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Where?

COBE

2704 GRBs. Credit: BATSE team.
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Morphology

Kann et al 2007, Sterne und Weltraum.
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Morphology

Kann et al 2007, Sterne und Weltraum.
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Progenitors 
Long GRBs 

- Collapsar Model - massive star 
progenitors (Woosely) 

Evidence : Energy, Supernovae, 
host galaxies with active star 
formation 
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Progenitors 
Long GRBs 

- Collapsar Model - massive star 
progenitors (Woosely) 

Evidence : Energy, Supernovae, 
host galaxies with active star 
formation 

Short GRBs
- Compact  Objects (eg Rosswog et al 

2003) 

Evidence : Timescales, Absence of 
Supernovae, host galaxies with 
old stars 
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Spectra

Briggs et al, ApJ, 524, 82, (1999)

α βEpeak

Band Model: Broken PL
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Compactness Problem

Variability of GRBs on a millisec timescale  

Region ~ 100 km Radius (r ~ cΔt)

Fireball  -> many Photons / small Volume

Optically thick (~1014) -> γγ -> e+e- 

Thermal spectrum with cutoff
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Solution
Fireball expands with ultra-relativistic speeds

Material moves with Lorentz factor towards us            
Γ= (1-(v/c)2)-1/2

1) Emission region is bigger 

2) Photons are less energetic 

3) Photon angle

Γ=100 -> v = 0.99995c
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Fireball 
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Saturation radius rs , photospheric radius rph , internal shock radius ris ,external shock res. 
The photosphere produces thermal γ -rays, the internal shock/dissipation region produces 
the non-thermal γ -rays, the external shock region produces the afterglow.

Wednesday, December 7, 2011



Jets

Woosley, Nature, News and Views, 2001.

Text

Θ=1/Γ
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Jets

Harrison et al., The Astrophysical Journal, 523,  L121.
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X-rays

Kann, Schlutze, Klose, Sterne & Weltraum (2007)
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Breaks?
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Rising AG

Γ0 ~ 400
Molinari et al, Astronomy and Astrophysics, 469, L13, (2007)
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SN2003dh

Hjorth et al, Nature, 423, Issue 6942, pp. 847-850 (2003)

Typ Ic
36,000 km/s
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Redshifts

Mean redshift Swift GRBs z~2.3
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Fermi School Delaware June 2011                                                                                                                     Valerie Connaughton

GBM BGO detector.
200 keV -- 40 MeV
126 cm2, 12.7 cm

Spectroscopy
Bridges gap between NaI and LAT.

GBM NaI detector.
8 keV -- 1000 keV
126 cm2, 1.27 cm

Triggering, localization, 
spectroscopy.

The Large Area Telescope (LAT)

Gamma-Ray Burst Monitor (GBM) 
on Fermi Spacecraft. 

Sunday, June 5, 2011 DOY 156

Fermi

Pair Telescope: 100 MeV to 300 GeV
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Energy Range
GBM vs LAT

7

(Band et al. 2009)

LAT FoV

GBM FoV
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GRB080916 :Light Curves

Figure 2. (Left) Light curves for GRB 080916C observed with the GBM and the LAT, from lowest to highest energies [12]. The
energy ranges for the top two panels are chosen to avoid overlap. The top three panels represent the background-subtracted light
curves for the NaI, the BGO and the LAT. The inset panels give a view of the first 15 s from the trigger time. In all cases, the
bin width is 0.5 s; the per-second counting rate is reported on the right for convenience. (Right) Light curves for GRB 090510 [13],
with a time binning of 0.01 s.

few seconds for an onboard localization, and efforts to increase this onboard trigger rate should result in a future
yearly rate of 3 to 5 [8]. Owing to the detection of extended emission by EGRET from GRB 940217, and the
interest in GRB afterglow emission during the Swift era, Fermi was designed with the capability to repoint in the
direction of a bright GRB and keep its position near the centre of the field-of-view of the LAT for, nominally,
five hours, subject to Earth-limb constraints. This repointing occurs autonomously in response to requests from
either instrument, with adjustable brightness thresholds, and has resulted in 45 extended GRB observations since
October 2008 when the capability was enabled. Both GBM and LAT triggers and localizations are communicated
to other satellites and ground observers via the GRB Coordinates Network [9], and all Fermi data are public
through the Fermi Science Support Center [10].

In Section 2 we summarize the main results obtained with the GBM and the LAT, and present the properties
of GRBs as revealed by the two instruments. The physical implications of these observations are addressed in
Section 3. In Section 4, we discuss several open questions and topics of interest for the near future. We also
present some perspectives for the forthcoming years and until the advance of the SVOM mission, including the
expectations from ground-based Čerenkov experiments operating at ∼100 GeV–TeV energies.

2. Observations

In two years of observation by Fermi, the LAT has detected ∼20 GRBs with high significance. The proportion of
short to long bursts detected above 100 MeV is similar to that below 1 MeV, about 15-20 %, though with only two
short high-energy bursts, statistics are poor. In the context of short and long bursts having different progenitors,
distances, fluences, and spectral parameters, this consistency may be surprising. Moreover, the steepness of the
high-energy spectral index in short bursts detected with the GBM [11] would a priori make a high-energy detection
unlikely.

Four of the LAT-detected bursts, including one of the two short bursts, are very bright, with hundreds of high-
energy photons seen by the LAT, and have led to surprising conclusions regarding the general properties of the
high-energy emission of GRBs. The remaining bursts, with 20 or fewer photons, either confirm these conclusions
with less conviction, or at least do not contradict the general observations we make here. The bursts detected by

3

Abdo+, Science,
2009
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Spectrum
Abdo+, Science,2009

(Dec.) = −61°18′00″ (10), with an uncertainty of
2.8° at 68% confidence level (C.L.).

At the time of the trigger, the GRB was
located ~48° from the LAT boresight, and on-
ground analysis revealed a bright source con-
sistent with the GRB location. Using the events
collected during the first 66 s after T0, within 20°
around the GBM burst position, the LAT pro-
vided a localization of RA = 07h59m31s, Dec. =
−56°35′24″ (11) with a statistical uncertainty of
0.09° at 68% C.L. (0.13° at 90% C.L.) and a sys-
tematic uncertainty smaller than ~0.1° (movie S1).

Follow-up x-ray and optical observations re-
vealed a fading source at RA = 07h59m23.24s,
Dec. = −56°38′16.8″ (T1.9″ at 90% C.L.) (12) by
Swift/X-Ray Telescope (XRT) and RA =
07h59m23.32s, Dec. = −56°38′18.0″ (T0.5″)
(13, 14) by Gamma-Ray Burst Optical/Near-
Infrared Detector (GROND), respectively, consist-
ent with the LAT localization within the estimated
uncertainties. GROND determined the redshift
of this source to be z = 4.35 T0.15 (15). The
afterglow was also observed in the near-infrared
band by theNagoya-SAAO1.4m telescope (IRSF)
(16). The x-ray light curve of the afterglow from
T0 + 61 ks to T0 + 1306 ks shows two temporal
breaks at about 2 and 4 days after the trigger
(17). The light curves before, between, and after
the breaks can be fit with a power-law function
with decay indices ~−2.3, ~−0.2. and ~−1.4,
respectively.

The light curve of GRB 080916C, as ob-
served with Fermi GBM and LAT, is shown in
Fig. 1. The total number of LAT counts after
background subtraction in the first 100 s after the
trigger was >3000. For most of the low-energy
events, however, extracting reliable directional
and energy information was not possible. After
we applied standard selection cuts (9) for tran-
sient sources with energies greater than 100MeV
and directions compatible with the burst location,
145 events remained (panel 4), and 14 events had
energies > 1 GeV (panel 5).

Because of the energy-dependent temporal
structure of the light curve, we divided the light
curve into five time intervals (a, b, c, d, and e)
delineated by the vertical lines (Fig. 1). The GRB
light curve at low energy has two bright peaks,
one between 0 and 3.6 s after the trigger (inter-
val a) and one between 3.6 and 7.7 s (interval b).
The two peaks are distinct in the BGO light curve
but less so in the NaI. In the LAT detector the first
peak is not significant though the light curve
shows evidence of activity in time interval a, most-
ly in events below 100 MeV. Above 100 MeV,
peak b is prominent in the LAT light curve. Interval
c coincides with the tail of the main pulse, and the
last two intervals reflect temporal structure in the
NaI light curve and have been chosen to provide
enough statistics in the LAT energy band for
spectral analysis. The highest energy photon was
observed during interval d:Eh ¼ 13:22þ0:70

−1:54 GeV.
Most of the emission in peak b shifts toward later
times as the energy increases (inset).

Spectral analysis. We performed simulta-
neous spectral fits of the GBM and LAT data
for each of the five time bins described above
and shown in Fig. 1 (see Fig. 2 for an example of
the fits). GBM NaI data from detectors 3 and 4
were selected from 8 keV to 1.0 MeV, as well as
BGO detector 0 data from 0.26 to 40 MeV. LAT
photons were selected by using the “transient”
event class (9) for the energies from 100 MeV to
200 GeV. This event class provides the largest
effective area and highest background rates
among the LAT standard event classes, which is
appropriate for bright sources with small back-
grounds like this burst. This combination of the
GBM and LAT data results in joint spectral fits
by using forward-folding techniques covering over
7 decades of energy [supporting online material
(SOM) text].

The spectra of all five time intervals are well
fit by the empirical Band function (18), which
smoothly joins low- and high-energy power laws.
The first time interval, with a relative paucity of

photons in the LAT, also has the most distinct
spectral parameter values. The low-energy pho-
ton index a is larger (indicating harder emission),
and the high-energy photon index b is smaller
(indicating softer emission), consistent with the
small number of LAT photons observed at this
time. After the first interval there was no
significant evolution in either a or b, as is evident
in Fig. 3. In contrast, Epeak, the energy at which
the energy emission peaks in the sense of energy
per photon energy decade, evolved from the first
time bin to reach its highest value in the second
time bin, then softened through the remainder of
the GRB. The higher Epeak and overall intensity
of interval b, combined with the hard value of b
that is characteristic of the later intervals, are the
spectral characteristics that lead to the emission
peaking in the LAT light curve (Fig. 1). The
spectrum of interval b with a Band function fit
is shown in Fig. 2. Comparing the parameters
of this interval to the ensemble of EGRET burst
detections, we find that the flux at around 1MeV
and b are similar to those for GRB 910503 and
that Epeak resembles that for GRB 910814 (19).

We searched for deviations from the Band
function, such as an additional component at high
energies (5). Three photons in the fourth time bin
had energies above 6 GeV. We tried modeling
these high-energy photons with a power law as
an additional high-energy spectral component.
Compared to the null hypothesis that the data
originated from a simple Band GRB function,
adding the additional power-law component
resulted in a probability of 1% that there was no
additional spectral component for this time bin;
with five time bins, this is not strong evidence for
any additional component. Our sensitivity to
higher-energy photons may be reduced at z ~
4.35 through absorption by extragalactic back-
ground light (EBL). Because the effect of various
EBL models ranges widely, from leaving the
single time bin spectral-fit probability of an extra
component unchanged (20) to decreasing the

Fig. 2. (A) Count spectrum for
NaI, BGO, and LAT in time bin
b: The data points have 1s er-
ror bars, whereas upper limits
are 2s. The histograms show
the number of counts obtained
by folding the photon model
through the instrument re-
sponse models. Spectra for
time intervals a to e over the
entire energy fit range are
available in figs. S1 to S5. (B)
The model spectra in nFn units
for all five time intervals, in
which a flat spectrum would
indicate equal energy per dec-
ade of photon energy, and the
changing shapes show the
evolution of the spectrum over
time. The curves end at the
energy of the highest-energy photon observed in each time interval.

www.sciencemag.org SCIENCE VOL 323 27 MARCH 2009 1689
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a fluence of 1.9×10−4 erg cm−2 in the 8 keV – 30MeV range
(van der Horst & Goldstein 2008). The spectral results reported
by RHESSI and Konus-Wind (Golentskii et al. 2008) are in
broad agreement.

Fig. 1. i′-band image of the afterglow of GRB 080916C obtained
with the 7-channel imager GROND at the 2.2m telescope on
La Silla / Chile 32 hrs after the burst. The circle denotes the
Swift/XRT error box. Some of the local standard stars of Tab.
2 are labeled. A zoom into the innermost region is shown in the
bottom-right, with the afterglow (AG) and a galaxy (G) 4′′ from
the afterglow labeled.

The measurements of the high-energy emission from GRB
080916C by the instruments of the Fermi Gamma-Ray Space
telescope are described in Abdo et al. (2009). Here we report on
the discovery of the optical/NIR afterglow of GRB 080916C, the
measurement of its redshift, and consequently on the recognition
of its extreme explosion energy and the large Lorentz factor of
its relativistic outflow.

The GRB afterglow

A comparison of GROND observations from Sep. 17 and 19,
2008 clearly reveals a fading source inside the Swift/XRT er-
ror box (Fig. 1), with coordinates RA (J2000.0) = 07h59m23.s32,
Decl. (J2000.0) = –56◦38′18.′′0 (0.′′5 error). The decay between
1.3 to 4 d after the GRB is well described by a single power law
with αO = 1.40±0.05 (Fig. 2), compatible within the errors to the
X-ray decay slope αX = 1.29±0.09.

A spectral energy distribution (SED) was constructed us-
ing the GROND magnitudes from the first night of observations
(Tab. 1). The photometrically calibrated data (Tab. 2) were cor-
rected for the foreground galactic reddening of E(B-V) = 0.32
mag (Schlegel et al. 1998) corresponding to an extinction of AV
= 0.98 mag and fit by an intrinsic power law (Fν ∝ ν−β) plus
three different dust models, as well as without extinction (Tab.
3). The i′ to KS band data are best fit with a power law slope of
β = 0.38±0.20 and no host-intrinsic extinction. The i′ to r′ band
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Fig. 2. X-ray (upper panel) and optical/NIR light curve (lower
panel) of the GRB 080916C afterglow. The solid lines mark the
best fit power laws to the X-ray and i′-band data (labeled in the
upper right corner). The power law segments as given by Swift
(Stratta et al. 2008) are shown as dashed lines; they were scaled
to the i′-band in the lower panel to show that this 3-segment
power law does not fit the optical data, i.e. the apparent X-ray
plateau phase is not detected in the optical data. However, the
X-ray light curve can also be fit with a single power law, with
only marginally larger χ2red, as compared to the 3-segment pow-
erlaw, which results in αX = 1.29±0.09, The optical decay is
mainly constrained by the three i′-band data points. The JHKS
observations of SIRIUS and GROND during the first night are
consistent with this decay.

measurements deviate significantly and can be best explained
with a Ly-α break at z = 4.35±0.15 (see Tab. 3 and Fig. 3, and
the rejected alternative explanations given in the figure caption).
The redshift values resulting from all the fitted models are com-
patible, and the redshift error includes already the dependence
on the error of the photon index as well as foreground-extinction
correction (Fig. 4). The g′-band upper limit is consistent with the
high-redshift result, though it is not deep enough to constrain the
fit.

No X-ray measurements of the afterglow are available during
the time of the initial GROND epoch. However, we can use the
SIRIUS JHKS -band brightness as well as a back-extrapolation
of the afterglow decay slope to re-scale the GROND SED to
the earlier time when XRT measurements are available. The
Swift/XRT spectrum from 61–102 ks post-burst has been re-
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panel) of the GRB 080916C afterglow. The solid lines mark the
best fit power laws to the X-ray and i′-band data (labeled in the
upper right corner). The power law segments as given by Swift
(Stratta et al. 2008) are shown as dashed lines; they were scaled
to the i′-band in the lower panel to show that this 3-segment
power law does not fit the optical data, i.e. the apparent X-ray
plateau phase is not detected in the optical data. However, the
X-ray light curve can also be fit with a single power law, with
only marginally larger χ2red, as compared to the 3-segment pow-
erlaw, which results in αX = 1.29±0.09, The optical decay is
mainly constrained by the three i′-band data points. The JHKS
observations of SIRIUS and GROND during the first night are
consistent with this decay.

measurements deviate significantly and can be best explained
with a Ly-α break at z = 4.35±0.15 (see Tab. 3 and Fig. 3, and
the rejected alternative explanations given in the figure caption).
The redshift values resulting from all the fitted models are com-
patible, and the redshift error includes already the dependence
on the error of the photon index as well as foreground-extinction
correction (Fig. 4). The g′-band upper limit is consistent with the
high-redshift result, though it is not deep enough to constrain the
fit.

No X-ray measurements of the afterglow are available during
the time of the initial GROND epoch. However, we can use the
SIRIUS JHKS -band brightness as well as a back-extrapolation
of the afterglow decay slope to re-scale the GROND SED to
the earlier time when XRT measurements are available. The
Swift/XRT spectrum from 61–102 ks post-burst has been re-

Afterglow discovery
X-ray position -> optical.

Greiner+2009
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Fig. 3. Spectral energy distribution of the afterglow, derived from the coaddition of all GROND exposures from the first night (Sep. 17, 2008). The
SED is best fit with a power law of spectral index β = 0.38, no extinction, and Lyα absorption at a redshift of z = 4.35± 0.15. The inset shows that
the best-fit GROND power law connects without break or offset to the Swift/XRT data, supporting the correct modelling of the GROND SED and
the re-interpretation of the X-ray spectrum.
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Fig. 4. Contour plot of the foreground AV (upper panel) and spectral
index (lower panel) from the spectral energy distribution fit against the
redshift. This shows that the photo-z determination is stable against un-
certainties in the correction for the galactic foreground extinction, as
well as the powerlaw index. The 68%, 90% and 99% confidence con-
tours are plotted. The shaded area in the upper panel shows the AV range
according to (Schlegel et al. 1998). In the bottom panel the shaded area
shows the power-law spectral index from the X-ray spectral fits.

that at 2175 Å (Krühler et al. 2008). However, the resulting host
extinction corrected spectral slope of β ! 0.0 would be incom-
patible with most theoretical models (Sari et al. 1998) and with

the X-ray spectrum. The lack of curvature in the i′ − Ks SED,
and its extrapolation to the X-ray data, provide additional argu-
ments against host extinction. Similarly, a spectral break cannot
easily explain the r′–i′ colour without redshift as the difference
in power law index would be 2.5, much larger than predicted by
theory (Sari et al. 1998). In addition, the steep power law would
significantly underpredict the observed X-ray fluxes. The inset
of Fig. 3 shows that the best-fit GROND power law connects
without break or offset to the Swift/XRT data, supporting the
correct modelling of the GROND SED.

No X-ray measurements of the afterglow are available during
the time of the initial GROND epoch. However, we can use the
SIRIUS JHKS-band brightness as well as a back-extrapolation
of the afterglow decay slope to re-scale the GROND SED to
the earlier time when XRT measurements are available. The
Swift/XRT spectrum from 61–102 ks post-burst has been re-
ported to be well fit with an absorbed power law spectrum with
photon index ΓX = 2.1+0.9

−0.7 and a column density of NH = 3.7+3.3
−1.1×

1021 cm−2 (Stratta et al. 2008). Using the result of no excess ex-
tinction, we re-fit the X-ray spectrum with the column density
fixed to the galactic foreground value (NH = 1.5 × 1021 cm−2),
and obtain ΓX = 1.49+0.31

−0.34, consistent with the slope of the
GROND SED (note that the spectral index β is related to the pho-
ton index Γ from the X-ray spectral fitting by βX = ΓX − 1). The
GROND and XRT combined SED is compatible with a single
power law over the complete spectral range (see inset of Fig. 3).

No counterpart or host galaxy was detected seven weeks af-
ter the burst at the position of the optical/NIR afterglow, with
a two-sigma upper limit of i′ > 25.1 mag within a 1.1′′-radius
aperture centred at the afterglow position. This is not surprising
given the brightness distribution of the known GRB host galax-
ies (Savaglio et al. 2009; the brightness limit places a loose lower
limit on the redshift of z > 1.

We note that the nearest object visible on our images is a
galaxy at 4′′ distance to the East. We obtained an optical spec-
trum of this galaxy beginning at 05:00 UT on 7 November 2008,
using the Gemini-South telescope +GMOS-S. We obtained two
spectra of 900 s each with the R400 grating centred at 8000 Å,

080916C @ 4.35±0.15
g     r     i    z     J     H      K

Greiner+2009
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Figure 2. (Left) Light curves for GRB 080916C observed with the GBM and the LAT, from lowest to highest energies [12]. The
energy ranges for the top two panels are chosen to avoid overlap. The top three panels represent the background-subtracted light
curves for the NaI, the BGO and the LAT. The inset panels give a view of the first 15 s from the trigger time. In all cases, the
bin width is 0.5 s; the per-second counting rate is reported on the right for convenience. (Right) Light curves for GRB 090510 [13],
with a time binning of 0.01 s.

few seconds for an onboard localization, and efforts to increase this onboard trigger rate should result in a future
yearly rate of 3 to 5 [8]. Owing to the detection of extended emission by EGRET from GRB 940217, and the
interest in GRB afterglow emission during the Swift era, Fermi was designed with the capability to repoint in the
direction of a bright GRB and keep its position near the centre of the field-of-view of the LAT for, nominally,
five hours, subject to Earth-limb constraints. This repointing occurs autonomously in response to requests from
either instrument, with adjustable brightness thresholds, and has resulted in 45 extended GRB observations since
October 2008 when the capability was enabled. Both GBM and LAT triggers and localizations are communicated
to other satellites and ground observers via the GRB Coordinates Network [9], and all Fermi data are public
through the Fermi Science Support Center [10].

In Section 2 we summarize the main results obtained with the GBM and the LAT, and present the properties
of GRBs as revealed by the two instruments. The physical implications of these observations are addressed in
Section 3. In Section 4, we discuss several open questions and topics of interest for the near future. We also
present some perspectives for the forthcoming years and until the advance of the SVOM mission, including the
expectations from ground-based Čerenkov experiments operating at ∼100 GeV–TeV energies.

2. Observations

In two years of observation by Fermi, the LAT has detected ∼20 GRBs with high significance. The proportion of
short to long bursts detected above 100 MeV is similar to that below 1 MeV, about 15-20 %, though with only two
short high-energy bursts, statistics are poor. In the context of short and long bursts having different progenitors,
distances, fluences, and spectral parameters, this consistency may be surprising. Moreover, the steepness of the
high-energy spectral index in short bursts detected with the GBM [11] would a priori make a high-energy detection
unlikely.

Four of the LAT-detected bursts, including one of the two short bursts, are very bright, with hundreds of high-
energy photons seen by the LAT, and have led to surprising conclusions regarding the general properties of the
high-energy emission of GRBs. The remaining bursts, with 20 or fewer photons, either confirm these conclusions
with less conviction, or at least do not contradict the general observations we make here. The bursts detected by

3

Highest energy photon at 
0.83 s -> 31 GeV

Redshift 0.903 (McBreen+, 10)

Photon Dispersion : 

MQG > 1.22 MPLANCK

Abdo+, Nature, 10
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Figure 1. GBM and LAT light curves for the gamma-ray emission of GRB 090902B. The data from the GBM Na i detectors were divided into soft (8–14.3 keV)
and hard (14.3–260 keV) bands in order to reveal any obvious similarities between the light curve at the lowest energies and that of the LAT data. The fourth panel
shows all LAT events that pass the on-board gamma filter, while the fifth and sixth panels show data for the “transient” class event selection for energies >100 MeV
and >1 GeV, respectively. The vertical lines indicate the boundaries of the intervals used for the time-resolved spectral analysis. Those time boundaries are at
T0 + (0, 4.6, 9.6, 13.0, 19.2, 22.7, 25.0, 30.0) s. The insets show the counts for the corresponding data set binned using these intervals in order to illustrate the relative
numbers of counts considered in each spectral fit.

The time-integrated spectrum of GRB 090902B is best
modeled by a Band function (Band et al. 1993) and a power-law
component (Table 1). The power-law component significantly
improves the fit between 8 keV and 200 GeV both in the time-
integrated spectrum and in the individual time intervals where
there are sufficient statistics. It is also required when considering
only the GBM data (8 keV–40 MeV) for the time-integrated
spectrum, as its inclusion causes an improvement of ≈ 2000 in
the CSTAT statistic over the Band function alone. When data
below ∼50 keV are excluded, a power-law component can be

neglected in the GBM-only fits. We conclude that this power-law
component contributes a significant part of the emission both at
low (<50 keV) and high (>100 MeV) energies. Figure 3 shows
the counts and unfolded νFν spectra for a Band function with
a power-law component fitted to the data for interval b (when
the low energy excess is most significant) using the parameters
given in Table 1.

Spectral evolution is apparent in the Band function compo-
nent from the changing Epeak values throughout the burst, while
β remains soft until interval e when it hardens significantly. β

33 GeV

Overview of Gamma-ray Bursts in the Fermi era 29

Figure 14. νFν spectrum of GRB090902B as observed with the two instruments on-board Fermi, GBM
and LAT. The Band function is insufficient to fit the prompt emission spectrum which requires an additional
power law. The additional power law is more intense than the Band function below few tens of keV and
above several MeV. The thin dashed lines represents the two components used to fit the spectrum (i.e. Band
function and power law), and the thick solid one corresponds to the sum of the two components. The gray
butterfly represents the 1 sigma confidence contour taking into account the covariance matrix resulting from
the fit.

law at low energy. Kumar & Barniol Duran (2009); Ghirlanda, Ghisellini & Nava (2010) also
suggested that the additional power law and the delayed high energy emission could originate
from an early afterglow and produce by electron-positron synchrotron emission from the external
shock. However, the short variability time scale remains a problem.

In some cases, the additional power law does not extend at high energy but can still be fit
in addition to the Band function from GBM data alone (Guiriec et al. 2010). For GRB 090926A
(Ackermann et al. 2011), a cutoff was required around 1.4GeV in the additional power law, and
this additional component was clearly associated with a very bright peak in the prompt emission
light curve which dominates the rest of the emission in all energy bands from 8 keV to few tens
of MeV (see Fig. 15). Ryde et al. (2011, 2010) reported the fit of bright Fermi GRBs with a
combination of a modified black body, called multi colour black body, and an additional power
law using fine time interval. More recently, Guiriec et al. (2011) reported for the first time a
significant improvement when fitting the time integrated spectrum of GR100724B with a about
30 keV black body component in addition to the standard Band function (see Fig. 16). The
evolution of the thermal and the non thermal components were also followed across the prompt

Abdo+, ApJL, 09
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Figure 1. GBM and LAT light curves for the gamma-ray emission of GRB 090926A. The data from the GBM NaI detectors were divided into soft (8–14.3 keV) and
hard (14.3–260 keV) bands to reveal similarities between the light curve at the lowest energies and that of the LAT data. The fourth panel shows all LAT events that
pass the on-board GAMMA filter (Atwood et al. 2009). The first four light curves are background subtracted and are shown for 0.1 s time bins. The fifth and sixth
panels show LAT data “transient” class events for energies >100 MeV and >1 GeV, respectively, both using 0.5 s time bins. The vertical lines indicate the boundaries
of the intervals used for the time-resolved spectral analysis, T0 + (0, 3.3, 9.8, 10.5, 21.6) s. The insets show the counts for each data set, binned using these intervals,
to illustrate the numbers of counts considered in each spectral fit.
(A color version of this figure is available in the online journal.)

detectors, and [T0 − 43; T0 − 16] s and [T0 + 43; T0 + 300] s
for the BGO detector. For the LAT, we extracted “transient”
class data from an energy-dependent acceptance cone around
the burst position, as described in Abdo et al. (2009d), and con-
sidered front- and back-converting events separately (Atwood
et al. 2009). The data files for the analysis were prepared
using the LAT ScienceTools-v9r15p2 package, which is
available from the Fermi Science Support Center (FSSC), and

the P6_V3_TRANIENT response functions.72 A synthetic back-
ground was derived for the LAT data using an empirical model
of the rates expected for the position of the source in the sky
and for the position and orientation of the spacecraft during the
burst interval.

The joint spectral fitting of GBM and LAT data was performed
using rmfit version 3.2 (Kaneko et al. 2006; Abdo et al. 2009d),

72 http://fermi.gsfc.nasa.gov/ssc/
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Figure 5. Top: the best-fit (Band+CUTPL) model for the time-integrated data plotted as a νFν spectrum. The two components are plotted separately as the dashed
lines, and the sum is plotted as the heavy line. The ±1σ error contours derived from the errors on the fit parameters are also shown. Bottom: the νFν model spectra
(and ±1σ error contours) plotted for each of the time bins considered in the time-resolved spectroscopy.
(A color version of this figure is available in the online journal.)

freedom. However, certain assumptions are required for the va-
lidity of this calculation. For the highest reliability, we studied
the distribution of ∆(C-STAT) values via simulations, creating
2 × 104 random realizations of the null hypothesis (the
(Band+PL) model with parameters set at the best-fit values)
and fit the data for each trial with both models. In the result-
ing distribution of ∆(C-STAT) values, the largest difference we
found was 16.7, much smaller than the value of 40.5 for the ac-
tual data (see Table 1). We therefore place a firm upper limit on
the probability that our fit of the exponential cutoff occurred by
chance of 5 × 10−5. This corresponds to a Gaussian equivalent
significance of 4.05σ .

Our distribution of ∆(C-STAT) values shows a slight excess
over the χ2 distribution at large values indicating that perhaps
the asymptotic distribution has not been reached for this number
of trials. To be conservative, we do not evaluate the significance
according to the conventional procedure of using the observed
∆(C-STAT) value of 40.5 and the χ2 distribution. Unfortunately,
the number of simulations that would be required to determine
the significance of the observed cutoff is prohibitive. Nonethe-
less, the sizeable gap between the largest ∆(C-STAT) value ob-
tained in the simulations, 16.7, and the observed value of 40.5
suggests that the significance is much larger than 4σ . For the
four different sets of instrument response functions that we used
in our study of the systematic uncertainties, we always found
∆(C-STAT) ! 32. The significance of the spectral cutoff will be
hereafter quoted as >4σ .

Using the fit results for the best model (Band+CUTPL), we
estimate a fluence of 2.07 ± 0.04 × 10−4 erg cm−2 (10 keV–
10 GeV) from T0 + 3.3 s to T0 + 21.6 s. These data give an
isotropic energy Eγ ,iso = 2.24 ± 0.04 × 1054 erg, comparable to
that of GRB 090902B (Abdo et al. 2009a).

We then performed a time-resolved spectral analysis of the
prompt phase in the four time intervals a, b, c, and d. The
spectra are shown in Figure 5, and the results are summarized
in Table 2, where the best-fit parameters are given for the
statistically preferred model, and the C-STAT values are given
for the various models. The extra power-law component is found
to be very significant in intervals c and d, but not at the beginning
of the prompt phase in intervals a and b. The spectral cutoff is
significant at the >4σ level only in the common sharp peak
(time interval c), where the GeV flux is highest, but is only
marginally significant (∼4σ ) in time bin d.

In time interval b, the improvement in the fit statistics
when adding the extra power-law component is only ∆(C-
STAT) = 11.6. As a consequence, the parameters of the power
law are not very well constrained, yielding a normalization
B = 2.9+6.4

−1.0 10−10 photons cm−2 s−1 keV−1 and a power-law
index λ = 1.7+0.2

−0.1. In time interval c, we found the cutoff energy
to be EF = 0.40+0.13

−0.06 stat. ± 0.05 syst. GeV (Table 2). Note
that we fixed the pivot energy at Epiv = 1 MeV for time inter-
val c, since this is the only interval where the extra power-law
component is dominant over the Band component at very low
energies, and setting Epiv = 1 GeV resulted in very asymmetric
and very large uncertainties, especially for the normalization
B of the extra power-law component. We also tried to fit time
interval c with a broken power-law model, see Equation (2); but
again the fit significance was close to that of the (Band+CUTPL)
model, so that we cannot distinguish between the two models.
The fit with a broken power law gave a break energy Ebreak =
264+233

−75 MeV and a photon index above Ebreak of λh =
−3.55+0.63

−3.28. In time interval d, the improvement in the fit statis-
tics when adding a cutoff to the extra power-law component

7
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Figure 3. Observer frame VLT/FORS2 spectrum of the afterglow of GRB 090926A obtained 20 hr post-burst. The two-dimensional spectrum is shown at the top with
telluric features remaining, while the fully reduced one-dimensional spectrum is presented in the bottom panel. Labels mark the most prominent absorption lines at a
common redshift of z = 2.1062 ± 0.0004, as well as C iv in two intermediate systems at (1) z = 1.748 ± 0.001 and (2) z = 1.946 ± 0.001. The background variance
spectrum is shown by the bottom gray line.

Table 3
Line Properties of the z = 2.1062 ± 0.0004 Absorption System

Ion λobs z EWr log NX b [X/H]
(Å) (Å) (cm−2) (km s−1)

H i 3775.9 . . . . . . 21.73 ± 0.07 . . . . . .

C ii λ1334+C ii*λ1335 4146.9 2.1064 0.720 ± 0.047a . . . . . . . . .

Al ii λ1670 5189.2 2.1059 0.461 ± 0.035 14.06 ± 0.24 . . . b −2.12 ± 0.25
Al iii λ1854 5760.9 2.1060 0.176 ± 0.032 13.25 ± 0.08 . . . b . . .

Al iii λ1862 5785.9 2.1060 0.143 ± 0.031 . . . . . . . . .

Si ii λ1260 3914.8 2.1060 0.421 ± 0.037 14.97 ± 0.26 21.5 ± 2.4 −2.27 ± 0.27
Si ii λ1304 4053.0 2.1073 <0.47c . . . . . . . . .

Si ii λ1526 4741.8 2.1058 <0.34c . . . . . . . . .

Si ii λ1808 5616.8 2.1062 0.066 ± 0.035 . . . d . . . . . .

Si ii* λ1264 3928.5 2.1062 <0.39c . . . . . . . . .

Si ii* λ1309 4066.0 2.1055 0.074 ± 0.040 13.71 ± 0.13 . . . b . . .

Si ii* λ1533 4762.6 2.1059 0.172 ± 0.037 . . . . . . . . .

O i λ1302 4045.2 2.1064 0.315 ± 0.042 15.40+0.37
−0.27 . . . b −3.02+0.38

−0.28
Fe ii λ1608 4996.2 2.1062 0.194 ± 0.038 14.36 ± 0.14 . . . b −2.86 ± 0.16
S ii λ1250 3881.9 2.1055 0.070 ± 0.030 14.96 ± 0.15 . . . b −1.89 ± 0.16
S ii λ1254 3884.8 2.1064 0.093 ± 0.031 . . . . . . . . .

Ni ii λ1317 . . . . . . <0.114f . . . . . . . . .

Ni ii λ1370 . . . . . . <0.219ce . . . . . . . . .

Ni ii λ1741 . . . . . . <0.110e <14.1f . . . b < − 1.8
Zn ii λ2026 . . . . . . <0.152e <13.0f . . . b < − 1.2

C iv λ1548 4808.5 2.1059 0.511 ± 0.040 15.85+0.01
−0.23 . . . b . . .

C iv λ1550 4816.9 2.1061 0.491 ± 0.038 . . . . . . . . .

Si iv λ1393 4329.5 2.1064 0.507 ± 0.040 14.13+0.20
−0.13 42+79

−30 . . .

Si iv λ1402 4357.0 2.1059 0.366 ± 0.037 . . . . . . . . .

N v λ1238 . . . . . . >0.153 >13.8 . . . . . .

N v λ1242 3860.9 2.1065 0.248 ± 0.030 14.85+0.21
−0.16 . . . b . . .

Notes.
a The two lines are blended.
b Effective Doppler parameter b = 21.5 km s−1 is fixed.
c The line is likely contaminated.
d The Apparent Optical Depth method from Savage & Sembach (1991) gives logN = 15.03 ± 0.25 cm−2 for Si iiλ1808.
e 3σ upper limit.
f 3σ upper limit from EW upper limit.

2007). As an example, we applied the linear approximation of
the COG and the AOD method to the weak Si ii λ1808 line seen
the spectrum of GRB 090926A. The resulting column density is
consistent with the COG analysis of all transitions of Si ii (see
Table 3).

For the spectrum shown in Figure 3, the best estimate for
the effective Doppler parameter comes from Si ii (b = 21.5 ±
2.4 km s−1, Figure 6) which was also adopted for the analysis of
other low ionization lines without constraints on b. The column
densities derived using this b parameter are strictly correct only
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Figure 1. The optical VLT/FORS2 spectrum of the afterglow of GRB090323. Indicated are the main absorption lines associated with
the two systems G0 and G1 at z ∼ 3.57. Many other lines, associated with intervening systems are present, but not marked. Zn ii

absorption is identified in G1. The red line at the bottom is the spectrum of the Earth atmosphere. The two stars indicate the telluric
absorption.

sion lines, whose fluxes represent the integrated signal emit-
ted by hot gas (T ∼ 10, 000 K) in H ii regions of star
forming galaxies. About solar metallicity was detected in
2.1 < z < 2.4 galaxies (Shapley et al. 2004). Similarly, the
mass-metallicity relation detected in Lyman-break galaxies
(LBGs) at 3.0 < z < 3.7 indicates that the most massive
objects (M! ∼ 1011 M!) can be metal rich (Maiolino et al.
2008; Mannucci et al. 2009). The emerging picture is that
the spread in metallicity is large at any redshift, certainly
much larger than what one would expect based on DLAs in
QSO spectra alone.

DLAs are regularly detected in spectra of gamma-ray
burst (GRB) afterglows. Long GRBs are the most lumi-
nous explosions associated with the death of massive stars,
and, as regularly done with QSOs, are used as background
bright point-like sources for the investigation of the inter-
stellar medium (ISM) in high-z galaxies. The main differ-
ences to QSOs are that GRB afterglows can be brighter,
are short lived and happen in star-forming regions. QSO-
DLAs trace primarily metal-polluted galaxy haloes, where
most of the volume of a galaxy is located and where dust
extinction is less important (Fynbo et al. 2008). The first
chemical analysis of absorption lines in the DLA detected in
a z " 2 GRB afterglow spectrum revealed a high (about so-
lar) metallicity (Savaglio et al. 2003). This neutral-ISM dom-
inated GRB-DLA in a high-z galaxy, the GRB host, opened
a new view our understanding of the chemical enrichment
of the Universe. In particular, the about solar abundance
called into question the idea that low metal pollution in
galaxies is the rule at high redshift. The typical GRB-DLA

metallicity is indeed larger than in QSO-DLAs (Savaglio et
al. 2003; Vreeswijk et al. 2004; Berger et al. 2006; Prochaska
et al. 2007b; Fynbo et al. 2008), leading to the conclusion
that high-z GRB hosts show properties more similar to UV
bright star forming, LBG like, galaxies, than QSO-DLAs.

Here we report the discovery of two DLAs at
z = 3.5774±0.0005 (henceforth called G0) and z =
3.5673±0.0003 (G1), separated in the velocity space by
≈ 660 km s−1, revealed in the rest-frame UV afterglow spec-
trum of GRB090323 (Chornock et al. 2009; Cenko et al.
2011; McBreen et al. 2010). The two absorbers (probing the
Universe when it was 13% of its present age) could belong
to a single galaxy, to two distinct galaxies in close proximity
and perhaps in the process of merging, or to two physically
distant and unrelated galaxies. In the latter case, if the red-
shift difference is attributed to cosmic expansion alone, it
would correspond to a separation of ≈ 5.8Mpc in comoving
coordinates.

In this paper we analyze the spectrum of the
GRB090323 afterglow to probe the chemical enrichment of
G0 and G1. Observations are described in §2, the spectral
analysis and heavy-element measurements in §3 and §4, re-
spectively. The final discussion and conclusions are in §5
and §6, respectively. Throughout the paper we adopt an
H0 = 70 km s−1, ΩM = 0.3, ΩΛ = 0.7 cosmology (Spergel
et al. 2003).

Savaglio et al. 11

Super-Solar metallicity at z=3.57.
[Zn/H] =+0.29+/-0.10 and [S/H] = 
+0.67+/- 0.34
Star-formation rate ~ 6 MSun
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Figure 1. The optical VLT/FORS2 spectrum of the afterglow of GRB090323. Indicated are the main absorption lines associated with
the two systems G0 and G1 at z ∼ 3.57. Many other lines, associated with intervening systems are present, but not marked. Zn ii

absorption is identified in G1. The red line at the bottom is the spectrum of the Earth atmosphere. The two stars indicate the telluric
absorption.

sion lines, whose fluxes represent the integrated signal emit-
ted by hot gas (T ∼ 10, 000 K) in H ii regions of star
forming galaxies. About solar metallicity was detected in
2.1 < z < 2.4 galaxies (Shapley et al. 2004). Similarly, the
mass-metallicity relation detected in Lyman-break galaxies
(LBGs) at 3.0 < z < 3.7 indicates that the most massive
objects (M! ∼ 1011 M!) can be metal rich (Maiolino et al.
2008; Mannucci et al. 2009). The emerging picture is that
the spread in metallicity is large at any redshift, certainly
much larger than what one would expect based on DLAs in
QSO spectra alone.

DLAs are regularly detected in spectra of gamma-ray
burst (GRB) afterglows. Long GRBs are the most lumi-
nous explosions associated with the death of massive stars,
and, as regularly done with QSOs, are used as background
bright point-like sources for the investigation of the inter-
stellar medium (ISM) in high-z galaxies. The main differ-
ences to QSOs are that GRB afterglows can be brighter,
are short lived and happen in star-forming regions. QSO-
DLAs trace primarily metal-polluted galaxy haloes, where
most of the volume of a galaxy is located and where dust
extinction is less important (Fynbo et al. 2008). The first
chemical analysis of absorption lines in the DLA detected in
a z " 2 GRB afterglow spectrum revealed a high (about so-
lar) metallicity (Savaglio et al. 2003). This neutral-ISM dom-
inated GRB-DLA in a high-z galaxy, the GRB host, opened
a new view our understanding of the chemical enrichment
of the Universe. In particular, the about solar abundance
called into question the idea that low metal pollution in
galaxies is the rule at high redshift. The typical GRB-DLA

metallicity is indeed larger than in QSO-DLAs (Savaglio et
al. 2003; Vreeswijk et al. 2004; Berger et al. 2006; Prochaska
et al. 2007b; Fynbo et al. 2008), leading to the conclusion
that high-z GRB hosts show properties more similar to UV
bright star forming, LBG like, galaxies, than QSO-DLAs.

Here we report the discovery of two DLAs at
z = 3.5774±0.0005 (henceforth called G0) and z =
3.5673±0.0003 (G1), separated in the velocity space by
≈ 660 km s−1, revealed in the rest-frame UV afterglow spec-
trum of GRB090323 (Chornock et al. 2009; Cenko et al.
2011; McBreen et al. 2010). The two absorbers (probing the
Universe when it was 13% of its present age) could belong
to a single galaxy, to two distinct galaxies in close proximity
and perhaps in the process of merging, or to two physically
distant and unrelated galaxies. In the latter case, if the red-
shift difference is attributed to cosmic expansion alone, it
would correspond to a separation of ≈ 5.8Mpc in comoving
coordinates.

In this paper we analyze the spectrum of the
GRB090323 afterglow to probe the chemical enrichment of
G0 and G1. Observations are described in §2, the spectral
analysis and heavy-element measurements in §3 and §4, re-
spectively. The final discussion and conclusions are in §5
and §6, respectively. Throughout the paper we adopt an
H0 = 70 km s−1, ΩM = 0.3, ΩΛ = 0.7 cosmology (Spergel
et al. 2003).

Savaglio et al. 11

Super-Solar metallicity at z=3.57.
[Zn/H] =+0.29+/-0.10 and [S/H] = 
+0.67+/- 0.34
Star-formation rate ~ 6 MSun
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Summary of Fermi 
Results

Delayed on-set of the > 100 MeV emission

Extra components, cut-off detected

Long lived emission in GeV 

Afterglows yield distances, energetics, galaxies

Estimate minimum Lorentz factor

Lorentz Invariance Limits

EBL constraints
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Polarisation

Excellent diagnostic tool for the emission process at low 
energies

Progress limited by instrumentation

Recent progress with GAP 
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Polarisation

Synchrotron Radiation from relativistic jet

Expect high polarisation there is a large scale B-field ~ 
40%

Expect low value in absence of ordered field.

Compton drag can get up to 80% near the jet edge

Measurements/time resolved can give indications of the 
process. 
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Polarisation

RHESSI: GRB021206 Π = 80 ± 20 % at  > 5.7 σ (Coburn & Boggs, 
2003). Not reproduced by Wigger + 2004, or Rutledge & Fox, 2004). 

INTEGRAL/SPI: GRB041219A Π = 93 ± 33 % (Kalemçi+ 2007) and Π = 
66 ± 30 % (McGlynn+ 2007).

INTEGRAL/IBIS: GRB041210A Time resolved analysis found varying Π 
and angle. (Goetz+ 2010)

IKAROS/GAP: GRB 100826A Changing angle at 3.5 σ . Average level 
Π = 27 ± 11% at 3.5 σ (Yonetoku+2011)
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GAP

Gamma-Ray Burst Polarimeter (Yonetoku + 11). 

Solar sail demonstrator IKAROS (Kawaguchi+08, Mori +09) 
launched May 2010 by JAXA.

Continue to 2 AU in 2 years.

50-300 keV
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Fig. 2. Left: Photo of GAP-S and its power unit (GAP-P). Right: Photo of GAP installed on the IKAROS spacecraft. A circle in the center of the
photo is the top surface of GAP-S. The strips painted in black and silver are the surface of heat radiation into the space and this side faces in the antisolar
direction.

Fig. 3. Left: Schematic view of the GAP sensor. A large plastic scintillator with a super bialkali cathode of PMT (R6041) is attached at the center, and
12 CsI scintillators with small PMTs (R7400-06) are set around it. Right: The photo of GAP whose lead shield is opened.

of the polarization measurement. We consider this point using
the Geant-4 simulator in section 4.

2.4. Brief Summary of Electronics and Data Acquisition
System

GAP has 13 analog outputs (1 plastic and 12 CsI

scintillators). In figure 4, we show a flow chart of the
readout circuit. These 13 signals are read out by 13 discrete
analog electronics arrays. The PMT output is read out
through preamplifiers, shaping amplifiers, and discriminators.
Once the gamma-ray photon is triggered by any PMT, analog
signals of all PMTs are converted to digital signals with an

(Yonetoku+2011)
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GAP
Gamma-ray Polarization in GRB 100826A 5

Fig. 1.— Lightcurve of the prompt γ-ray emission of GRB100826A detected by the GAP. We divide the data into Interval-1 and -2 for
the polarization analysis.

Fig. 2.— Number of coincidence γ-ray photons (polarization signals) against the scattering angle of GRB 100826A measured by the
GAP in 70–300 keV band. Black filled and open squares are the angular distributions of Compton scattered γ-rays of Interval-1 and -2,
respectively. The gray solid lines are the best-fit models calculated with our Geant4 Monte-Carlo simulations.

Gamma-ray Polarization in GRB 100826A 5

Fig. 1.— Lightcurve of the prompt γ-ray emission of GRB100826A detected by the GAP. We divide the data into Interval-1 and -2 for
the polarization analysis.

Fig. 2.— Number of coincidence γ-ray photons (polarization signals) against the scattering angle of GRB 100826A measured by the
GAP in 70–300 keV band. Black filled and open squares are the angular distributions of Compton scattered γ-rays of Interval-1 and -2,
respectively. The gray solid lines are the best-fit models calculated with our Geant4 Monte-Carlo simulations.

IKAROS/GAP: GRB 100826A Changing angle at 3.5 σ . 
Average level Π = 27 ± 11% at 3.5 σ

(Yonetoku+2011)
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Nm/Nd : Number of measurements/Number of detections

Nm/Nd > 30% & Π ~ 0.2 to 0.7 ->SO

Nm/Nd < 15% & Π low -> SR/CD

Several with Π > 0.8 -> CD

Polarisation

Toma+ 2009
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Hardware Project

ESA Strategic Initiative for Ireland 

2 year project 

Develop 2 demonstration modules of LaBr3 + SiPMTs

Test spectral and timing performance 

SensL & ACRA control
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Thanks for your attention
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