference in the arrival time of the two
photons will be:

∆tobs = ∆ttrue −
Rf −Ri

c
=

∆ttrue

2γ2
(1.5)

on the other hand the due to doppler boosting the observed luminosity will be a factor γ times higher than the
intrinsic one (the energy of each photon is γ times higher). So the correct relation in terms of observed quantities
will be:

Lobs

∆tobs
< γ3 Ltrue

∆ttrue
< 2ηγ3 × 1042erg s−2 (1.6)

that can be satisfied as long as γ & 100.
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1.2.2 Compactness

GRBs show a spectrum where the majority of photons have typical energies∼ Epeak ∼ 300keV. This implies that,
taken any two photons, a large fraction of them will satisfy the relation

√
h2ν1ν2 > mec

2, such that in principle
they can interact leading to pair-production. In particular it is often observed an high-energy power-law tails of
photons extending all the way to GeV energies, as shown in Fig. 1.14. These photons can in principle pair produce
over the bulk of the other photons (all the way down to∼ 1keV). Let us compute the pair-creation optical depth for
those photons. For a non relativistic system the photon number density if just the total radiated energy divided by
the source volume and typical photon energy. For photons at 1GeV interacting with the bulk photons with typical
energy ∼ Epeak the value of

√
h2ν1ν2 ' 10mec

2, which implies a typical cross section for pair creation ∼ 10−1

times the Thompson cross section σT, as shown in Fig. 2.1. Then one finds:

τγγ ≈ 0.1σT

(
Eiso

Epeak

)
R−2 ≈ 1012

(
∆t

1s

)−2

(1.7)

where we have taken Eiso ∼ 1053erg, and R = c∆t. This is so much larger than unity that there should be no
photon at those energies, while we do see them, and we see also a non-thermal distribution.
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Figure 6. Comparison between XRT-light curves of Swift GRBs (Evans et al. 2007) with late-time decay index α > 2 and their CB-model descriptions assuming an
isothermal-sphere density profile for, top left (a): GRB 050318. Top right (b): GRB 050326. Middle left (c): GRB 051008. Middle right (d): GRB 050814. Bottom left
(e): GRB 061019. Bottom right (f): GRB 070306.
(A color version of this figure is available in the online journal.)

and 080109, however, the ICS optical peaks have a large lag time
and are clearly visible as humps in the light curves at different
optical wavelengths (see Figure 9).

4.5. Chromatic Afterglows

The early-time light curves of LGRBs are very chromatic
because their prompt γ -ray and X-ray emission is dominated
by ICS, while their optical emission is dominated by SR with
entirely different temporal and spectral properties. Even in
XRFs, where the prompt optical emission is also dominated
by ICS, the light curves are very chromatic because the ICS
pulses, which satisfy the “E t2 law,” are by themselves very
chromatic (see Figures 9 and 10).

The AG emission in GRBs is dominated by SR at all
wavelengths. In XRFs, the situation is more interesting: the same

statement is not correct, should one adhere to the traditional
definition of AG as anything seen after the decline of the prompt
X- or γ - signal. This is discussed in detail in Section 5.1.8 on
XRF 060218. The observed chromatic behavior of the AGs
results from their dependence on the circumburst density, the
bend frequency, and the attenuation of light along the line of
sight to the source of the AG. The most general behavior—that
takes into account light attenuation inside the CBs and in the
circumburst environment, CB expansion and density variation
as summarized in Equation (26), and the chromatic light curves
of superimposed flares—is rather complex and will not be
discussed in detail in this paper. The behavior becomes simpler
when the CB and circumburst medium become transparent
to radiation and the fast expansion of the CB has slowed
down.
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Figure 1. Comparison between Swift observations of canonical GRB X-ray light curves and their CB-model description for, top left (a): GRB 060729. Top right (b):
GRB 060729 at early time. Middle left (c): GRB 061121. Middle right (d): GRB 061121 at early time. Bottom left (e): GRB 050319. Bottom right (f): GRB 050319
at early time.
(A color version of this figure is available in the online journal.)

and AG fluences (e.g., Piran 1999, 2000). We have discussed
elsewhere other problems of FB models (DD2004; Dar 2005,
and references therein), including those related to “jet breaks”
(e.g., DDD2002a; DDD2006; Dar 2005), and the a posteriori
explanations of the reported detections (GRB 021206: Coburn
& Boggs 2003, see, however, Wigger et al. 2004 and Rutledge
& Fox 2004; GRBs 930131 and GRB 960924: Willis et al.
2005; GRB 041219A: Kalemci et al. 2007; McGlynn et al.
2007) of large γ -ray polarization (DDD2007b, and references
therein).

The Swift data have challenged the prevailing views on
GRBs. Kumar et al. (2007) concluded that the prompt γ -ray
emission cannot be produced in shocks, internal or external.

Zhang et al. (2008) found that the fast decay and rapid spectral
softening ending the prompt emission cannot be explained by
high latitude emission. The X-ray and optical AGs of Swift
GRBs are very chromatic at early time in contrast with the
FB model expectation. Moreover, Curran et al. (2006) have
carefully examined Swift data and found that X-ray and optical
AGs have chromatic breaks which differ significantly from the
jet break of the blast-wave model of AGs. Burrows & Racusin
(2006) examined the XRT light curves of the first ∼ 150 Swift
GRBs and reported that the expected jet breaks are extremely
rare. In particular, Liang et al. (2008) have analyzed the Swift
X-ray data for the 179 GRBs detected between 2005 January
and 2007 January and the optical AGs of 57 pre- and post-Swift
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Figure 3. Comparison between “semicanonical” X-ray light curves of Swift GRBs and their CB-model description for, top left (a): GRB 060211A. Top right (b): GRB
061110A. Middle left (c): GRB 080307. Middle right (d): GRB 051021B. Bottom left (e): GRB 080303. Bottom right (f): GRB 070220.
(A color version of this figure is available in the online journal.)

et al. 2003; Stanek et al. 2003), and other spectroscopically
proven associations, e.g., GRB030213/SN2003lw (Malesani
et al. 2004), GRB021211/SN2002lt (Della Valle et al. 2006),
XRF060218/SN2006aj (Campana et al. 2006b; Pian et al. 2006;
Mazzali et al. 2006), and XRF080109/SN2008D (Malesani
et al. 2009; Modjaz et al. 2006; Soderberg et al. 2008).

The CB model (DD2004) has been applied successfully to
explain all the main observed properties of long GRBs and XRFs
before the Swift era (e.g., Dar 2005, and references therein). The
model is summarized in Section 2. For detailed accounts, see,
e.g., De Rújula (2007a, 2007b).

In this paper, we extend and refine our analysis of the temporal
and spectral behavior of the γ -ray, X-ray, and optical light curves
of GRBs during the prompt emission, the rapid-decay phase, and
the AG phase. The observed prompt spectrum in the γ -ray to X-

ray domain is the predicted one, which is Compton-dominated
in the CB model (DD2004). The observed widths of the γ -ray
and X-ray peaks, as well as lag-times between them and their
relative fluences, are in accordance with the model’s predictions,
if free–free absorption dominates the transparency of the CBs
to eV photons in the CBs’ rest frame. We investigate whether
or not the CB model can describe all the data in terms of only
two emission mechanisms: inverse Compton scattering (ICS)
and synchrotron radiation (SR). We shall see that this simple
picture, explicitly based on the predictions in DDD2002a and
DD2004, gives a straightforward and successful description of
the Swift GRB data, at all observed energies and times.

An exploding SN illuminates the progenitor’s earlier ejecta,
creating a glory of scattered and re-emitted light. In the CB
model, ICS of glory photons is the origin of the prompt
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Figure 1. Multi-instrument light curve for GRB 081024B. The top panel shows the sum of the background-subtracted signal from two NaI detectors. The second
panel is BGO detector 1. The third panel shows all the events recorded by the LAT, without any selection on the quality of the events (background subtracted). The
fourth panel shows the selected “transient” events above 100 MeV. The energy of events is reported at the right axis of the plot. The arrival times, the reconstructed
positions, and the energies of the 11 events are reported in Table 1.
(A color version of this figure is available in the online journal.)

Table 1
Selected LAT “Transient” Events with Energy Above 100 MeV

Time-Ttrig
a Energyb R.A. Decl. PSFc Dist.d

(s) (MeV) (deg) (deg) (deg) in PSF

1 0.229 145 ± 22 325.3 21.4 2.6 0.8
2 0.248 101 ± 17 323.2 18.7 3.4 0.7
3 0.320 442 ± 44 322.6 20.6 1.1 0.6
4 0.342 140 ± 21 322.2 20.2 2.7 0.4
5 0.391 441 ± 44 323.6 20.9 1.1 0.7
6 0.406 368 ± 41 323.1 18.8 1.2 1.2
7 0.551 3070 ± 230 322.9 21.2 0.2 0.2
8 1.223 350 ± 39 324.1 20.7 1.3 1.0
9 1.986 143 ± 22 325.0 24.2 2.6 1.4
10 2.184 1680 ± 130 322.7 21.5 0.4 1.0
11 2.801 386 ± 41 322.6 20.1 1.2 1.0

Notes. Bold values are relative to the two events with highest energies, greater
than 1 GeV.
a Arrival time with respect to the GBM trigger time Ttrig = 246576161.864.
b Reconstructed energy with estimated error. Errors are estimated using Monte
Carlo simulations from the width of the reconstructed energy distribution.
c Evaluated 68% containment radius from the PSF for “transient” events.
d Distance from the GRB position, in PSF units.

2.18 s. Table 1 contains the arrival times, the energies with the
estimated error, and the arrival directions of these 11 selected

events. The last two columns of the table are the estimated 68%
containment radii calculated from the PSF and the distance from
the localization of the GRB, in PSF units.

We studied the narrow spike visible in the full light curve
(third panel) of interval “a.” The probability to obtain the same
number of counts from background fluctuations is discarded at
the 3.5σ level. Furthermore, we performed dedicated Monte
Carlo simulations to estimate properly the energy of these
LAT photons. These events do not belong to the “transient”
class, which is the most generous event selection with minimal
requirements on direction and energy reconstructions. Typically,
they are discarded because they produce very few hits in the
tracker (<20), with a very short track, and very low raw energy
deposited in the calorimeter (<5 MeV). These topologies are
typical of low-energy events, with energies between 10 MeV and
40 MeV. If we select these topologies in the data, the probability
that this narrow pulse is the result of a background fluctuation
decreases to 5.9σ level.

We conclude that the spike in interval “a” in the LAT data is
significant, with energies below 100 MeV (although the energy
resolution for this class of events is relatively poor, ∼50%, from
Monte Carlo simulations).

A common method for estimating GRB durations is to
compute the T90 which measures the duration of the time interval
during which 90% of the total observed counts have been
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Figure 1. Multi-instrument light curve for GRB 081024B. The top panel shows the sum of the background-subtracted signal from two NaI detectors. The second
panel is BGO detector 1. The third panel shows all the events recorded by the LAT, without any selection on the quality of the events (background subtracted). The
fourth panel shows the selected “transient” events above 100 MeV. The energy of events is reported at the right axis of the plot. The arrival times, the reconstructed
positions, and the energies of the 11 events are reported in Table 1.
(A color version of this figure is available in the online journal.)

Table 1
Selected LAT “Transient” Events with Energy Above 100 MeV

Time-Ttrig
a Energyb R.A. Decl. PSFc Dist.d

(s) (MeV) (deg) (deg) (deg) in PSF

1 0.229 145 ± 22 325.3 21.4 2.6 0.8
2 0.248 101 ± 17 323.2 18.7 3.4 0.7
3 0.320 442 ± 44 322.6 20.6 1.1 0.6
4 0.342 140 ± 21 322.2 20.2 2.7 0.4
5 0.391 441 ± 44 323.6 20.9 1.1 0.7
6 0.406 368 ± 41 323.1 18.8 1.2 1.2
7 0.551 3070 ± 230 322.9 21.2 0.2 0.2
8 1.223 350 ± 39 324.1 20.7 1.3 1.0
9 1.986 143 ± 22 325.0 24.2 2.6 1.4
10 2.184 1680 ± 130 322.7 21.5 0.4 1.0
11 2.801 386 ± 41 322.6 20.1 1.2 1.0

Notes. Bold values are relative to the two events with highest energies, greater
than 1 GeV.
a Arrival time with respect to the GBM trigger time Ttrig = 246576161.864.
b Reconstructed energy with estimated error. Errors are estimated using Monte
Carlo simulations from the width of the reconstructed energy distribution.
c Evaluated 68% containment radius from the PSF for “transient” events.
d Distance from the GRB position, in PSF units.

2.18 s. Table 1 contains the arrival times, the energies with the
estimated error, and the arrival directions of these 11 selected

events. The last two columns of the table are the estimated 68%
containment radii calculated from the PSF and the distance from
the localization of the GRB, in PSF units.

We studied the narrow spike visible in the full light curve
(third panel) of interval “a.” The probability to obtain the same
number of counts from background fluctuations is discarded at
the 3.5σ level. Furthermore, we performed dedicated Monte
Carlo simulations to estimate properly the energy of these
LAT photons. These events do not belong to the “transient”
class, which is the most generous event selection with minimal
requirements on direction and energy reconstructions. Typically,
they are discarded because they produce very few hits in the
tracker (<20), with a very short track, and very low raw energy
deposited in the calorimeter (<5 MeV). These topologies are
typical of low-energy events, with energies between 10 MeV and
40 MeV. If we select these topologies in the data, the probability
that this narrow pulse is the result of a background fluctuation
decreases to 5.9σ level.

We conclude that the spike in interval “a” in the LAT data is
significant, with energies below 100 MeV (although the energy
resolution for this class of events is relatively poor, ∼50%, from
Monte Carlo simulations).

A common method for estimating GRB durations is to
compute the T90 which measures the duration of the time interval
during which 90% of the total observed counts have been
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Figure 1. Multi-instrument light curve for GRB 081024B. The top panel shows the sum of the background-subtracted signal from two NaI detectors. The second
panel is BGO detector 1. The third panel shows all the events recorded by the LAT, without any selection on the quality of the events (background subtracted). The
fourth panel shows the selected “transient” events above 100 MeV. The energy of events is reported at the right axis of the plot. The arrival times, the reconstructed
positions, and the energies of the 11 events are reported in Table 1.
(A color version of this figure is available in the online journal.)

Table 1
Selected LAT “Transient” Events with Energy Above 100 MeV

Time-Ttrig
a Energyb R.A. Decl. PSFc Dist.d

(s) (MeV) (deg) (deg) (deg) in PSF

1 0.229 145 ± 22 325.3 21.4 2.6 0.8
2 0.248 101 ± 17 323.2 18.7 3.4 0.7
3 0.320 442 ± 44 322.6 20.6 1.1 0.6
4 0.342 140 ± 21 322.2 20.2 2.7 0.4
5 0.391 441 ± 44 323.6 20.9 1.1 0.7
6 0.406 368 ± 41 323.1 18.8 1.2 1.2
7 0.551 3070 ± 230 322.9 21.2 0.2 0.2
8 1.223 350 ± 39 324.1 20.7 1.3 1.0
9 1.986 143 ± 22 325.0 24.2 2.6 1.4
10 2.184 1680 ± 130 322.7 21.5 0.4 1.0
11 2.801 386 ± 41 322.6 20.1 1.2 1.0

Notes. Bold values are relative to the two events with highest energies, greater
than 1 GeV.
a Arrival time with respect to the GBM trigger time Ttrig = 246576161.864.
b Reconstructed energy with estimated error. Errors are estimated using Monte
Carlo simulations from the width of the reconstructed energy distribution.
c Evaluated 68% containment radius from the PSF for “transient” events.
d Distance from the GRB position, in PSF units.

2.18 s. Table 1 contains the arrival times, the energies with the
estimated error, and the arrival directions of these 11 selected

events. The last two columns of the table are the estimated 68%
containment radii calculated from the PSF and the distance from
the localization of the GRB, in PSF units.

We studied the narrow spike visible in the full light curve
(third panel) of interval “a.” The probability to obtain the same
number of counts from background fluctuations is discarded at
the 3.5σ level. Furthermore, we performed dedicated Monte
Carlo simulations to estimate properly the energy of these
LAT photons. These events do not belong to the “transient”
class, which is the most generous event selection with minimal
requirements on direction and energy reconstructions. Typically,
they are discarded because they produce very few hits in the
tracker (<20), with a very short track, and very low raw energy
deposited in the calorimeter (<5 MeV). These topologies are
typical of low-energy events, with energies between 10 MeV and
40 MeV. If we select these topologies in the data, the probability
that this narrow pulse is the result of a background fluctuation
decreases to 5.9σ level.

We conclude that the spike in interval “a” in the LAT data is
significant, with energies below 100 MeV (although the energy
resolution for this class of events is relatively poor, ∼50%, from
Monte Carlo simulations).

A common method for estimating GRB durations is to
compute the T90 which measures the duration of the time interval
during which 90% of the total observed counts have been
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Figure 2. Count spectrum in interval “b,” fit “3.” The data points are the rates
from GBM (red circles: NaI6; green squares: NaI9; and yellow crosses: BGO1)
and LAT (blue diamonds). The predicted rates in the various detectors are
obtained by folding the best-fit model (Band function) with the response of the
detectors, and are displayed as continuous cyan lines.
(A color version of this figure is available in the online journal.)

et al. 1994; Sommer et al. 1994), a 3 GeV photon from
GRB 081024B is well correlated with the second low-energy
pulse. The CCF of the light curves between 30–100 keV and
100–300 keV shows no strong signature of spectral lag larger
than 30 ms, which is consistent with the negligible spectral lags
in other short GRBs (Norris & Bonnell 2006).

While the majority of long GRB spectra are well fitted by
the conventional Band function, previous spectral analyses of
short GRBs have mostly used the cutoff power-law function
(Ghirlanda et al. 2004; Mazets et al. 2004). The exponential
cutoff implies that the bulk motion of short GRBs is not
necessarily ultrarelativistic, owing to the compactness problem
for high-energy photons above mec

2 (Meszaros 2002), which
becomes less severe (see, Nakar 2007) for a quantitative estimate
of the Γmin in this case). This difference between long and short
GRBs may be due to poor counting statistics at high energies in
short GRBs, stressing the need for a larger sample with sufficient
high-energy photons in MeV–GeV bands.

The delayed onset of a GeV pulse, which is frequently
found in other LAT-detected bursts such as GRB 080916C
or GRB 090902B, may be explained by the different physi-
cal parameters for two pulses (Abdo et al. 2009c), γ γ pair-
production opacity effect (Granot et al. 2008), or acceleration
timescale of high-energy protons for hadronic models (e.g.,
Rachen & Meszaros 1998; Dermer 2002; Razzaque et al. 2005;
Dermer & Atoyan 2006; Asano & Inoue 2007; Asano et al.
2009). The long-lasting tail of GeV emission is also common
to GRB 080916C, GRB 080825C, and GRB 090510. One pos-
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Figure 2. Count spectrum in interval “b,” fit “3.” The data points are the rates
from GBM (red circles: NaI6; green squares: NaI9; and yellow crosses: BGO1)
and LAT (blue diamonds). The predicted rates in the various detectors are
obtained by folding the best-fit model (Band function) with the response of the
detectors, and are displayed as continuous cyan lines.
(A color version of this figure is available in the online journal.)

et al. 1994; Sommer et al. 1994), a 3 GeV photon from
GRB 081024B is well correlated with the second low-energy
pulse. The CCF of the light curves between 30–100 keV and
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2 (Meszaros 2002), which
becomes less severe (see, Nakar 2007) for a quantitative estimate
of the Γmin in this case). This difference between long and short
GRBs may be due to poor counting statistics at high energies in
short GRBs, stressing the need for a larger sample with sufficient
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sible interpretation is that the long tail is synchrotron or syn-
chrotron self-Compton (SSC) emission during the afterglow
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emission may originate from cascades induced by ultrarelativis-
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t ! 0.5 s could have an afterglow origin, and the delayed onset
of GeV emission is also naturally explained. The onset time
(Molinari et al. 2007) and the hard spectrum for interval “c” do
not contradict the afterglow scenarios. Early afterglow models
for this long-lasting tail with synchrotron emission (He & Wang
2009) and SSC emission (Corsi et al. 2009) are actually pro-
posed. On the other hand, Corsi et al. (2009) pointed out that

Figure 1.14: Left panel: events count for high energy photons above 0.1GeV, detected by Fermi-LAT, in the first
few seconds of GRB 081024B. Right panel: reconstructed spectrum of GRB 081024B up to a few GeV (see the
last LAT point).

However for a source expanding with a high Lorentz factor the relation between the observed duration and the true
source size is Rtrue = 2γ2c∆tobs. Moreover photons having an observed energy Eobs will have an energy in the
reference frame of the system where they pair produce∼ Eobs/γ. The same will hold for the bulk of photons whose
energy will be Epeak/γ. So a GeV photon (produced as a E1 = γ−1GeV in the reference frame of the expanding
system) will only be able to interact with other high energy photons (E2 ≥ m2

ec
4/E1 ≈ γkeV � Epeak/γ) in

the reference frame of the expanding system. A GeV photon will interact with other γ2keV photons. So only the
γ2keV photon density will matter:

Nhν>γ2keV ≈ Ntot

(
γ2keV

Epeak

)1−β
= Ntot

(
γ2

100

)1−β
(1.8)

where β ∼ 2.2 is the high energy photon index. Hence the correct estimate for the GeV opacity wil be:

τγγ ≈ 0.1σT

(
Eiso

Epeakγ2β−2

)
R−2

true ≈
1012

γ2+2β

(
∆tobs

1s

)−2

⇒ γ & 102 (1.9)

in order for the system to be optically thin up to GeV.
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1.2.3 Radio Scintillation

It is well known that light propagation through a turbulent medium, with varying refractive index, gives rise to
scintillation: rapid variations in the intensity of a point source. Scintillation is observed in Radio for both galactic
(pulsars) and extragalactic (AGNs) sources, and is related to the fluctuations in the electron density of the ISM. For
a light ray, of wave number k = 2π/λ propagating in a medium with a density of free electron ne the refractive
index is given by:

η = 1− 4π
nero
k2

(1.10)

where ro = e2/(mec
2) is the classical electron radius. Light propagating through a clump of side δx with a

fluctuation in electron density δne, will accumulate a phase lag with respect to a neighboring average region,
corresponding to a difference in optical path:

δl = δxδη = 4πk−2roδneδx (1.11)

As the light propagates through a turbulent layer of size D it will encounter ∼ D/δx clumps. The contribution to
the various clumps will add incoherently such that the effect of the turbulent layer will be to produce a typical total
difference in optical path:

δltot = δxδη

(
D

δx

)1/2

= 4πk−2roδne(Dδx)1/2 (1.12)

Now if the electron density is distributed according to a power-law, like for example in the case of Kolmogorov
turbulence, then:

δn2
e(k̃) ∝ C2

nk̃
−q ⇒ δn2

e(δx) =

∫ ∞
1/δx

C2
nk̃
−qdk̃ = C2

nδx
q−1 (1.13)

where the integral is done on all the contributions of the fluctuations at scales smaller than δx (larger scales do not
contribute to phase differences). For Kolmogorov turbulence q = 5/3. Then one finds:

δltot = 4πk−2roδne(Dδx)1/2 = 4πk−2roD
1/2δxq/2Cn (1.14)

Immagine now that the turbulence is confined into a thin screen at distance zsc from the observer. On such a screen
the size of a coherent region (a region where the wave front phase difference is smaller than the wavelength itself,
such that interference can take place) will be given by the condition:

δlc . k−1 ⇒ δx . (16π2r2
oC

2
nDk

−2)−3/5 = (4r2
oC

2
nDλ

2)−3/5 (1.15)

Such coherent size, corresponds to the angular size of a point like source (the minimal resolvable size, given that
the turbulent screen behaves a an interferometer that introduces phase shift among neighboring elements). Above
this distance different part of the screen will only interfere incoherently. Below this distance interference will be
coherent, and a diffraction pattern will be generated (as in the case of an interferometer). As the observer moves
across this diffraction pattern, strong scintillation will arise. Obviously, scintillation can only take place if the
source angular size is smaller than the angular size corresponding to a coherent patch:

θs =
δlc
zsc

. (4C2
nDr

2
oλ

2)−3/5z−1
sc ≈ 2.25

(
λ

3cm

)6/5(
zsc

1kpc

)−1

µ arcsec (1.16)

where we have taken Radio wavelength, we have chosen a typical distance of the turbulent layer of the order of the
size of the galactic disk, and we have taken C2

nD ∼ 10−3.5m−20/3kpc as derived from pulsar scintillation.

For a cosmological source located at a few Gpc from us, such angular size corresponds to a real size ∼ 1017 cm.
Larger sources will not experience strong scintillation.

As shown in Fig. 1.15, strong scintillation in radio is observer in the first 30-50 days after the burst, with radio
luminosity setting to a less variable trend at later times. This means that in a timescale of the order of 30 days
∼ 3×106 seconds, the source expand to a size > 1017 cm, implying expansion velocity close to the speed of light.
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z N

Figure 1.15: Left panel: radio flux density of GRB 070125. Right panel: radio flux density of GRB 970508.

1.3 GRBs are collimated

Given that GRBs are highly relativistic outflows, only a small portion of their emitting surface will be observable.
Assuming a radial expansion with a Lorentz factor γ, each element of the emitting surface will produce radiation
that is beamed into a cone of opening angle 1/γ. If the observer direction lays outside this cone, then photons
will not be detected. As a result only a small portion of the emitting surface, an area of opening angle 1/γ around
the direction of the observer, will be visible. As the outflow expands into the surrounding medium, matter will
be collected in front of it, such that it will slow down. Before the outflow becomes non-relativistic (which, as
we saw, happens at about 30 days after the prompt emission), the evolution of the front can be described by the
Blandford-McKee solution:

γ =

(
17E

8πρo

)1/2

t−3/2 (1.17)

Recalling that for a moving source the true time is related to the observed time by t = 2γ2tobs, we find the relation:

γ =

(
17E

8πρo

)1/8

t
−3/8
obs (1.18)

As a consequence as the flow slows-down a progressively larger fraction of the emitting surface will be visible. Let
us assume that the intrinsic surface luminosity goes like t−α then the observed luminosity once integrated over the
observable surface will go like: t−αR(t)/γ2 = t4−α ∝ t2−α/2obs .

However in the late afterglow, at a few days after prompt emission, it is often observed an achromatic change in
the temporal evolution of the observed luminosity (a change in the time-slope). Being achromatic, it cannot be due
to either cooling, or a change in the acceleration properties (for example efficiency), or the opacity of the emitting
surface, because such processes are usually dependent on the energy of the emitting particles, and they tend to
show as chromatic effects.

Such achromatic changes are usually referred as jet-breaks because they are commonly interpreted as geometric
effects related to the finite extent of the emitting surface. If the total emitting surface has a typical angular extent
θjet, as it is the case for a jet, then there will be two different regimes if either 1/γ < θjet when only a portion of the
surface will be visible (a portion that increases as the flow slows-down), or 1/γ > θjet when the entire surface will
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be visible (and further slowing-down will have no effect). In this latter case the observed luminosity will go like
t−αR(t)2θjet = t1−α ∝ t

(1−α)/2
obs , decreasing much faster. A typical example of jet break is shown in Fig. 1.12

(note that the slope change is just 1 and not 1.5, probably because the expansion is not in a uniform medium),
together with the typical jet-break time. Now once the ratio E/n of the energy of the explosion over the ambient
density is known (can be derived from the later Sedov calorimetry, see Sect. 1.4), from the observed jet-break time
it is possible to infer the jet opening angle:

tjb ≈ 4(1 + z)

(
E53

no

)1/3(
θjet

0.2

)8/3

days (1.19)

where E53 is the isotropic energy in units of 1053erg, no is the ambient density in units cm−3, and z is the redshift.
In Fig. 1.16 we show the statistics of jet opening angles.

N. Bucciantini: Astrofisica delle Alte Energie 7

Figure 1.16: Typical jet opening angle derived from jet-breaks. The various color-styles refer to GRB samples
with different selection criteria. The distribution peaks at a few degrees.

1.4 Radio Calorimetry of GRBs in the late Sedov Phase

Once the expansion speed of the forward shock becomes non relativistic γ ∼ 1, beaming effects and Doppler
boosting become negligible, and one can use simple non-relativistic derivations. The only effect that still needs
to be taken into account is the cosmological redshift. This implies that the radiation from the entire blast wave is
visible. We are thus in a good position to estimate its total energetics. We are going here to show how the late radio
spectral evolution can be used to constrain the total energetics of the explosion.

1.4.1 Synchrotron Emissivity and Absorption Coefficient for a Power-law Distribution

Let us assume that the emitting particles can be described as a power-law in energy beginning at a minimum
Lorentz factor γm to γ →∞: N(γ) = Nm(γ/γm)−p. The normalization constant is related to the particle density
as:

n =

∫ ∞
γm

Nm

(
γ

γm

)−p
dγ = Nmγm

∫ ∞
1

(
γ

γm

)−p
d
γ

γm
=
Nmγm
p− 1

⇒ Nm =
(p− 1)n

γm
(1.20)
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For synchrotron emission one can define the following quantity: the characteristic frequency νc of a particle with
Lorentz factor γ; the characteristic frequency νm of particles with γ = γm; the synchrotron power per unit fre-
quency P (ν, γ) emitted by a single electron with Lorentz factor γ and mediated over pitch angle:

νc = γ2

(
eB

2πmec

)
, νm = γ2

m

(
eB

2πmec

)
(1.21)

P (ν, γ) =
e3B

mec2
F

[
ν

νc

]
=

e3B

mec2
F

[
ν

νm

γ2
m

γ2

]
(1.22)

It is found that the average over pitch angle changes marginally the value of F with respect to the orthogonal case
F (x) ∼ 1.5x

∫∞
x
K5/3(ζ)dζ.

We introduce the following auxiliary function:

Fk[x] =

∫ x

0

F [y]y(p−k)/2dy (1.23)

It is now possible to compute the synchrotron emissivity for unit volume, recalling that 2dγ = −γ3d(1/γ2):

jν =

∫ ∞
γm

P (ν, γ)N(γ)dγ =
e3B

mec2

∫
Nmγm

(
γ

γm

)−p
F

[
ν

νm

γ2
m

γ2

]
d
γ

γm

=
e3B

m2
ec

2
γmNm

∫ (
γ2
m

γ2

) p
2

F

[
ν

νm

γ2
m

γ2

] −γ3

2γ3
m

d
γ2
m

γ2

= − e3B

2m2
ec

2
γmNm

∫ (
γ2
m

γ2

) (p−3)
2

F

[
ν

νm

γ2
m

γ2

]
d
γ2
m

γ2

= − e3B

2m2
ec

2
γmNm

(
ν

νm

) (1−p)
2
∫ (

ν

νm

γ2
m

γ2

) (p−3)
2

F

[
ν

νm

γ2
m

γ2

]
d

(
ν

νm

γ2
m

γ2

)

=
e3B

2m2
ec

2
γmNm

(
ν

νm

) (1−p)
2

F3

[
ν

νm

]
= (p− 1)

e3B

m2
ec

2
nνm

(p−1)
2 ν

(1−p)
2 F3

[
ν

νm

]
=

(p− 1)

2
nγp−1

m

(
e3B

m2
ec

2

)(
eB

2πmec

)(p−1)/2

ν(1−p)/2F3

[
ν

νm

]
(1.24)

where we have used the fact that for any function G:

−
∫ ∞
γm

G

[
ν

νm

γ2
m

γ2

]
d

(
ν

νm

γ2
m

γ2

)
=

∫ ν/νm

o

G[y]dy (1.25)



RADIO CALORIMETRY OF GRBS IN THE LATE SEDOV PHASE 15

Similarly we can compute the absorption coefficient:

αν =
(p+ 2)c2

8πν2

∫ ∞
γm

P (ν, γ)

mec2
N(γ)

γ
dγ =

(p+ 2)c2

8πν

e3B

mec2

∫
Nm

(
γ

γm

)−(p+1)

F

[
ν

νm

γ2
m

γ2

]
d
γ

γm

=
(p+ 2)

8πν2

e3B

m2
ec

2
Nm

∫ (
γ2
m

γ2

) (p+1)
2

F

[
ν

νm

γ2
m

γ2

] −γ3

2γ3
m

d
γ2
m

γ2

= − (p+ 2)

16πν2

e3B

m2
ec

2
Nm

∫ (
γ2
m

γ2

) (p−2)
2

F

[
ν

νm

γ2
m

γ2

]
d
γ2
m

γ2

= − (p+ 2)

16πν2

e3B

m2
ec

2
Nm

(
ν

νm

)−p/2 ∫ (
ν

νm

γ2
m

γ2

) (p−2)
2

F

[
ν

νm

γ2
m

γ2

]
d

(
ν

νm

γ2
m

γ2

)
=

(p+ 2)

16πν2

e3B

m2
ec

2
Nm

(
ν

νm

)−p/2
F2

[
ν

νm

]
=

(p+ 2)(p− 1)

16π

e3B

m2
ec

2

n

γm
νm

p/2ν−(p+4)/2F2

[
ν

νm

]
=

(p+ 2)(p− 1)

16π
nγp−1

m

(
e3B

m2
ec

2

)(
eB

2πmec

)p/2
ν−(p+4)/2F2

[
ν

νm

]
(1.26)

Now recalling that for x� 1 one has F [x] ∝ x1/3 and that∫ ∞
0

F [y]yµdy = C[µ] = (1.27)

one can set∫ x

0

F [y]yµdy =

{
x(3µ+4)/3C[µ] for x ≤ 1

C[µ] for x ≥ 1
(1.28)

Then:

jν ∝
(
ν

νm

) (1−p)
2

F3

[
ν

νm

]
=

(
ν

νm

) (1−p)
2
∫ ν

νm

0

F [y]y(p−3)/2dy =


(
ν
νm

) 1
3

C
[

(p−3)
2

]
for ν ≤ νm(

ν
νm

) (1−p)
2

C
[

(p−3)
2

]
for ν ≥ νm

(1.29)

αν ∝
(
ν

νm

)− (p+4)
2

F2

[
ν

νm

]
=

(
ν

νm

)− (p+4)
2
∫ ν

νm

0

F [y]y(p−2)/2dy =


(
ν
νm

)− 5
3

C
[

(p−2)
2

]
for ν ≤ νm(

ν
νm

)− (p+4)
2

C
[

(p−2)
2

]
for ν ≥ νm

(1.30)

1.4.2 Synchrotron Spectrum of a Thin Shell

At this point let us assume that the emission comes from a thin shell of radius R and thickness δ � R, and that the
emissivity and absorption coefficient are constant in the shell. For a line of sight intercepting the shell at a distance
r from the center the total intensity will be:∫ 2δ/ sin θ

0

jνe
−ανxdx = jν

(1− e−τν )

αν
with τν =

2δαν
sin θ

=
2δανR√
R2 − r2

(1.31)

Now the average optical depth will be:

τ̃ν =
2

R2

∫ R

0

2δανR√
R2 − r2

rdr = 4δαν (1.32)
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Hence:

τ̃ν =
(p+ 2)(p− 1)

4π

nδ

γ5
m

(
e3B

m2
ec

2

)(
eB

2πmec

)−2

×


(
ν
νm

)− 5
3

C
[

(p−2)
2

]
for ν ≤ νm(

ν
νm

)− (p+4)
2

C
[

(p−2)
2

]
for ν ≥ νm

(1.33)

The frequency νa where τ̃ν = 1 is the synchrotron self-absorption frequency. The total intensity will be:

Jν = 4πR2δ
(1− e−τ̃ν )

τ̃ν
jν = 2πR2δ

(1− e−τ̃ν )

τ̃ν

(p− 1)n

γ1−p
m

(
e3B

m2
ec

2

)
×


(
ν
νm

) 1
3

C
[

(p−3)
2

]
for ν ≤ νm(

ν
νm

) (1−p)
2

C
[

(p−3)
2

]
for ν ≥ νm

(1.34)

Now if νa < νm then:

Jν ∝


ν2 for ν < νa

ν1/3 for νa < ν < νm

ν(1−p)/2 for ν > νm

(1.35)

If instead νa > νm then:

Jν ∝


ν2 for ν < νm

ν5/2 for νm < ν < νa

ν(1−p)/2 for ν > νa

(1.36)

1.4.3 Sedov evolution

Once the expansion speed drops below the speed of light the evolution of the system follows the standard Sedov
solution:

R(t) =

(
E

ρ

)1/5

t2/5, Ṙ(t) =
2

5

R(t)

t
=

2

5

(
E

ρ

)1/5

t−3/5 (1.37)

where E is the energy of the explosion, and ρ is the ambient density (a different scaling applies if instad of a
uniform ISM one consider a wind with ρ ∝ r−2). Give the self-similarity of the Sedov solution, we can assume
that the magnetic energy density downstream of the shock is a fixed fraction of the thermal pressure. Then:

B2

8π
= εBρṘ

2P(r/R(t)) ⇒ B ∝ (t/to)
−3/5 (1.38)

where P(r/R(t)) describes the profile of the thermal pressure with radius and ranges from 3/4 at the forward
shock in R(t) to 1/4 at the center, and εB ≤ 1 tells us how magnetized the system is. Analogously we can assume
that the energy density of the non-thermal emitting electrons is a constant fraction of the total thermal energy.
Assuming a power-law distribution with a minimum energy γminmec

2, and power la index p > 2 one has:∫ ∞
γmin

Nm(γ/γmin)−pγmec
2dγ = εeρṘ

2P(r/R(t)) ⇒ Nmmec
2

p− 2
γ2

min = εeρṘ
2P(r/R(t)). (1.39)

⇒ p− 1

p− 2
γminn = εe

ρṘ2

mec2
P(r/R(t)). (1.40)

where, we made use of Eq. 1.20, and εe ≤ 1 tells us what fraction of the plasma energy is carried by the non-
thermal emitting particles. It is reasonable to assume that the characteristic energy of the radiating particles scales
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as the characteristic energy of the incoming matter, and that their density scales as the incoming ambient density
n ∝ ρ, then:

γmin ∝ Ṙ2 ⇒ γmin ∝ (t/to)
−6/5, ⇒ νmin ∝ (t/to)

−3 (1.41)

Hence, if coherently with the Sedov self similar scaling we take δ ∝ R ∝ t2/5 the spectrum will have the following
scalings: if νa < νm then:

Jν ∝


ν2t−2/5 for ν < νa

ν1/3t8/5 for νa < ν < νm

ν(1−p)/2t3(7−5p)/10 for ν > νm

(1.42)

if instead νa > νm then:

Jν ∝


ν2t−2/5 for ν < νm

ν5/2t11/10 for νm < ν < νa

ν(1−p)/2t3(7−5p)/10 for ν > νa

(1.43)

This shows that the temporal evolution of the spectrum allows one to identify the Sedov phase.

1.4.4 Calorimetry

From Eq. 1.34 one sees that at any one time the spectrum if fully determined by the following parameters: n (or
alternatively εe), γm, p, B (or alternatively εB), R, δ. The spectral slopes (directly related to p) and breaks (if
identified with the νm and νa), together with the spectral normalization allow one to fix four of these parameters
as a function of the remaining two. In general since n and δ always enter together as nδ they can be factored into a
single parameter (δ itself can be set equal to ηR with η ≤ 1). It is thus possible to express these various quantities,
for example the magnetic field, just as a function of the unknown radius. However by measuring the spectrum at
two different times t1 and t2, it is known that the radii must scale as: R2/R1 = (t2/t1)2/5. If the radii are correct
then one should recover also the correct scalings for other derived quanties likeB or γm. Once the radius is known,
then E/ρ is also known. If one can derive ρ from other observables, of one has some idea of the possible values of
the density in the ambient medium of a GRB, it is then possible to constrain E.

N. Bucciantini: Astrofisica delle Alte Energie 6

z N

Figure 1.17: Left panel: distribution of the isotropic γ-ray energy of the prompt emission. Right panel: distribution
of the total energy of the explosion inferred from late time calorimetry and beaming corrected for jet-break, for a
set of GRBs.

It is found, see Fig. 1.17 that the typical total energy involved in GRBs is of the order of 1051 erg, comparable
to the typical energy of a SN, with typical upper limit ∼ a few 1052erg. This suggest that the jet solid angle is
∼ 4π/100, corresponding to an opening angle . 10◦.





CHAPTER 2

THE FIREBALL MODEL

2.1 The Fireball Idea

As we discussed the observed millisecond time variability of GRBs, immediately points toward a compact engine,
of typical size ri ' 107 cm. On the other hand the duration of the prompt emission ∼ 1 − 100 s, suggests that
energy injection is not impulsive but is continuous on the timescale of the engine. the large amount of energy
confined within such a small volume can be described as a fire-ball. The term fireball refers to any system where
the energy density is so high that photond are in thermal equilibrium with a plasma of electrons and positrons, at
typical relativistic conditions.

2.1.1 Conditions at injection

The typical temperature at the base of the central engine at what is known as the injection radius can be computed
recalling that GRBs are associated to the gravitational collapse of the core of a massive progenitor or the merging
of a binary NS. In both cases we are dealing with a mass of the order of 1.5− 3M�. The energy involved in both
events are of the order of the gravitational binding energy GM2/R ' 5× 1053 erg, where typical radii are ∼ 106

cm. Not all of this energy ends in the GRB. Most of it is radiated away, in the form of GWs, and neutrinos, which
are decoupled form matter. Only a fraction∼ 10−2 thermalizes into a fireball of e± pairs and high energy photons,
with a typical black body temperature at the injection radius ri:

4πr3
i

3

4σsb

c
T 4
i ' 10−2GM

2

R
⇒ Ti '

1011
(

M
1.5M�

)1/2 (
106cm
R

)1/4 (
107cm
ri

)3/4

K

10
(

M
1.5M�

)1/2 (
106cm
R

)1/4 (
107cm
ri

)3/4

MeV
(2.1)

The black-body thermal energy is much higher than the rest mass energy of e±, such that there will be copious
pair production. The system is also optically thick for photon propagation. The typical baryon density at the base
of the engine can be computed recalling that ultimately baryons (protons) are accelerated up to Lorentz factor
γGRB ∼ 500− 1000. This implies that the average energy per baryon should be:

10−2GM
2

R
' γGRBnpmpc

2 4πr3
i

3
⇒ np ' 2× 1030

(
M

1.5M�

)2(
106cm

R

)(
107cm

ri

)3

cm−3 (2.2)
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2.1.2 Pair creation

We are going to begin our characterization of the fireball with a discussion of the equilibrium properties of the
reaction e+e− ↔ γγ. We recall that the chemical potential µ is defined as the energy change with particle number
at fixed volume and entropy:

dU = TdS + µdN (2.3)

and µ represents the amount of energy required to increase by one the numer of particles in a closed system. We
see immediately that µ = (dU/dN)T=0, the energy required to add a particle at zero temperature. Photons have
zero chemical potential (it takes zero energy to add a photon to a black-body at zero temperature). On the other
hand fermions have a non-zero chemical potential due to Pauli’s exclusion principle, and to the fact that they have a
finite rest mass. The equilibrium condition will then reads µ+ +µ− = 0. Now for electron and positrons following
Fermi-Dirac statistic, the chemical potential can be related to the density and temperature by:

n = 2

∫ ∞
o

4πp2dp

(2π~)3

1

e(ε−µ)/kT − 1
→

∫ ∞
o

8πp2

(2π~)3

eµ/kT

eε/kT
dp in the classical limit (2.4)

where the energy ε = c
√
p2 +m2c2. In the relativistic (ε = cp) and non relativistic (ε = mc2 + p2/2m) regime

one has:

n = 2

(
kT

c~

)3
1

π2
eµ/kT and n = 2

(
mkT

2π~2

)3/2

e(µ−mc2)/kT (2.5)

now using the equilibrium condition on the chemical potentials one finds:

n+n− = 4

(
kT

c~

)6
1

π4
and n+n− = 4

(
mkT

2π~2

)3

e−2mc2/kT (2.6)

Now if no is the number of electrons in the absence of pair production (the electron excess) then one has n−−n+ =
no ⇒ n2

+ + non+ − n+n− = 0. This is just a second-order equation that can be solved for n+ = to give:

2n+ + no =

[
n2
o + 2

(mc
~

)6
(

kT

πmc2

)3

e−2mc2/kT

]1/2

for kT < mc2 (2.7)

2n+ + no =

[
n2
o +

16

π4

(mc
~

)6
(
kT

mc2

)6
]1/2

for kT > mc2 (2.8)

(2.9)

The temperature at which n+ = no (or equivalently the density of the unpaired electrons no below which the
density of pairs due to photon pair production/annihilation is larger) can be considered as the reference temperature
(density) for efficient pair-radiation coupling. One has in the relativistic and non-relativistic regime:

2
√

2no =
4

π2
λ−3
c

(
kT

mc2

)3

⇒ no = 2.6× 1030

(
kT

mc2

)3

cm−3 (2.10)

2
√

2no =

√
2

π3
λ−3
c

(
kT

mc2

)3/2

e−mc
2/kT ⇒ no = 1.6× 1030

(
kT

mc2

)3/2

e−mc
2/kT cm−3 (2.11)

which can be used to establish if there is or not efficient pair-production coupling. It is evident that for T > mc2

pair-production will be efficient even at densities ρ = mpno > 4 × 106 g cm−3. If instead one considers the non
relativistic limit one finds that the threshold ranges from kT/mc2 ' 0.011 for no ' 10−10 cm−3, to kT/mc2 '
0.016 for no ' 1 cm−3, and kT/mc2 ' 0.05 for no ' 1020 cm−3.
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For kT ' 10MeV the threshold density is no = np ' 2 × 1034 cm −3 much higher than the typical proton
density at the base of the engine given by the estimate Eq. 2.2, which instead give a typical coupling temperature
kT ' 1MeV.

One can compute the typical number density of pairs in the limit kT � mec
2 and the reasult is:

n± ≈
2

π2

(
kT

~c

)3

(2.12)

this is comparable with the typical photon density:

nγ ≈
π2

15

(
k4T 4

~3c3

)
1

hνmax
≈ π2

45

(
kT

~c

)3

(2.13)

and for temperatures of the order of 10 Mev the typical densities are ∼ 1034 cm −3,� np.

2.1.3 Optical Depth

One can then check the optical thickness of the injection region for processes involving pair and photon scattering.
The three main processes that define the mean free path for pairs and photons, are pair creation/annihilation and
Compton scattering. The cross section for these processes are shown in Fig. 2.1, and, as one can see, at the typical
energies of interest E ∼ 10MeV, they ranges between 10−3 to 10−2 times the Thompson cross section.

Figure 2.1: Cross sections for pair annihilation (dotted line), photon-photon pair production (dashed line) and
inverse compton scattering (solid line), with respect to the Thompson cross section, given as a function of the
“center of mass” total energy.

The photon mean free path, for Thompson/Compton scattering, considering that at T = 10 MeV n± ≈ 104no =
104np ∼ 1034 cm−3, will be:

1/n±σic ≈ 7× 10−10cm� ri (2.14)

such that the depth is τ ∼ 1016. The pair mean free path for electron positron annihilation will be:

1/n±σann ≈ 7× 10−9cm� ri (2.15)
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and again the depth is τ ∼ 1015.

The photon mean free path for photon-photon pair production is instead:

1/nγσpp ≈
E

V

1

hνmax

1

σpp
≈ 10−2GM

2

R

3

4πr3
i

1

2.82kbT

1

σpp
≈ 4× 10−9cm� ri (2.16)

where we have taken hνmax ∼ 10MeV → T ∼ 1011K. This again implies an optical depth for pair creation
τ ∼ 1015. The mean free paths at the source justify the assumption of thermal equilibrium and high scatter-
ing/interaction depth for pairs and photons.

With this conditions the plasma at the central engine can be described as a fireball.

2.2 Dynamical evolution of a fireball

Given the temperature and energy of the fireball at injection one immediately see that the system will rapidly
expand at relativistic speed. At the very base of the system r ∼ ri the typical outflow speeds will be of the order
of the twermal speed of the fireball T ∼ 10MeV⇒ γ ∼ 10. The observed variability suggests that in many cases
we are not dealign with a smooth continuous flow, but with the ejection of clump (shells) of matter. In principle
each of these shell will have sligthly different conditions, and will undergo different acceleration as it expands,
with respect to the preceeding and following one. One can the consisder the typical average condition of the shells
and then check how their differences impact on the evolution.

2.2.1 Expansion

As we have seen, in order to accelerate a relativistic outflow, the ratio of the energy of the gas E over its mass M
should be much larger than unity.

We assume that the fireball produced by the central engine central engine, can be described in terms of a series of
shells (or blobs) that are emitted at an injection radius ri, with Lorentz factor 1 � γi � E/Mc2. Let ∆ be the
typical thickness of these shells. Then one can write mass, entropy and energy conservation for a single shell as:

r2γρ∆ = r2
i γiρi∆i (2.17)

r2γe3/4∆ = r2
i γie

3/4
i ∆i (2.18)

r2γ2(ρ+ 4e/3)∆ = r2
i γ

2
i (ρi + 4ei/3)∆i (2.19)

where e is the net internal energy and we have assumed a relativistic gas with p = e/3, and γ � 1.
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2.2.1.1 Radiation Dominated Phase We make at this point the so called frozen spike approximation ∆ = ∆i.
Initially one starts with a relativistically hot plasma with ei/ρi ' E/Mc2 � 1 (where we assume that the typical
energy per baryon of the various shells is of the same order) . Then one can write:

r2γρ = const, r2γe3/4 = const, r2γ2e = const. (2.20)

giving:

e = ei(r/ro)
−4, ρ = ρi(r/ri)

−3, γ = γi(r/ri) (2.21)

This is the radiation dominated phase, during which the Lorentz factor increases proportionally to the radius, and
that last until e/ρ ' 1⇒ r = ri(eiρi). Which defines the so called saturation radius and Lorenz factor:

Rs = ri(E/Mc2) ' 5× 109Ri7E52/M−5 cm γs = γi(E/Mc2) ' 500γiE52/M−5 (2.22)

where we have se E52 = E/1052 erg s−1, and M−5 = M/10−5M�.

2.2.1.2 Matter Dominated Phase At r = Rs the outflow enters the matter dominated phase. In the frozen-spike
approximation one can write:

r2γρ = const, r2γe3/4 = const, r2γ2ρ = const. (2.23)

giving:

e = es(r/Rs)
−3/8, ρ = ρs(r/Rs)

−2, γ = γs (2.24)

where es, ρs and γs are evaluated at the saturation radius. In the matter dominated phase the frozen-spike approxi-
mation does not holds at all radii. Once it breaks ∆ ∝ r and one has:

e = es(r/Rs)
−4, ρ = ρs(r/Rs)

−3, γ = γs (2.25)

showing that the Lorentz factor remain constant at the saturation value.

2.2.2 Internal Dissipation

First we are going to show that during the radiation dominated phase, the frozen spike approximation holds. Let us
assume that a shell is injected with typical average Lorentz factor γi, and a typical thickness ∆i = cδti ' ri = cti
from each other. Now in general the front and back sides of the shell (f and b) will be injected with different
Lorentz factor γfi ' γbi ' γi � 1. Assume that back side b is injected with a lower Lorentz factor than the front
f , and that each evolve according to Eq. 2.25 so that in principle the thickness will increase (but the math can be
repeated in the other case leading to the same result). Then:

δγ = γf − γb = γfi
rf
ri
− γbi

rb
ri

= γfi
r

ri
− γbi

r

ri
+
γfi + γbi

2

∆

ri
(2.26)

' δγi
r

ri
+ γi

∆

ri
= γi

[
ηγ
r

ri
+

∆

ri

]
' γiηγ

r

ri
= ηγγ (2.27)

where we have set rb = r−∆/2, rf = r+∆/2, ηγ = (γ2i−γ1i)/γi . 1, and we have set ∆� r. This difference
in Lorentz factor corresponds to a different velocity δv. Now for a relativistic flow:

v =
√

1− γ−2 ' 1− 1/2γ2 ⇒ δv =
∂v

∂γ
δγ =

δγ

γ3
' ηγ
γ2

(2.28)
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Then the shell thickness will evolve according to d∆/dt = δv, as:

∆(t) = ∆i +

∫ t

o

δv dt =

∫ t

o

ηγ
γ2
dt = ∆i +

∫ γ

γi

ηγ
γ2

ti
γi
dγ = ∆i + ηγ

ti
γi

[
1

γi
− 1

γ

]
< ∆i + ηγ

ti
γ2
i

(2.29)

∆(t) < ∆i + ηγ
ri
γ2
i

' ∆i[1 + ηγ/γ
2
i ] ' ∆i (2.30)

In the same way we can show that during the radiation dominated phase, the various shells do not interact among
them, so that each evolve as an isolated one. We just need to repeat the previous math substituting the shell
thickness ∆ with the shell separation Λ, and consider the case of two shells emitted in succession with δti = Λ/c,
and with the inner one going at a higher Lorentz factor, so that in principle it can catch up with the previous. The
final result will be the same

Λ(t) =< Λi + ηγ
ri
γ2
i

' Λi[1 + ηγ/γ
2
i ] ' Λi (2.31)

So we can conclude that during the radiation dominated phase each shell evolve as an isolated structure of constant
thickness such that neither inner (in the shell) nor intra (among shells) dissipation take place.

For the matter dominated phase instead one has:

δγ = ηγγs ⇒ δv = ηγ
1

γ2
s

⇒ ∆(t) = ∆i + ηγ
ct− cts
γ2

s

= ∆i + ηγ
r −Rf

γ2
s

(2.32)

this set the limit for the application of the frozen -spike approximation:

Rd = Rs +
∆i

ηγ
γ2

s (2.33)

for ηγ ∼ 1, and ∆i ∼ ri ∼ 107cm, we have Rd ∼ 1011 cm. This is about a factor 10 laerger than the typical
radii of carbon-oxygen WR star whose core has just collapsed. At such distance the variious shells will begin to
interact. This interaction will dissipate the relative internal energy and lead to emission. This mechanism is known
as internal shocks model, and it is invoked to expalin the prompt γ-ray emission.

2.2.3 Slow-down

The coasting phase, where the system expands at a constant Lorentz factor (apart from the interaction of the various
shells that only dissipate the relative energy) will last as long as the swept-up mass is mall enough not to affect the
dynamics.

The flow will begin to slow down once the condition:

4π

3
nmp(ctsl)

3γ2
mrsc

2 = E (2.34)

is met. Puttign typical values for the energy, and the ISM density one finds radii od the order of 1016 cm, corre-
sponding to a typical time ∼ 1 day. This set the beginning of the so called X-ray afterglow, which is mostly due
to the emission of the shock front propagating in the surrounding medium, and that can be described using the
Blandford-McKee solution:

γ(t) =

(
3E

256πnmpc2

)1/8

t−3/8 (2.35)
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2.2.4 Newtonian Timescale

When the Lorentz factor reaches unity the system enters the Newtonian phase, when iy will evolve according to
the standard Sedov solution. The Newtonian timescale is set by:

tNewt =

(
3E

256πnmpc2

)1/3

(2.36)

corresponding to typical timescales of a few hundreds days.
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