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ABSTRACT

We present the observations of GRB090510 performed by the Fermi Gamma-Ray Space Telescope and the Swift
observatory. This is a bright, short burst that shows an extended emission detected in the GeV range. Furthermore,
its optical emission initially rises, a feature so far observed only in long bursts, while the X-ray flux shows an initial
shallow decrease, followed by a steeper decay. This exceptional behavior enables us to investigate the physical
properties of the gamma-ray burst outflow, poorly known in short bursts. We discuss internal and external shock

models for the broadband energy emission of this object.

Key words: gamma-ray burst: individual (GRB090510) — relativistic processes — shock waves

1. INTRODUCTION

With the availability of a relatively large sample of gamma-
ray bursts (GRBs), we came to recognize that they comprise
two large classes (Kouveliotou et al. 1993): the so-called short-
hard GRBs (duration <2 s) and the long-soft ones (22 s).
There is now increasing consensus that the observed dichotomy
among long/short GRBs may indicate diverse initial physical
conditions and progenitors. Long GRBs are associated with the
demise of massive stars (Ferrero et al. 2006). Instead, short
GRBs often occur in early-type galaxies (Zhang et al. 2009;
Gehrels et al. 2009; Fong et al. 2010). This supports their
interpretation in terms of compact object mergers.

Crucial information on GRBs is revealed by their afterglows,
which can be monitored by Swift (Gehrels et al. 2004) in the
optical and the X-ray range as early as ~100 s after the burst. In
this Letter, we present the study of the short GRB090510 with
Swift and Fermi in a broad energy range, which extends from
the optical up to a few GeV.

We report our observations and analysis in Section 2. In
Section 3, we propose two different interpretations, and in
Section 4 we draw our conclusions. Hereafter, we use the
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conventions X = 10"X,, for cgs units and F' t~%v=# where
F is the energy flux, ¢ is time from the trigger of Swift Burst
Alert Telescope (BAT; Barthelmy et al. 2005a), and v is the
frequency. Errors are reported at 1o, unless otherwise specified.
We assume a cosmology in which Hy = 71 km s~' Mpc~!,
Q, = 0.27, Q, = 0.73 (Spergel et al. 2003). All the fluxes,
times, and frequencies are measured in the observer’s frame.

2. OBSERVATIONS AND DATA ANALYSIS
2.1. BAT Data

At 00:23:00 UT, 2009 May 10, BAT, which operates in the
15-350 keV range, triggered on GRB090510 (Hoversten et al.
2009). Swift slewed immediately to the burst. The duration was
Too = 0.30 & 0.07 s. A detailed analysis of the BAT data is
shown in Ukwatta et al. (2009).

2.2. XRT Data

The Swift X-ray Telescope (XRT; 0.3—10 keV; Burrows et al.
2005) began observing the X-ray afterglow of GRB090510
at T+98 s. The light curve (Figure 1) shows an initial slow
flux decline. Observations were interrupted when the source
entered the Earth constraint at T+1.9 ks. When they resumed,
at T+5.1 ks, the flux was much lower. A broken power-law fit
of the light curve gives as best-fit parameters an early decay
slope ax,; = 0.74 & 0.03, break time 7y = 1.43*}7 ks, late
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T—5— prompt emission
—m— long-lived detection
—a— Upper limit, B=1.1
—e— Upper limit, B=0.5
—o— Upper limit, B=2.5
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Figure 1. Top: LAT flux above 100 MeV and best fit to the flux decay (line).
Bottom: energy flux densities averaged in the observed energy bands: BAT
(15-350 keV, stars); XRT (0.2-10 keV, crosses); UVOT renormalized to white
(diamonds); LAT (100 MeV—4 GeV, filled squares; the average spectral index
was used to convert from photon to energy flux) with upper limits for 8 = 1.1
(triangles). The prompt emission is shown for comparison: GBM (8 keV-1 MeV,
circles), LAT (100 MeV—4 GeV, empty squares). XRT light curve is obtained
as in Evans et al. (2007, 2009). All data are shown with 68% error bars or 95%
confidence level upper limits.

decay slope ay, = 2.184£0.10; x> = 112 with 77 degrees
of freedom (dof), which is still marginally acceptable (chance
probability P = 0.0054).

2.3. UVOT and Other Optical Data

The Swift Ultra Violet and Optical Telescope (UVOT; 160—
800 nm; Roming et al. 2005; Poole et al. 2008) began settled
exposures at T+97 s. The light curve of the optical afterglow,
produced by renormalizing all individual filters to white, as
described in Oates et al. (2009), is shown in Figure 1. The
optical emission rises until ~1.6 ks, then decays. The optical
light curve is well fitted (x2/dof = 23.9) by a broken power
law (Beuermann et al. 1999) with a smooth break. The best-

fit parameters are aop,1 = —0.50%%15; freax = 1.58%9% ks;
aopr2 = 1. 13"% '1'0 Adding a constant does not improve the

fit significantly, suggesting a small host galaxy contribution.
Very Large Telescope observations (Rau et al. 2009) provide
a spectroscopic redshift of z = 0.903. Using this redshift and
the Fermi spectral parameters, the isotropic equivalent energy
of GRB090510 is Ejs, = 1.08 x 107 erg in the 10 keV-30 GeV
rest frame (A. A. Abdo et al. 2010, in preparation).

2.4. Fermi Data

GRBO090510 triggered both instruments on board the Fermi
observatory (Guiriec et al. 2009; Ohno & Pelassa 2009). The
Gamma-ray Burst Monitor (GBM; 8 keV-40 MeV) observed
the burst during the prompt emission phase, and an autonomous
repointing enabled the Large Area Telescope (LAT; 20 MeV—
more than 300 GeV) to detect a long-lasting (up to 200 s) high-
energy (up to 4 GeV) emission. The analysis and interpretation

Table 1

Vol. 709

LAT Time-resolved Spectroscopy

Time Energy Photon Flux Above 100 MeV
Bins (s) Index (phecm=2 s~ 1)

(1) 0.38-0.48 0.85+02 2.49*L13 1072
(2) 0.48-0.92 1.20%9% 1.89+9:48 102

0.2 2.4 103
(3) 0.92-1.5 0.93*9%% 5.7+%341072
4)1.5-25 141792 6.4+2%1073

0.22 3.6 10—
(5)2.5-55 0.76*%% 8.473% 1074
6)5.5-11.5 0.86*43%, 201541074
(7)11.5-37.0 227705 167498104
(8) 37.0-69.5 0.85*932 4.4%26107°
(9) 69.5-200.0 174497 16410107
(10) 200-400 1.1/0.5/2.5 <4.7/32/19107°
(11) 400-800 1.1/0.5/2.5 <23/1.6/39107°
(12) 800-1500 1.1/0.5/2.5 <2.1/1.2/38107°
(13) 4200-7200 1.1/0.5/2.5 < 0.48/0.3/1.0 107°
(14) 10150-13000 1.1/0.5/2.5 <0.47/0.3/0.9 107°
(15) 15800-18500 1.1/0.5/2.5 <0.52/0.3/1.0 107°

Notes. No signal is detected in the LAT after T+200 s, and 95% confidence
level upper limits on the flux are quoted for different assumptions of the energy
index.

of the prompt emission will be presented in A. A. Abdo
et al. (2010, in preparation). Follow-up observations lasted
until 1500 s, when the source was occulted by the Earth, and
resumed ~3.5 ks later.

The observation epochs are defined in Table 1. All analy-
ses of LAT data follow the methodology described in Abdo
et al. (2009). The results of the time-resolved spectroscopy are
presented in Table 1. The spectrum shows no significant evo-
lution, and it is well fitted by a power law with energy index
B, =11£0.1.

The burst onset in the GBM (T+0.013 s) tags the beginning
of the emission bulk and is a sensible reference for the temporal
fit. The light curve shows no significant features and is well
fitted by a power law with a decay index o, = 1.38 £0.07 (x %/
dof = 9.4/7) (Figure 1).

3. DISCUSSION

GRB090510 was a short burst with a relatively bright af-
terglow, and Ejs, is among the highest for this class (Graham
et al. 2009). The early rise of the optical flux is so far unique in
short GRBs. More importantly, GRB090510 shows high-energy
emission up to the GeV range, until T+200 s.

Energetic short GRBs with optical transients, such as
GRBO050724 (Barthelmy et al. 2005b), typically have extended
emission (EE) detected by BAT and XRT, following the hard
emission spike (Troja et al. 2008). If GRB090510 had occurred
at z = 0.26, as GRB050724, it would have produced a flux in
the BAT range of a few 10~ erg cm=2 s~! until ~100 s, and we
would have classified it as an EE-GRB.

The nature of this high-energy emission is nevertheless not
easy to understand. EE often fades slowly for a few hundreds
of seconds, then vanishes with a slope which can be as fast as
a ~ 7; after this sudden drop a late afterglow with a typical
decay slope o ~ 1.4 is sometimes observed (e.g., GRB050724;
GRBO080123; Mangano et al. 2008). The fast decay and the
extrapolation of the late afterglow back to early epochs suggest
that EE is not the onset of the late afterglow (Nakar 2007).
Furthermore, in a few cases where the EE is bright enough to be
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studied in detail (Norris & Bonnell 2006), it shows variations
too rapid to be explained with external shock models (Mészaros
& Rees 1993). EE might instead indicate a declining activity of
the GRB central engine (Rosswog 2007; Metzger et al. 2008;
Perna et al. 2006; Goad et al. 2007); once this activity ends, then
falls abruptly, and the forward shock (FS) emission prevails. In
other cases, however, the flux decay from the beginning of Swift
observations seems due to the usual FS mechanism, such as in
GRBO051221 (Burrows et al. 2006) and GRB 061201 (Stratta
et al. 2007).

‘We propose and discuss two scenarios to explain the emission
after the initial spike: in the first one, the emission is due to both
external FS and internal shock (IS; Rees & Mészaros 1994)
while in the second the emission is due to FS alone.

3.1. X-ray Internal Shock, Optical External Shock

In the first scenario, we assume that the initial X-ray (until the
break at ~1.4 ks) and y-ray fluxes are IS emission, while the
FS is responsible for the optical light curve and the late X-ray
flux. In particular, the optical rise may be due to the onset of
FS emission, detected 10>—10° s after the trigger in long GRBs
(Oates et al. 2009), when the mildly relativistic reverse shock
crosses the ejecta. This model can explain the different behavior
of the early X-ray/LAT and optical light curves.

We constrain some physical properties of the FS blast wave
by assuming that it propagates in a homogeneous medium.
The initial Lorentz factor of the ejecta is about twice its

value at the peak time and is estimated to be Ij = 1.4 x
102Eg{*n=1/8 % (Sari 1997; Panaitescu & Kumar 2000),

where E is the isotropic kinetic energy, n is the environment
density in cm™, and Zpex is the peak time. The maximum FS
flux is at the synchrotron characteristic frequency v,,, and is
F,, = 1.3 x 10*Es3e;/> ,n'/? 1uJy (Granot & Sari 2002), where
€p is the fraction of internal energy in the magnetic field.
These parameter values must be consistent with T’y = 1000
(A. A. Abdo et al. 2010, in preparation) and with the UVOT
data, which give a 30 lower limit on #yac > 730 s and a
peak flux F ~ 100 ulJy. The first constraint can be written
as Esszn~' > 2.6 x 10°. If v, is just below the optical band,

the constraint on the flux becomes E536113{ 32n1/ 2~77 %1073,
Assuming €5 _» =~ 1, the model is consistent with observations
for Es; 2> 5.4, whilen ~ 5.9 x 1079EZ}.

The XRT and LAT fluxes can be explained by IS synchrotron
emission with v, < vopy < Vsa < Vx < Vy, Where v, is the
synchrotron cooling frequency and vy, is the synchrotron self-
absorption frequency (Guetta & Granot 2003). The synchrotron
luminosity, estimated from the 100 s spectral energy distribution
(SED; Figure 2), is L ~ 10° erg s=!. We find that for this
value of L and for p = 2.4, ¢, = 5.5, eg_» = 33,
I' = 410, 1, = 3 x 107> s, where p, €., I', and 1, are the
index of the power-law electron energy distribution, the fraction
of energy given to electrons, the bulk Lorentz factor, and the
variability timescale, respectively, we have v, =~ 210 keV,
F(1.7 keV) >~ 75 plJy, which is within a factor of ~3 from
the observations, and F(100 MeV) ~ 4.2 x 1073 ulJy, which
is consistent within 20 of the data. The cutoff energy for pair
production is hv,, =~ 1.6 GeV, thus allowing the late emission
of ~1 GeV photons. IS does not produce detectable emission in
the optical, since this is below vy, >~ 0.32 keV.

Compared with the scenario presented in Section 3.2, this
model has the advantage of not requiring extreme values of Iy
(e.g., >5000) to explain an early (few seconds) FS emission
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Figure 2. Broadband count spectrum at T+100 s, using UVOT (black), XRT
(red), LAT front (green), and LAT back (blue) events data. The best fit and the
residuals are shown (see the text).

onset in a low-density environment expected for a short burst.
However, it needs some fine tuning of parameters. The optical
rise slope aop,1 = —0.5 is shallower than that expected at
the FS onset (¢ = —2), although similar slow rises have been
observed (Oates et al. 2009). It is possible that the onset of
our observations caught the end of this steep rise phase, when
the afterglow was turning over to a decay. Another possible
problem is that the required density appears very low. We note
that the observed slope would be expected if v,, were crossing
the optical band, and, in general, broad FS onset rises are also
expected for outflows observed off-axis (Panaitescu & Verstrand
2008). However, a bright and hard event such as GRB090510
is difficult to reconcile with the latter scenario, which predicts
soft and dim prompt emission (Yamazaki et al. 2002).

3.2. Optical, X-ray, and GeV Emission from External Shock

A second possibility is that the afterglow of GRB090510,
including the emission detected by LAT, is entirely produced
by the FS propagating in a constant density medium (Sari
et al. 1998). According to the model, the broad afterglow
spectrum®’ consists of three segments: a low-energy tail, of
spectral slope 8; = —1/3; another segment, for v, < v < v,
where B, = (p — 1)/2; a third segment, blueward of v,, with
B3 = p/2. For comparison with this spectral template, we
produced 5 SEDs, at 100s, 150 s, 1 ks, 7 ks, and 12 ks (Figure 3),
all including UVOT and XRT data, and LAT data were also
included in the first SED. LAT data were accumulated between
10 s and 200 s (i.e., well after the end of the prompt emission
seen in the GBM) and renormalized to 100 s using the decay
index of o, = 1.38. We fitted the SEDs simultaneously with
a double broken power-law model, forcing 8y = —1/3 and
B3 = Po+ 1/2. We allowed the breaks to vary, and Galactic
and host extinction were accounted for. The result is acceptable
()?/dof = 110.3/83) and is shown in Figure 3 and Table 2. The
FS alone could successfully describe the spectrum over nine
decades of frequency. A break between X-ray and y-ray ranges
is fitted, at Ef ~ 300 MeV, but not constrained. It is studied
more precisely by fitting the 100 s SED alone, freezing Ny and
E(B — V) atthe 5 SED:s fit results and leaving 8, and S; free to
vary (see Table 2). This fit fulfills the relation 83 = B, + 1/2

67 The self-absorption frequency is not relevant in this study.
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: ] SED 5 SEDs 100 s 100's
E JL'H = Tinl000s 3 LAT Data Set (s) (10-200) (10-200) (0.38-200)
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2 2F ™ % E 043010 (1005)
E ‘?o =l 3 0.17799%  (1509)
T T, , : E} (keV) 00374995 (10005) 03135  031%%
E SF 3 <0.001 (70005s)
“’.’O i ot ] <0.01 (12000s)
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ITO I T T I R I I I I B3 B2+ 1/2 1.44%9% 114010
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Energy (keV)

Figure 3. UVOT-XRT-LAT SEDs at different epochs, with the best fit shown
(see the text). The butterfly at T+100 s indicates the 68% confidence level region
for the LAT flux (95% error bar at 100 MeV is shown). Successive SEDs in time
order are rescaled by 1:1, 1:10, 1:100, 1:1000, 1:10,000.

(at 1.30) and a significant break is found (3.60), although it
yields a slightly harder 8, (1.80) than the 5 SED fit shown
in Figure 3. The LAT emission shows no spectral evolution,
even at early times. Therefore, to better characterize the high-
energy spectrum, the SED at 100 s was rebuilt including LAT
data between 0.38 s and 200 s (see Table 2 and Figure 2).
A significant break (>4.5¢ including systematics) between 10
and 133 MeV was found. However, including this selection of
LAT data in the 5 SED fit yields a worse fit (x> /dof = 125.3/83)
than that shown in Figure 3.

In this FS interpretation, the initial increase of the optical
emission is due to v, approaching the optical band. The
X-ray is already decaying because it lies above v,,. In order to
verify whether the required physical parameters are plausible,
we impose the following constraints: (1) F(1 ks) >~ 2.2 uJy at
10'® Hz and (2) v,,(1 ks) ~ 10'® Hz. Adopting the expressions
for F,,, Vi, and v, from Granot & Sari (2002), the constraints
become

o 14 EG et g )

os

4v—p 17 (2)

efl plos

n~15x107° (100" > Eg/e;

where £, = 3(p — 2)/(p — 1) and vy = v, (1 ks)/10'® Hz.
We verified that the synchrotron self-Compton cooling is not
significant for + < 1.5 ks and v.(1.5 ks) > 10'® Hz for a
reasonable range of parameters (Nakar et al. 2009). A very low,
but not implausible, density is suggested.

The flux at 100 MeV is

Fyoy, 24 x 1073(3.6 x 10737729 Esze, _1(1/1005)273P/4
x (hv/100 MeV)™P/2& vP=2/2 13y, (3)

This is consistent with the LAT data at 100 s, provided
Esze, 1 >~ 5, p ~ 25,§, ~ 1, and v,y ~ 1. For these
parameters, v, < 4 GeV att 2> 1 s, so that the flux in the

LAT energy range is approximately F oc t@=3P/4 ~ (=14

att 2 1 s, consistent with the LAT light curve. We note
that I’y > 5800E51§8n 4 ¥ is required for the FS onset time to

be <1s.

Notes. Ny and E(B — V) are host absorption and extinction, respectively; E{’
and Eg are the two break energies calculated at the epoch in parentheses.

In summary, the spectral properties of GRB 090510 could
be explained by a simple FS model. We note, though, that this
model is hard to reconcile with some of the observed temporal
properties. First, it predicts an X-ray decay index before the
break of « = 38,/2 = 1.16 £ 0.06, clearly inconsistent with
the observed oy, ; = 0.74 & 0.03. Second, if the X-ray break at
t = 1.4 ks is attributed to a jet break (Sari et al. 1999) and, after
this time, optical and X-ray lie on the same spectral segment,
then the asymptotic optical decay index should be consistent
with oy, = 2.18 £0.10. However, a fit of the whole light curve
with a smooth broken power law (Section 2.3), adding a constant
(as a host galaxy contribution), gives an asymptotic decay slope
aopt2 = 1.137 17, incompatible with the X-ray decay. Finally,
although the error bars are quite large, we note that, taken at
face value, the slope of the UVOT spectrum in the 1 ks SED is
negative (Figure 3), suggesting that v,, may already be below
the optical at that epoch.

The above-mentioned flaws imply that the simple FS model
is not viable to explain the properties of GRB090510. However,
this model relies on highly idealized assumptions, and it is
known that several GRB afterglows do not strictly follow
its simple predictions. Plausible effects that may affect the
predictions and ease the comparison with GBR090510 are as
follows:

1. A phase of energy injection (Sari & Mészaros 2000), or an
evolution of the microphysical parameters of the blast wave
(Panaitescu et al. 2006); both may cause an early shallow
decay of the X-ray flux.

2. The transit of v, slightly after the jet break, which could
explain a shallow late optical decay.

With the present data, we are unable to distinguish between
energy injection and microphysical parameter evolution. As for
the X-ray decay post jet break, hydrodynamical simulations
show that the jet decay slope can temporarily reach o« ~ 3
(Granot 2007). Both the processes of energy injection and
parameter evolution are capable of keeping the decay shallower,
so that a late X-ray decay slope of ax » = 2.18 £ 0.10 could be
achieved. Therefore, with some extensions, the FS model could
arrange the temporal properties, although some fine tunings
would be needed.
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4. CONCLUSIONS

We have reported the Swift and Fermi observations of the
short GRB090510, an event endowed with bright prompt and
afterglow emission, and detected in the GeV range up to 200 s
after the trigger. The initial X-ray emission shows a slow decay
up to ~1.4 ks, after which it quickly drops. The optical flux
peaks at ~1.6 ks. We have explored two scenarios to explain
the observed behaviors.

In the first scenario, the early flux detected by XRT and LAT is
due to IS, while the optical rise is the onset of FS emission or the
transit of v,,. This interpretation does not require extremely high
values of Lorentz factor, should the density of the environment
be very low. We also find that reasonable values for the physical
parameters can lead to the observed properties, which might
favor the model, although some fine tuning is necessary. The
second scenario assumes that the FS produces the full spectrum
of the emission, observed from the optical to the GeV band.
The y-ray, X-ray, and optical spectrum can be reproduced
by the template FS spectral model, and the required physical
parameters are plausible. Although the simple FS model fails
to reproduce the observed temporal behavior, extensions of this
model could accommodate the temporal mismatch. In order
to identify the origin of the GeV component of GRBs like
090510, more case studies will be necessary. Fortunately, we
have very promising prospects for other simultaneous Fermi
and Swift observations of short GRBs, which will provide us
with more measurements to shed light on the properties of these
events.
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