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ABSTRACT

Aims. In this paper we examine gamma-ray and optical data of GRB 091024, a gamma-ray burst (GRB) with an extremely long
duration of T90 ≈ 1020 s, as observed with the Fermi Gamma-ray Burst Monitor (GBM).
Methods. We present spectral analysis of all three distinct emission episodes using data from Fermi/GBM. Because of the long nature
of this event, many ground-based optical telescopes slewed to its location within a few minutes and thus were able to observe the
GRB during its active period. We compare the optical and gamma-ray light curves. Furthermore, we estimate a lower limit on the bulk
Lorentz factor from the variability and spectrum of the GBM light curve and compare it with that obtained from the peak time of the
forward shock of the optical afterglow.
Results. From the spectral analysis we note that, despite its unusually long duration, this burst is similar to other long GRBs, i.e.
there is spectral evolution (both the peak energy and the spectral index vary with time) and spectral lags are measured. We find that
the optical light curve is highly anti-correlated to the prompt gamma-ray emission, with the optical emission reaching the maximum
during an epoch of quiescence in the prompt emission. We interpret this behavior as the reverse shock (optical flash), expected in the
internal-external shock model of GRB emission but observed only in a handful of GRBs so far. The lower limit on the initial Lorentz
factor deduced from the variability time scale (Γmin = 195+90

−110) is consistent within the error to the one obtained using the peak time
of the forward shock (Γ0 = 120) and is also consistent with Lorentz factors of other long GRBs.

Key words. gamma-ray burst: general – gamma-ray burst: individual: GRB 091024

1. Introduction

The Fermi spacecraft was successfully launched on June 11,
2008. Its payload includes the Large Area Telescope (LAT;
Atwood et al. 2009) and the Gamma-ray Burst Monitor (GBM;
Meegan et al. 2009). Specifically designed for gamma-ray burst
(GRB) studies, GBM observes the whole unocculted sky with a
total of 12 sodium iodide scintillation detectors (NaI), sensitive
between 8 keV to 1 MeV, and two bismuth germanate (BGO)
detectors, covering an energy range from 200 keV to 40 MeV. In
this way, GBM offers a novel view of GRBs, the most energetic
events in the Universe after the Big Bang. Since their detection in
the late 60s (Klebesadel et al. 1973), major efforts have been un-
dertaken to solve this enigmatic puzzle and it is now established
that they originate from highly relativistic collimated outflows
from a compact source with Lorentz factors Γ > 100. However,
to date, major aspects of GRBs (the mechanism creating gamma-
rays, the content of the jet, the magnetic field, etc.) are not well
understood.

In this paper we present the gamma-ray observations
together with already published optical observations of
GRB 091024, a very long burst with a duration of approxi-
mately 1020 s. GBM triggered and located GRB 091024 at
08:55:58.47 (t0) and triggered a second time at 09:06:29.36 UT
(Bissaldi & Connaughton 2009). GRB 091024 was also seen
by Konus-Wind (Golenetskii et al. 2009), SPI-ACS (Rau, priv.
comm.) and Swift (Marshall et al. 2009). However, the burst was
outside the Swift-BAT Field of view (FOV) after t0+460 s due to
an Earth-limb constraint. Swift-XRT determined the position to
be αJ2000 = 22h37m00.s4 and δJ2000 = 56◦53′21′′ with an uncer-
tainty of 6 arcsec (Page & Marshall 2009). Unfortunately, XRT
started observing the field of GRB 091024 about 53 min after the
BAT trigger. Fermi entered the South Atlantic Anomaly (SAA)
2830 s after t0, by which time GRB emission cannot be distin-
guished from the background. An autonomous repoint request
(ARR) was issued by Fermi in order to align the burst with the
FoV of the LAT at 09:12:14.28 UT, i.e. 976 s after the first trig-
ger. However, no significant emission was detected in the LAT
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Fig. 1. Background corrected light curve of GRB091024 in the energy
range 8–1000 keV. The vertical dash-dotted lines show the times of the
two triggers and the dashed line the beginning of the ARR.

energy range during any of the time intervals in which the burst
was in the LAT field of view (Bouvier et al. 2009).

Not many GRBs have been observed in the optical band
while the prompt gamma-ray emission was still active (the
best example being GRB 990123 and GRB 080319B, see e.g.
Akerlof et al. 1999; Racusin et al. 2008). For GRB 091024 opti-
cal data were acquired soon after the first trigger, and throughout
its active phase. Henden et al. (2009) obtained photometry using
the Sonoita Research Observatory (SRO) starting 540 s after the
trigger. Ten Rc-band, nine V-band, and one Ic-band exposures
were acquired. The 2 m – Faulkes Telescope North started ob-
serving the field of GRB 091024 207 s after the trigger (Cano
et al. 2009). The 0.6 m Super LOTIS telescope started observing
58 s after the BAT trigger (Updike et al. 2009).

Optical spectra of the afterglow were obtained with the Low
Resolution Imaging Spectrometer mounted on the 10-m Keck I
telescope and the GMOS-N spectrograph at Gemini North, re-
vealing a redshift of z = 1.09 (Cenko et al. 2009; Cucchiara
et al. 2009)

This paper is organized as follows. In Sect. 2 we describe
the GBM observation and data reduction together with the spec-
tral and spectral lag analysis of the three well-defined emission
episodes. In Sect. 3 we describe the behavior of the optical af-
terglow data compared to the prompt gamma-ray emission. In
Sect. 4 we estimate a lower limit on the initial Lorentz factor us-
ing the variability time scale of the prompt emission. We discuss
the position of GRB 091024 in the Yonetoku- and Amati rela-
tions in Sect. 5. Finally, in Sect. 6 we summarize our findings
and conclusions.

Throughout this paper we use a flat cosmology with Ωm =
0.32, ΩΛ = 0.68 and H0 = 72 km s−1 Mpc−1 (Bennett et al.
2003; Spergel et al. 2003).

2. GBM data analysis

Using all 12 NaI detectors, we created the background subtracted
light curve shown in Fig. 1. It shows three distinct emission pe-
riods, separated by two periods of quiescence. The first emission
episode consists of at least two FRED (Fast Rise, Exponential
Decay) like pulses (hereafter episode I). The time in which 90%
of the fluence is observed is T90,I = 72.6 ± 1.8 s. Another emis-
sion episode starts 630 s after t0. This emission period, which
actually triggered GBM a second time, consists of an initial

pulse (T90,II = 44.5 ± 5.4 s, hereafter episode II). A multi-
peaked episode starts 200 s later (corresponding to 840 s after
t0) and continues for 350 s with T90,III = 150 ± 10 s (hereafter
episode III).

Due to the highly variable background caused by Fermi’s
“rocking angle” observing mode, it is impossible to detect an
excess in count rate during the two epochs between episode I and
II and between II and III in the GBM data. We conclude that the
GRB signal during these intervals, if any, is below background
level. Thus, we define these two epochs as phases of quiescence.

With its very long duration of T90 ≈ 1020 s, GRB 091024
is the longest burst detected by Fermi/GBM and also one of the
longest bursts ever seen (see Table 1). Among the longest events,
only GRB 020410 and GRB 970315D show a multi-peaked be-
havior whereas the others have a long lasting FRED-like pulse.

2.1. Spectral analysis

Photons are detected up to ∼500 keV during all three emission
episodes. For the spectral analysis we determined which of the
GBM detectors had source angles ε ≤ 60◦ for the whole duration
of the three distinct emission periods and, at the same time, were
not occulted either by the spacecraft or by the solar panels. Only
data from detectors fulfilling these criteria (see Table 2) were
used for the analyses. Even though both BGO detectors show
little signal throughout the duration of the burst, they were in-
cluded nonetheless for the spectral analysis to get an upper limit
at high energies.

For the purposes of our spectral analysis we used CSPEC
data (Meegan et al. 2009), from 8 keV to 40 MeV, with a tem-
poral resolution of 1.024 s. For each emission episode we fit-
ted low-order polynomials to a user defined background interval
before and after the prompt emission for every energy channel
and interpolated this fit across the source interval. The spectral
analysis was performed with the software package RMFIT (ver-
sion 3.3rc8) and the GBM Response Matrices v1.8.

Three model fits were applied, a single power-law (PL),
a power-law function with an exponential high-energy cutoff
(COMP) and the Band function (Band et al. 1993). The best
model fit is the function which provides the lowest Castor C-stat1

value (Cash 1979). The profile of the Cash statistics was used to
estimate the 1σ asymmetric error.

Emission episodes I and II

Detectors NaI 7 (53◦), NaI 8 (8◦) and NaI 11 (55◦) had an un-
obstructed view of episode I. Although the GRB illuminated the
spacecraft from the side, thus illuminating the BGOs through
the photomultipliers, we included BGO 1 for the spectral anal-
ysis since the detector response matrix (DRM) accounts for this
effect. The spectral fit was performed over the T90,I interval,
i.e. from –3.8 s to 67.8 s. The COMP model, with Epeak =

412+69
−53 keV and energy index −0.92 ± 0.07 provides the best fit

to the data.
Episode II shows a single emission period. Different detec-

tors, i.e. NaI 6 (27◦), NaI 7 (50◦) and NaI 9 (32◦) and BGO 1,
fulfilled the selection criteria and were used for the spectral anal-
ysis. A COMP model with Epeak = 371+111

−71 keV and an index of
−1.17 ± 0.07 fits episode II best.

The spectral parameters of both precursors are listed in
Table 2.

1 http://heasarc.nasa.gov/lheasoft/xanadu/xspec/
manual/XSappendixCash.html
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Table 1. Longest bursts known to date.

T90 [s] z Observatories Refs.
GRB 060814B ≈2700 0.84 Konus-Wind Pal’Shin et al. (2008)
GRB 971208 ≈2500 – BATSE, Konus-Wind Giblin et al. (2002); Pal’Shin et al. (2008)
GRB 060218 2100 0.033 Swift-BAT Campana et al. (2006)
GRB 020410 ≈1550 – BeppoSAX, Konus-Wind Nicastro et al. (2004)
GRB 970315D 1307 BATSE unpublished (see caption)
GRB 091024 1020 1.09 Fermi/GBM, Konus-Wind this paper

Notes. T90 of GRB 970315D was taken from the current BATSE 5B catalogue http://gammaray.nsstc.nasa.gov.

Table 2. Best fitting spectral parameters for the three emission episodes in GRB 091024.

T − T0 model Ep α / index C-Stat/DOF Fluence
[s] [keV] [10−5 erg/cm2]

–3.8:67.8 COMP 412+69
−53 −0.92 ± 0.07 740/479 1.81 ± 0.07

622.7:664.7 COMP 371+111
−71 −1.17 ± 0.07 798/477 0.79 ± 0.04

838.8:1070.2 COMP 278+22
−18 −1.38 ± 0.02 1685/360 6.73 ± 0.09

Fig. 2. Count spectrum of episode III, best fit by a COMP model with
index α = −1.38± 0.02 and a high-exponential cutoff located at Epeak =
278+22

−18 keV.

Episode III

For episode III, starting around 830 s after trigger time, NaI 0
(13◦), NaI 1 (36◦), NaI 3 (53◦) and BGO 0 are not occulted by the
spacecraft. Due to the location of the NaI detectors on the space-
craft, detector NaI 0 blocks detector NaI 1, resulting in a signif-
icant reduction of effective area. Therefore we excluded NaI 1
from the spectral analysis. Episode III is best fit by a COMP
model with index α = −1.38 ± 0.02 and an exponential high
energy cutoff located at Epeak = 278+22

−18 keV (see Fig. 2).
There is no indication of the first emission episodes to be

systematically softer than episode III. If one adopts the defini-
tion of precursors as in Burlon et al. (2008), we conclude that
episodes I and II are likely to be produced by the same engine
that produced the main GRB emission (for details see Burlon
et al. 2008).

In all cases, Epeak is at about the upper end of the detected
photon energies. This explains why the high energy index β of
the Band function is only poorly constrained.

Figure 3 shows the evolution of the Hardness Ratio (HR),
defined as the ratio of the energy flux in the 100–300 keV and
10–100 keV range along the duration of the burst. There is a
hard-to-soft evolution which is represented also in the evolution

Fig. 3. Hardness ratio (HR) of energy bands from (100–300 keV)/(10–
100 keV). The solid line shows the count light curve of GRB 091024
with a time resolution of 4.096 s immediately before the two GBM
triggers and a 1.024 s resolution post-trigger.

from higher to lower Epeak of the three emission episodes. A
similar behavior is seen in other long GRBs (Kocevski & Liang
2003; Hafizi & Mochkovitch 2007). It is interesting to note that
the overall HR-evolution over the burst duration is much larger
than the canonical HR-intensity correlation between the 3 emis-
sion episodes – see the particularly soft HR of episode III despite
its high intensity.

2.2. Spectral lag analysis

The spectral lag of a GRB is defined as the time delay between
the arrival of high-energy with respect to low-energy gamma-ray
photons. Typically, long-duration GRBs exhibit a hard-to-soft
spectral evolution due to the decay of the peak spectral energy
of the prompt emission over time (Ford et al. 1995; Kocevski
& Liang 2003; Hafizi & Mochkovitch 2007). This is observed
in the energy-resolved GRB light curves as the earlier arrival of
emission of a high-energy band relative to a low-energy band.
Long GRBs present a large range of spectral lags, with a typical
value of 100 ms (Hakkila et al. 2007). An anti-correlation be-
tween the spectral lags of long GRBs and their peak isotropic
luminosities was discovered by Norris et al. (2000a), using a
small sample of BATSE/BeppoSAX GRBs and subsequently
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Fig. 4. Spectral lag versus peak luminosity (50–300 keV). Red dia-
monds indicate the position of the 3 emission episodes of GRB 091024.
Black triangles show pulses of other long GRBs presented in Norris
et al. (2000b).

confirmed with a large sample of Swift bursts, albeit with a sig-
nificant scatter (Ukwatta et al. 2010) (see Fig. 4). In an extensive
study of BATSE GRBs, Hakkila et al. (2008) found that the spec-
tral lag is a property of GRB pulses rather than of the burst itself
and can vary significantly for separate pulses of a GRB. The
physical origin of the lag is not yet clear. However, it may be
a purely kinematic effect, caused by lower-energy high-latitude
emission being delayed relative to the line of sight of the ob-
server (e.g. Salmonson 2000; Ioka & Nakamura 2001).

The spectral lag of a GRB is measured by cross-correlating
two light curves in different energy bands as a function of tem-
poral lag (e.g. Norris et al. 2000a; Foley et al. 2008). The maxi-
mum of the cross-correlation function (CCF) then corresponds to
the spectral lag of the GRB. In order to avoid spurious lag mea-
surements due to short-timescale noise variations in the CCF, a
function is fit to the CCF and the maximum of the fit to the CCF
is taken as the true lag value. Statistical errors on the lag are es-
timated using a bootstrap method as described in Norris et al.
(2000a). This involves simulating 100 light curves of the GRB
by adding Poissonian noise based on the observed count rates to
the original light curves and recomputing the lag.

Spectral lags were measured for GRB 091024 between light
curves in the 25–50 keV and 100–300 keV energy bands and in
the same time intervals as those selected for the spectral analysis.
High-time-resolution time-tagged event (TTE) data were used
for the first two intervals. TTE data were unavailable for the final
emission interval and so CTIME data were used. In each case the
lag was computed at a temporal binning of 64 ms. The results are
shown in Table 3.

The lag is seen to vary throughout the burst. The positive
spectral lag for episode I of GRB 091024 indicates the hard
emission leading the soft. As argued above, emission episode I
should therefore show a hard-to-soft evolution. This is in line
with the results of the HR analysis (see Fig. 3) and typical
for GRB pulses. The lags of episode II and III are not well
constrained. However, both are consistent with zero, i.e. no spec-
tral evolution which is in agreement with Fig. 3.

In Fig. 4 we present the position of the 3 episodes in the
lag-luminosity diagram, first presented by Norris et al. (2000b).
According to Norris et al. we determined the peak luminosity in

Table 3. Results of the spectral lag analysis in the in the 25–50 keV and
100–300 keV energy bands.

t − t0 [s] Spectral Lag [s]

Episode I –3.8–67.8 0.54 ± 0.13

Episode II 622.7–664.7 0.38+0.38
−0.58

Episode III 838.8–1070.2 0.10+0.03
−0.13

Notes. A positive spectral lag indicates the earlier arrival of high-energy
photons with respect to low-energy photons.
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Fig. 5. Combined r-band light curve using data points from Henden
et al. (2009); Cano et al. (2009); Updike et al. (2009). The dashed line
shows a reverse shock/forward shock modeling. The GBM light curve
is presented in counts/s to guide the eye. Swift-XRT started observing
3000 s after the GBM trigger.

the 50 keV to 300 keV energy range and find the position to be
consistent with the locations of previous GRBs.

3. Afterglow and optical flash

Using the data from Henden et al. (2009); Cano et al. (2009);
Updike et al. (2009) the gross behavior of the optical afterglow
light curve is shown in Fig. 5.

The light curve has been fitted with the superposition of two
different components. Each of these components is represented
by a smoothly broken power law (Beuermann et al. 1999). Given
the sparsely sampled data at t < 600 s, and the strong variability
in the light curve there is considerable degeneracy between all
fit parameters. We do reach, however, the following firm con-
clusions: The early optical light curve initially rises and peaks
at around 450 s. Forcing the first peak to be simultaneous to
the second emission episode in the GBM light curve Fν ∝ tα at
∼630 s results in a worse fit, and would require some fine-tuning
of the parameters. Given that previous observations have shown
the optical prompt emission to be quasi-simultaneous or some-
what later than the gamma-ray photons (Vestrand et al. 2005;
Page et al. 2007; Krühler et al. 2009b), the first optical peak
is therefore very likely unrelated to the emission seen in the
GBM at 630 s. The initial afterglow rise-index α1 is not well
constrained by the data with a value of α1 ≈ 1.0−2.0, which
is compatible with what has been measured for previous rising
afterglow light curves (e.g. Molinari et al. 2007; Panaitescu &
Vestrand 2008; Krühler et al. 2009a; Oates et al. 2009). After the
first peak, the first light curve component declines with an index
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of α2 ≈ −1.8. This decay would be remarkably steep for a typi-
cal pre-jet break afterglow forward shock, but is consistent with
the expectation for the decline of a reverse shock (Kobayashi
2000). We point out the possibility that such a steep decline
could also be caused by a standard afterglow in a wind-like
medium if assuming p ≈ 2.7. Under the assumption that p re-
mains constant throughout the afterglow, we use the Swift-XRT
X-ray spectrum(Evans et al. 2007, 2009) between T0+3300 s
and T0+50000 s, finding a spectral index of βX = 0.6 ± 0.2.
Using the standard equations (see e.g. Zhang et al. 2006) we
infer a value of p = 2.2±0.4 (for νm < νX < νc) which is consis-
tent with a wind-like medium within 90%. The second peak in
the light curve could then be caused for example by a refreshed
shock, i.e. a late energy injection into the forward shockwave
(e.g. Rees & Meszaros 1998), or by patchy shells which repre-
sent inhomogeneities in the angular energy distribution of the
jet (e.g. Kumar & Piran 2000). However, the interpretation for a
wind-like medium would require a much shallower rise (α ≈ 0.5,
see Panaitescu & Vestrand 2008) than the one actually observed
(α = 1.5, see Fig. 5). Although we cannot rule out the possibility
of a forward shock in a wind-like circum-burst medium, the light
curve evolution argues against this scenario.

After the steep decay, the light curve reaches a temporary
minimum at around 1200 s after which it rises again to a sec-
ond peak at around 4000–5000 s. The light curve coverage is
sparse around and after the second peak, but in any case the light
curve peaks at a moment when there was no detection of fur-
ther gamma-ray emission (Fermi was in the SAA at this time.
However, Swift-BAT observed the field of GRB 091024 approx-
imately 3000 s after the trigger and reported no detection). The
second afterglow peak therefore is also unrelated to the prompt
gamma-rays. Although sparsely sampled, the rise and the decay
indices are consistent with the decay index of a typical afterglow
forward shock.

Due to the lack of correlation between the optical and prompt
gamma-ray emission, two different processes must have pro-
duced the two emission episodes. This is well expected in the
internal-external shock model of GRB emission where an ex-
ternal reverse shock arises due to the interaction of the ejecta
and the surrounding material. The reverse shock then crosses the
emitted shell, thereby accelerating the electrons which then cool
adiabatically (Sari & Piran 1999b). This shock occurs only once,
hence emitting a single burst.

There are only a few GRBs where the onset of the optical
afterglow could be observed so quickly after the trigger and dur-
ing the prompt emission. Among these GRBs are GRB 990123
(Akerlof et al. 1999; Briggs et al. 1999; Sari & Piran 1999a;
Soderberg & Ramirez-Ruiz 2002), GRB 050904 (Boër et al.
2006), GRB 060124 (Romano et al. 2006), GRB 060418 and
GRB 060607A (Molinari et al. 2007), GRB 061121 (Page et al.
2007) and also in GRB 041219A (Vestrand et al. 2005; Blake
et al. 2005; McBreen et al. 2006). However, for GRB 041219A,
GRB 061121 and GRB 041219A, the optical and prompt gamma
emission are highly correlated which indicates a common origin.

We extrapolated the spectrum of the prompt gamma
emission of the three emission epochs to calculate the
monochromatic flux at a wavelength in the Rc-band (≈550 nm),
using

F(ν0) =
F[ν1,ν2]

obs

ν
β
0

1 − β
ν

1−β
2 − ν1−β1

(1)

where Fobs is the energy flux in the frequency range between ν1
and ν2, ν0 is the frequency at 626 nm and β is the power law

index of

F(ν0) = kνβ0, (2)

i.e. the low-energy photon index of the spectrum, α, minus 1.
For the emission episodes I and II we used 10 keV and 300 keV
for ν1 and ν2, respectively. 10 keV to 200 keV was used for
episode III because the peak energy of the time integrated spec-
trum is well below 300 keV. Our estimate of the extrapolated
monochromatic flux is conservative in the sense that we took
also into consideration the error in Epeak, i.e. we are using the
actual value of Epeak minus the 1 sigma error and the shal-
lowest photon index, i.e. α minus 1 sigma for the lower esti-
mate of the monochromatic flux and Epeak + 1σ and the steep-
est photon index for the upper limit. The so obtained values for
the monochromatic flux density are 40 < F(ν0)[μJy] < 175,
470 < F(ν0)[μJy] < 2100 and 14 950 < F(ν0)[μJy] < 22 450 for
the emission episodes I, II and III, respectively. Before these es-
timates can be compared directly to the measured flux densities
of the afterglow, the latter need to be corrected for Galactic fore-
ground extinction. With E(B − V) = 0.98 mag and R(V) = 3.1,
yielding A(V) = 3.04, the Rc band has a corrected magnitude of
A(V)×0.807 = 2.34 mag. Consequently, the intrinsic monochro-
matic flux of the afterglow is ∼10 times brighter than the ob-
served one shown in Fig. 5. This, in turn, means that the flux
densities derived from the extrapolation of the gamma-ray spec-
trum are considerably lower than the intrinsic afterglow flux den-
sities. Therefore, we can exclude a common prompt gamma-ray
and afterglow origin at the times of emission episodes I and II.

4. Constraints on the initial Lorentz factor

We estimate the Lorentz factor at the deceleration time scale us-
ing the afterglow peak time following Eq. (1) in Molinari et al.
(2007). This implicitly assumes that the optical afterglow peak is
caused by the fireball forward shock model (Sari & Piran 1999b;
Mészáros 2006). The Lorentz factor, for a homogeneous sur-
rounding medium with particle density n = n0 cm−3, at the time
of deceleration is then

Γdec(tpeak) =

⎛⎜⎜⎜⎜⎜⎝ 3Eγ(1 + z)3

32πnmpc5ηt3
peak

⎞⎟⎟⎟⎟⎟⎠
1/8

≈ 160

⎛⎜⎜⎜⎜⎜⎝Eγ,53(1 + z)3

η0.2n0t3
peak,2

⎞⎟⎟⎟⎟⎟⎠
1/8

, (3)

where Eγ = 1053Eγ,53 erg is the isotropic-equivalent energy
released by the GRB in the 1 keV to 10 MeV energy band,
η = 0.2η0.2 the radiative efficiency, tpeak,2 = tpeak/(100s), mp the
proton mass, c the speed of light and z the redshift. Molinari et al.
(2007) also provide an estimate for a wind environment with

Γdec(tpeak) =

(
Eγ(1 + z)

8πAmpc3ηtpeak

)1/4

, (4)

where A is a constant defined as n(r) = Ar−2 and in this case
A∗ = A/(3 × 1035 cm−1) = 1. The initial Lorentz factor is
then estimated by simply multiplying Γdec by 2 (Mészáros 2006;
Panaitescu & Kumar 2000). The afterglow light curve peaks
twice (Fig. 5): the first time at ∼400 s and a second time at
∼4000 s, respectively. Assuming that the first peak is caused by
the forward shock (tpeak = 400 s), the Lorentz factor in a homo-
geneous medium is Γ0 ≈ 290 and Γ0 ≈ 150 in a wind environ-
ment. However, if one interprets this peak as the optical flash of
the reverse shock, as we prefer to do (see Sect. 3) and uses the
peak time of the second optical peak (tpeak = 4000 s), one gets
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Table 4. Parameters and lower limit of Γ0 obtained using Eqs. (4)
and (8) from Lithwick & Sari (2001).

β Flux Fph f Γ0,min

[ph/cm2/s] [ph/cm2/s/MeV1−β]
2.57−0.39

+1.20 0.056 ± 0.007 0.044 ± 0.006 195+90
−110

Notes. The photon flux was determined in the energy range from
500 keV to 1 MeV.

Γ0 ≈ 120 for the homogeneous medium and Γ0 ≈ 80 for the
wind environment.

According to Lithwick & Sari (2001) one can estimate a
lower limit of the initial Lorentz factor, Γ0, from the spectral
properties and the variability timescales of the prompt gamma-
ray emission from the GRB. We used

Γ0 > (180/11)1/(2β+6) τ1/(β+3) (1 + z)(β−1)/(β+3), (5)

where

τ =
σT d2

L (mec2)1−β f

c2 δt (β − 1)
· (6)

In the above equations δt is the smallest detectable variability
and f is the normalization constant of the observed photon flux,
defined as N(E) = f E−β. Unfortunately, few photons with en-
ergies greater than 500 keV were detected. Assuming that the
spectrum extends to higher energies we used the high-energy
photon index β and extrapolated the power-law slope starting at
500 keV into the high-energy domain up to 1 MeV. The short-
est variability time scale which can be detected in the GBM data
changes between the three pulses. Episode I has δt = 64 ms,
episode II δt = 96 ms and episode III δt = 32 ms. However,
only episode I has a constrained high-energy photon index β.
Therefore, only for this episode an actual value for Γ0,min be de-
duced (intercept between red vertical line and dash-dotted line in
Fig. 6) and reported in Table 4. In Fig. 6 we plot the lower limits
of the initial Lorentz factors for all three emission episodes as a
function of β.

5. Yonetoku and Amati relation

Yonetoku et al. (2004) found a strong correlation between the
rest frame peak energy in the νFν spectrum Epeak,rest and the 1-s
peak luminosity (Lp) in GRBs (so called Yonetoku relation). The
peak luminosity is calculated with Lp = 4πd2

l Fp, where dl is the
luminosity distance and Fp the peak energy flux. We determined
Lp, in the energy range between 1 keV and 10 MeV in the rest
frame of the GRB for each pulse (though we had to extrapolate
above ∼500 keV up to 10 MeV). Interestingly, our values are all
below the Yonetoku relation, well outside the one sigma scatter,
as is clearly shown by the black dots in Fig. 7.

Amati et al. (2002) found a tight relationship between
Epeak,rest and the isotropic equivalent bolometric energy, Eiso, in
the 1 keV to 10 MeV energy range (Amati relation). In order
to determine the position of GRB 091024 in the Amati rela-
tion, we estimated a time integrated Epeak value by making a
time-weighted Epeak-average of the 3 emission episodes which
results in Epeak = 315+43

−32. Summing up Eiso gives 3.5 × 1053 erg.
We present the position of GRB 091024 in the Epeak,rest–Eiso
plane in Fig. 8. Additionally, we show the positions of the three

Fig. 6. Deduced lower limit of Γ0 as a function of the photon index β
using Lithwick & Sari (2001) for episode I at t0 (continuous line),
episode II at t0+630 s (dashed line) and episode III at t0+830 s (dashed-
dotted line). The red vertical line indicates the photon index of the Band
model of the first emission epoch.

Fig. 7. Peak luminosity, Lp, and rest frame peak energy, Epeak,rest . Figure
adapted from Kodama et al. (2008). Red dots show 33 GRBs with
z < 1.62. The solid line shows the fit to the red data points, the dashed
lines show the systematic error. Black dots are the values for the three
emission epochs in GRB 091024.

emission episodes separately. Similar to GRB 980425 (Galama
et al. 1998) and GRB 031203 (Malesani et al. 2004), emission
episodes I and II are both outliers to the relation. This shows
that, in principle, outliers of the Amati relation could be caused
by the sensitivity of the instrument or visibility constraints. If
the GRB was active for a longer period than it could actually
be observed, it would end up as an outlier on the Amati rela-
tion. However, this might then not be due to an intrinsic, phys-
ical property of the GRB. Take as an example GRB 091024:
Swift-BAT only observed the first emission episode because of
an Earth-limb constraint. If no other mission would have de-
tected this burst, episode I would likely have been interpreted
as the complete GRB resulting in a >2σ outlier of the Amati
relation.
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Table 5. Rest-frame Epeak, peak fluxes and peak luminosities of GRB 091024 in various energy ranges.

Epeak(1 + z) Fp Lp Fp Lp

[keV] [1–10 MeV] [1–10 MeV] [50–300 keV] [50–300 keV]

Episode I 860+140
−110 7.0 ± 1.0 5.3 ± 0.7 2.1 ± 0.1 1.6 ± 0.1

Episode II 780+290
−150 6.2 ± 3.5 4.6 ± 2.6 1.0 ± 0.1 0.7 ± 0.1

Episode III 580+50
−40 14.0 ± 3.0 10.5 ± 2.2 2.9 ± 0.1 2.2 ± 0.1

Notes. Peak fluxes, Fp, are in units of [10−7 erg/cm2/s] and peak luminosities, Lp, in units of [1051 erg/s] .

Fig. 8. The three emission episodes indicated as blue squares in the
Epeak,rest–Eiso plane. The black square shows the “summed” position of
GRB 091024, obtained using time-integrated quantities (see text for de-
tails). Red triangles indicate long GBM GRBs as presented in Amati
(2010) together with the best fit to this data (dashed red line). The black
solid line shows the best-fit power-law, known as the “Amati relation”
together with the ±2σ c.l. region (Amati et al. 2008).

6. Summary

GRB 0910124 was a very long burst which lasted for T90 ≈
1020 s. Soon after the detection by Fermi/GBM optical ob-
servation started with the Sonoita Research Observatory, the
Faulkes North Telescope and the Super-LOTIS telescope. The
prompt-ray gamma light curve is characterized by three emis-
sion episodes separated by approximately 630 s and 200 s of qui-
escence, respectively. The optical light curve shows two peaks.
The first one occurs well before the onset of the second emission
process in gamma-rays. We interpret the first peak as the the re-
verse shock, thus adding another burst to the sample of GRBs
with an optical flash. The second peak, at t0+4000 s, is then due
to the forward shock. Afterwards the optical flux declines again.

Using Fermi/GBM data, we performed a spectral analy-
sis of the three distinct emission episodes in gamma-rays.
Additionally, from the smallest detectable variability time scale,
we estimated the lower limit on the bulk Lorentz factor us-
ing the Eqs. from Lithwick & Sari (2001) and found it to be
Γ0,min = 195+90

−110. From the peak time of the forward shock, i.e.
the time when the blast wave has decelerated, we determined the
Lorentz factor to be Γ0 ≈ 120 according to Molinari et al. (2007)
for a homogeneous ISM which is perfectly consistent with the

lower limit mentioned above and with Lorentz factors of other
long bursts.

GRB 091024, while being consistent with the Amati relation,
is a >1σ outlier to the Yonetoku relation.
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