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We report on the multi-wavelength observations of the bright long GRB 110731A detected by
Fermi and Swift, and follow—up observations by the MOA and GROND optical telescopes.
The analysis of the prompt phase reveals that this GRB shares many features with the other
bright bursts observed by the Fermi—-LAT during its first 3 years on-orbit. The wealth of multi—
wavelength observations allowed temporal and spectral analyses in different epochs, favoring
emission from the forward shock in a wind-type medium. The temporally—extended emission
observed by the LAT is most likely the highest—energy extension of the afterglow. Both the single—
zone pair transparency constraint for the prompt signal, and the spectral and temporal analysis of
the forward shock afterglow emission, independently lead to an estimated bulk Lorentz factor of
the jet I' ~500-550.
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Although Swift and Fermi have been taking data together in the past 3 years, only 4 bursts
to date, have benefited from joined Swift/BAT and Fermi/LAT detection. The first three are:
GRB 090510, a very bright short GRB for which the afterglow was observed contemporaneously
[1], GRB 100728A, a very long burst with GeV extended emission until 850 s and a series of strong
X-ray flares, and GRB 110625A, a joint BAT/GBM trigger, with XRT detection simultaneous with
LAT, but with no significant LAT prompt emission. The fourth one is GRB 110731A, a bright and
long GRB with GeV prompt and extended emission, the first to benefit from a full joint coverage
from Fermi and Swift from the burst trigger time and for more than 30 minutes. Our GRB 110731A
data were completed with ground-based observations by the Gamma-ray Burst Optical/Near-
Infrared Detector (GROND) and the Microlensing Observations in Astrophysics (MOA) teams.

Throughout the paper, the GBM trigger time is our reference Tp, and the convention F, ( o<
v~B:=% has been followed, where the energy index f is related to the photon index I' =  + 1.

1. Observations

On 2011 July 31 at 11:09:29.94 (UT), GBM triggered on GRB 110731A which caused an Au-
tonomous Repoint Request (ARR) for high peak flux. GRB 110731A was already well within the
LAT field of view so that Fermi could take excellent quality data of the prompt and extended emis-
sions up to 2.5 hours after the burst trigger. GRB 110731A triggered the Swift/BAT at 11:09:30.45
UT. Swift slewed immediately to the burst, and its narrow-field instruments, XRT and UVOT, began
observations 56 s after the BAT trigger. An accurate afterglow position was rapidly determined by
the UVOT at RA=18"4200.99%, DEC=-28°32’13.8" (J2000, [2]), with an error radius of 0.5 arcsec
(90% confidence).

The MOA telescope quickly reacted to the GCN alert, started observations 3.3 min after the
Swift/BAT trigger and took several 30 s images for the next 105 min in I and V bands. Due to bad
weather, GROND was only able to provide late time, but deep, observations 2.7 d after the trigger
in the ¢'r'i'7 and JHK bands.

2. Prompt emission results

Figure 1, left, shows the multi-wavelenght light curve for the GBM and LAT observations of
the prompt phase. GRB 110731A is a quite standard bright long burst (Too gBm,50-300 kev = 7.3 &
0.3 s) that presents many of the common features of most LAT bursts: high variability, with a peak
in flux observed in all energy bands, a delayed on—set of the > 100 MeV emission (Tos pat ~ 2.44 s)
that also last longer (Tog paT = 14.331%’6539 s) than the low energy emission. The typical variability
time scale of the burst was studied following [3]: we estimated the median value for the full width
half maximum to be 0.428 +-0.025 s, in the 8 keV-1 MeV range. The highest photon energy during
the prompt phase is a 2.0 GeV event at T + 8.270 s, having a probability of 107 to be associated
to background.

For the spectral analysis we followed the standard procedure described for instance in [4],
using LAT P7TRANSIENT _V6 class data in a joint fit with the GBM data from detectors Nal 0 and
3, and BGO detector 0. The fits have been done with XSPEC using the PG-statistic [5], and we
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cross—check the results with rmfit . We first studied the time integrated spectrum from Tos LaT tO
Too.gMm, 1.e. [To+ 3.0 s; Tp +7.56 s], which covers the time region with the maximum of signal
in both detectors. In this time interval, the respective statistics and degrees of freedom for the fits
are: 440.7/354 for the Band function, 405.5/352 for the Band plus power—law, and 390/352 for
a Band plus power—law plus cutoff. Our preferred model is a Band function (0gang = 0.03f8:}§,
BBand = —2.40f8258, Ey = 3493}g keV for Eyeac ~ 710 keV), plus a power—law with photon index
Y= —1.96f8:82: adding the power—law extra—component to the Band function improves the fit
goodness by more than 5.5 ¢. The count spectrum, forward folded Band plus power—law model
and fit residuals are shown on the right of figure 1. Adding a cutoff to the power-law leads to
a further improvement of the fit by ~ 4 o: while not being formally statistically required, we
consider this cutoff at E.yof = 390f%§8 MeV significant enough to be mentioned. We then ran the
spectral analysis on a set of time intervals determined by running a Bayesian block analysis [6]
on the LAT low energy events light curves: these are intervals a, b, ¢, d, with boundaries Ty +
(0,2.44,5.44,6.06,8.52) s and are highlighted in Fig. 1. In interval a, in which there is basically
no LAT signal, the best fit is obtained for a Comptonized model (a power—law with an exponential
cutoff). In all other time intervals b, ¢, d, the best fit is obtained with a Band function, with
B ~ —2.2——2.3, and the extra—component measured on the time integrated spectrum seems to be

present but not very significant ~ 30.
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Figure 1: Left: Prompt phase light curve for the GBM and the LAT. Right: Joint spectral fitting of GBM and
LAT data for the time integrated spectrum. Count spectra (points) and best—fit (BAND+PL) model (lines)
on the top, and residuals at the bottom.

3. Multi-wavelength afterglow study: light curves and spectral energy densities

Figure 2 shows the wealth of quality data available for the study of the afterglow of GRB 110731A.

The LAT extended emission was explored by running an unbinned likelihood analysis with the

Yymfit for GBM and LAT analysis was developed by the GBM Team and is publicly available at
fermi.gsfc.nasa.gov/ssc/data/analysis/
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Fermi ScienceTools—v9r25pl and P7TRANSIENT_V6 instrument response functions. The model
used for the likelihood was composed of a single power—law component for the burst itself, the
particle background template and a template model for the Galactic diffuse emission for which the
normalization was fixed during the fit. After the peak flux at 7o+ 5.5 s, the LAT flux decay is well
fit by a single power—law of index ~ —1.5, as is shown in figure 2.

XRT light curves and spectra were extracted in the nominal 0.3—10 keV energy range by
applying standard screening criteria: note that the light curve in blue in figure 2, shows two X—
ray flares, peaking at Ty + 70 s and Ty + 110 s respectively, that made the analysis slightly more
complex. The X-ray flux decay was better fit by a broken power—law with best fit parameters
ox,1 = 1.104£0.02, oy » = 1.32+0.03 and 1 = 4.6 778 ks.

The optical data comprise the UVOT, MOA and GROND data. In order to better constrain
the optical temporal decay we created a single light curve (see Fig. 2) from all the UVOT filters
by re—normalizing each light curve to the V-band [7], using flux conversion factors from [8]. The
MOA data in / and V bands have been reduced following a standard procedure, normalized to
the GROND filter system and the GROND late time observations were additionally used to fix
the zero point and set the systematic uncertainties. The GROND field was calibrated against an
SDSS standard star field observed just before the beginning of the first epoch observations under
photometric conditions. All the optical data points were fit together with a single power—law, which
provides a good fit for index Qop = 1.37 £ 0.03.
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Figure 2: Left: Multi-wavelength light curves for the full observation period. Right: SED fits for the late
time epochs III, IV and V

For the broadband spectral analysis of the afterglow, we had to define new time intervals in
order to achieve a significant detection in the LAT energy band (epochs I-1II), sufficient statistics
in the X—ray spectrum (epoch IV) and to match GROND observations for epoch V: (I): To+9 s,
D: To+ 16 s, (IID): Ty + 100 s, (IV): Ty +550 s, and (V): Ty +2.74 d. Each SED was fit using
XSPEC, with an absorbed power—law or an absorbed broken power—law, where the spectral slopes
B1 and B, were tied to B, = B; — 0.5, as predicted by the closure relations for a cooling break.
The Galactic X—ray absorption and reddening were fixed to the values of Ny=1.0x 10>' cm~2 and
E(B—V)=0.18 [2], respectively.

For early epochs I and II, the single power—law fit over 5 orders of magnitude is a very good

representation of the data. The resulting photon indices are % = 1.87f8:?{ and Y = 1.951’8:??, and
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are compatible with the measured X—ray photon index 'y at later times. We note however that the
BAT flux decay index, which is apar = 2.3 +0.3, is only barely consistent with the LAT flux decay
ogar=15+0.2

For late time epochs IV and V, the single power—law fit gives a good description of the data.
However, because of the flux decay behavior, in particular because the optical flux decays faster
than the X-ray flux, we decided to test a forward shock in a wind model via a broken power—law fit
of both epochs together. We linked the optical and X-ray spectral index with 3,,,=Bx-0.5, imposed
the break energy to grow with time Ej,. ~ /¢, and tied the host extinction and absorption. The
result is shown on the right side of figure 2, including the crosscheck for epoch III. The parameters
obtained for the best fit are: Bope v = 0457007, Bx.rv = 0.957009, Epreatrv = 0.04700; kev for
epoch IV, and B,,,v = 0.661’8:83, Bxy = 1.16f8:8§, Ebpreak,y ~ 0.8 kev for epoch V.

4. Interpretation and conclusions

GRB 110731A is very bright in the Fermi LAT energy range with an isotropic-equivalent
gamma-tay (10 keV-10 GeV) energy release of Ej,, ~ 6 x 107 erg within the prompt phase of
the first ~ 8.5 s. The analysis of the prompt phase has shown a few interesting features: the high
energy emission is delayed by a couple of seconds with respect to the low energy emission, a strong
extra power—law component grows through the burst, and the temporally extended GeV emission
last for hundreds of seconds. These features are actually similar to other bright LAT bursts such as
GRB 090510, GRB 090902B, GRB 090926A. In GRB 110731A we also found hints of a ~ 4 ©
cutoff at ~ 400 MeV in the extra power—law component: assuming that the cutoff is due to pair
creation in the internals shocks with a variability time scale Af ~ 0.4 s, and for a single zone steady
state model with homogeneous photon distribution, we derive the bulk Lorentz factor of the jet to
be I'j,; = 530+ 10. Following the parametrization of [9], we also estimated I'j,; for a multi—zone
model and obtained a lower limit of 300.

The analysis of the afterglow has shown that for epochs I and II a single power—law fit from
the keV to the GeV leads to a good representation of the data. In addition to this, the obtained
photon index is compatible with the spectrum of the temporally extended GeV emission at a late
time, therefore the LAT extended emission, as early as 7y + 8.3 s from the earliest broadband SED
I, is compatible with the afterglow synchrotron emission in the fast-cooling regime. Epoch III
is difficult to analyze because of its X-ray flares: it seems to be compatible with the time of the
transition from the fast— to slow—cooling spectrum. Finally, during epochs IV and V, we notice that
optical flux decays faster than the X—ray flux, and the fit to the data with a smoothly broken power—
law fit with ,Bop, = Bx — 0.5 and Ep,.qx ~ v/ lead to a set of parameters compatible with a wind
environment and slow—cooling spectrum: By = (2/3)ox + 1/3, Bopr = (2/3)0topr — 1/3, Vopr <
V. < Vx. In epoch V, a steeper decrease of X-ray flux is further explained by the cooling break,
V. ~ +/t, approaching the X—ray band after ;.. ~ 4.6 ks. The afterglow modeling, following [10],
lead to the following set of parameters: a low magnetic field gz ~ 1072, a low radiative efficiency
ep ~ 1073, 5 times larger kinetic energy than gamma-ray energy, Ex ~ 3 x 10°* erg, and a large
bulk Lorentz factor I'j,; ~ 500. It’s worth noticing that the coasting bulk Lorentz factor I"j,; ~ 500
from the afterglow model is compatible with the value/lower limit obtained from the yy opacity
argument in the internal shocks of the prompt phase.
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