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ABSTRACT

We present the results from an ESO/VLT campaign aimed at studying the afterglow properties of the short/hard gamma ray burst
GRB 070707. Observations were carried out at ten different epochs from ~0.5 to ~80 days after the event. The optical flux decayed
steeply with a power-law decay index greater than 3, later levelling off at R ~ 27.3 mag; this is likely the emission level of the
host galaxy, the faintest yet detected for a short GRB. Spectroscopic observations did not reveal any line features/edges that could
unambiguously pinpoint the GRB redshift, but set a limit z < 3.6. In the range of allowed redshifts, the host has a low luminosity,
comparable to that of long-duration GRBs. The existence of such faint host galaxies suggests caution when associating short GRBs
with bright, offset galaxies, where the true host might just be too dim for detection. The steepness of the decay of the optical afterglow
of GRB 070707 challenges external shock models for the optical afterglow of short/hard GRBs. We argue that this behaviour might
result from prolonged activity of the central engine or require alternative scenarios.
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1. Introduction

Gamma-ray bursts (GRBs) are among the most powerful explo-
sions in the universe. They are revealed in the hard X-ray/soft
gamma-ray band and are followed in many cases by a fading af-
terglow observable from radio to X-ray wavelengths. GRBs are
empirically classified in two groups (Mazets et al. 1981; Norris
et al. 1984; Kouveliotou et al. 1993; Tavani 1996): short GRBs
last less than 2s and have a hard spectrum; long GRBs have
longer durations (typically tens to hundreds seconds) and some-
what softer spectra. The emergence of a typical supernova (SN)
spectrum superposed on the rapidly decaying non-thermal after-
glow weeks after the events and the association with blue, highly
star-forming galaxies provided strong evidence that a significant
fraction of long GRBs originates in the gravitational collapse of
massive stars (but see Della Valle et al. 2006; Fynbo et al. 2006;
Gal-Yam et al. 2006a).

Short GRBs are revealed less frequently than long GRBs
(they comprise about 1/4 and 1/10 of the BATSE and Swift
samples, respectively; Kouveliotou et al. 1993; Berger 2007);

* Based on observations made with ESO Telescopes at the La Silla
Paranal Observatory under program ID 079.D-0909.

moreover their afterglows are weaker and, thus, more difficult
to detect and follow up. These are among the reasons why the
origin of short GRBs is still under debate, despite the important
progresses made in the Swift era. The tight upper limits on any
associated SN (Hjorth et al. 2005; Covino et al. 2006; Kann et al.
2008) as well as the association with a broad variety of Hubble
types hosts, from elliptical (Berger et al. 2005) to moderate star
forming galaxies (e.g. Covino et al. 2006; Fox & Mészaros 2006;
Berger 2008), rule out the core-collapse mechanism as the main
channel for short-GRBs production and strongly suggest that the
explosion mechanism and/or progenitors of short GRBs are dif-
ferent from those of long GRBs (for a recent review, see Lee &
Ramirez-Ruiz 2007).

The leading model for short GRBs involves the merging of
a system composed of two collapsed objects, a double neutron
star (DNS) or a black hole/neutron star binary. In those systems
that evolve out of massive stars that were born in a binary system
(we term these “primordial binaries”), the delay between forma-
tion and merging is dominated by the gravitational wave inspiral
time, ranging from tens of Myr to a few Gyr (Perna & Belczynski
2002), strongly dependent on the initial system separation. Short
GRBs that result from them are expected to: (a) have a redshift
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distribution which broadly follows that of star formation and (b)
drift away in some cases from the star-forming regions in which
they were born, and merge outside, or in the outskirts, of galaxies
(Belczynski et al. 2002).

A fraction of two collapsed object binaries may also form
dynamically through binary exchange interactions in the core
of globular clusters (Grindlay et al. 2006). For such a forma-
tion mechanism, the delay between star-formation and merging
is driven by the cluster core collapse time, which is comparable
to the Hubble time (Hopman et al. 2006). Therefore, short GRBs
originating in dynamically formed double collapsed object bi-
naries should go off at lower redshifts than short GRBs from
primordial binaries (Guetta & Piran 2005, 2006; Gal-Yam et al.
2006b; Hopman et al. 2006; Salvaterra et al. 2008). In another
scenario, a fraction of the short GRBs is due to hyperflares from
soft gamma-ray repeaters in the local universe (distances up to
~100 Mpc; Hurley et al. 2005; Tanvir et al. 2005; Frederiks et al.
2007; Mazets et al. 2008).

The above summary emphasizes that redshift determina-
tion, GRB position relative to the host galaxy and properties of
the host galaxy are all crucial pieces of information for under-
standing short GRBs and discriminating among different mod-
els (Belczynski et al. 2006). One key issue in the study of short
GRBs is the secure identification of the host galaxy. Indeed, sev-
eral short GRBs afterglows have been detected only in X-rays
and thus localized with a precision of a few arcseconds (whereas
sub-arcesecond localizations are required to unambiguously re-
veal their host). The possibility that a sizeable fraction of short
GRBs lie outside the light of their hosts, as predicted for both
primordial and dynamically formed NS-NS/BH binaries, further
complicates the identification process. Indeed some proposed
short GRB associations with bright, nearby galaxies, based on
some angular separation, might result from by-chance align-
ment.

So far, a dozen short GRBs were localized with sub-
arcsecond precision and host galaxies were firmly detected with
small offset. Only in a few cases (e.g. GRB061201: Stratta
et al. 2007; GRB 080503: Perley et al. 2008) no host galaxy
was found down to R > 26-28 after the optical afterglow had
faded. For other short GRBs at unknown redshift, a putative host
galaxy was proposed with magnitude R ~ 23-26. Spectroscopy
of the brightest four of these galaxies indicates that they lie at
0.4 < z < 1.1. A comparison with field galaxy magnitudes
suggests that the rest of the sample lies at z > 1 (Berger et al.
2007). The unambiguously localized hosts are both early- and
late-type galaxies, with very different star formation rates and
masses (Nakar 2007).

The association with early-type galaxies has provided clear
evidence that at least a fraction of the short GRBs have progeni-
tors related to an older stellar population than that of long GRBs,
as expected from the compact binary system models. The na-
ture of the progenitors of short GRBs that go off in star forming
galaxies is still under debate. The possibility that short GRBs
comprise different subclasses cannot be confirmed yet but nei-
ther excluded.

In this paper we present the results from an extensive cam-
paign aimed at studying the optical afterglow of GRB 070707.
This campaign monitored the decay of the optical afterglow evo-
lution from about 0.45 days to more than one month after the
burst. This is one of the best optical light curves for a short/hard
GRB so far obtained. In Sect. 2 we report on previous results on
GRB 070707. In Sect. 3 our observations and data analyses are
discussed and in Sect. 4 our results are presented. In Sect. 5 we
discuss our findings.

S. Piranomonte et al.: The afterglow of GRB 070707

2. GRB 070707

GRB 070707 was detected in the 15-200 keV band with
IBIS/ISGRI on board the INTEGRAL satellite (Mereghetti et al.
2003) on 2007 Jul. 7 at 16:08:21 UT, and initially classified as
a long event (Beckmann et al. 2007). Subsequent analysis of
the IBIS/ISGRI data determined a 2!1 accurate position cen-
tered at RA(J2000) = 17"51™00%14, Dec(2000) = —68°54'51"'8,
and revealed that the burst consisted of a single spike lasting
about 1.1s (Gotz et al. 2007). A refined, complete analysis of
the INTEGRAL data of GRB 070707 has been presented by
McGlynn et al. (2008), showing that its properties are all con-
sistent with those of short GRBs: short duration (0.8 s), very
small spectral lags (20 ms), and hard spectrum (photon index
I' = 1.2). Konus-Wind also detected this burst (Golenetskii et al.
2007a), allowing the measurement of the broad-band fluence
(~1.4 x 107 erg cm~2 in the 20 ke V-2 MeV band) and peak en-
ergy (~400keV).

The Swift satellite began to observe GRB 070707 on 2007
Jul. 08 at 00:57:50 UT, i.e. about 9 h after the IBIS/ISGRI
trigger. Swift/UVOT did not detect any optical afterglow down
to a 30 limiting magnitude of V. = 19.7 (Schady et al.
2007). Swift/XRT found a faint, uncatalogued source inside
the INTEGRAL error box, at RA(J2000) = 17"50™5849,
Dec(J2000) = —68°55'27"1 (positional uncertainty of 54), with
a 0.3-10keV flux of 2.4f%2 x 107Bergem™2s7! (Beardmore
et al. 2007). Further Swift/XRT observations, carried out about
4.9 days after the burst, could not detect the source down to a ten
times lower flux level. This confirmed that the Swift/XRT source
was indeed the afterglow of GRB 070707 (Beardmore & Parsons
2007).

ESO-VLT observations, carried out starting about half a day
after the burst, revealed the presence of a variable R-band source
inside the Swift/XRT error circle, at RA(J2000) = 17"50™58355,
Dec(J2000) = —68°55’272 (0”3 error; Piranomonte et al. 2007,
D’ Avanzo et al. 2007b). No further observations of the afterglow
of GRB 070707 have been reported so far.

3. Observations and data analysis

We observed GRB 070707 with the ESO-VLT at eight different
epochs starting about 11 h after the burst. Observations were
carried out using the FORS1, ISAAC and NACO cameras. All
nights were clear, with seeing in the 0.5”—1.0” range. Image re-
duction was carried out following standard procedures: subtrac-
tion of the bias frame and division by the flat frame. Point spread
function (PSF) and aperture photometry were obtained by us-
ing the Daophot II (Stetson 1987) in the ESO-MIDAS! package
for all objects in the field. Photometric calibration was based on
Landolt standard stars, observed in different nights. In order to
minimize systematic effects, we performed differential photome-
try with respect to a selection of local isolated and non-saturated
standard stars. Astrometric solutions were computed by using
the USNO-B1.0 catalogue?.

All our VLT/FORS spectra were acquired with the 300V
grism, covering the 4000-9000 A wavelength range (7 A FWHM
resolution). We always used a 1” slit. The extraction of the
spectra was performed with the IRAF® software package.

I http://www.eso.org/projects/esomidas/

2 http://www.nofs.navy.mil/data/fchpix/

3 IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of the Universities
for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
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Table 1. VLT observation log for GRB 070707. Magnitudes are not corrected for Galactic absorption. Upper limits are given at 30~ confidence

level.

Mean time Exposure time t—ty Seeing  Instrument Magnitude Filter / Grism
(UT) (s) (days) ()

2007 Jul. 08.12988 10 x 120 0.45742 0.9 VLT/FORS1  23.05 +0.02 R

2007 Jul. 09.07984 10 x 120 1.40738 1.0 VLT/FORS1  23.86 + 0.05 R

2007 Jul. 09.23005 1 x 180 1.55759 1.0 VLT/FORS1 24.07 £0.12 R

2007 Jul. 10.14491 10 x 120 2.47245 0.7 VLT/FORS1  25.33 +0.08 R

2007 Jul. 10.21523 20x3 %30 2.54277 0.7 VLI/ISAAC >23.6 J

2007 Jul. 11.13697 20 x 180 3.46721 0.5 VLT/FORS1  26.62 +0.18 R

2007 Jul. 12.17370 17 x 300 4.50124 0.8 VLT/FORS1 26.81 £0.22 R

2007 Jul. 15.21785 18 x 300 7.54539 0.6 VLT/FORS1  27.39 +0.22 R

2007 Jul. 19.12752 20 x 300 11.45506 0.6 VLT/FORS1 27.21 £0.20 R

2007 Aug. 15.07151 20 x 300 38.38355 0.6 VLT/FORS1  27.15 +0.29 R

2007 Sep. 28.03125 20 x 3 x 60 81.95974 0.5 VLT/NACO >22.7 K

2007 Jul. 09.32508 5 %2400 1.65262 1.0 VLT/FORS1 — 300V+GG375
2007 Jul. 13.15960 2 x 900 5.48714 0.8 VLT/FORS1 — 300V+GG375

-.
e

Fig. 1. R-band image of the optical afterglow (left panel) and of the host
galaxy (right panel) of GRB 070707.

Table 2. Results of the optical-light curve fitting with a Beuermann
function (Beuermann et al. 1999) freezing the smoothness parameter
« = 1. Errors are at 1o~ with all parameters free to vary.

a @ ty (days)  Host R magnitude  y?/d.o.f.
044709 53109 181013 2731013 1.96/4

Wavelength and flux calibration of the spectra were obtained
by using helium-argon lamp and observing spectrophotometric
stars. A complete log of our observations, together with the re-
sults of our analysis, is reported in Table 1.

4. Results
4.1. VLT photometry

The optical light curve appears to have had an initial slow de-
cay, which got significantly steeper beginning 1-2 days after the
GRB. At late times, a constant flux was observed, indicating a
dominant contribution from the host galaxy (Fig. 1). We fitted
the light curve with a model comprising a broken power law be-
haviour, representing the afterglow, plus a constant, representing
the host. We adopted the usual Beuermann function (Beuermann
et al. 1999) to model a transition from a shallow to a steeper de-
cay: F(t) = Fo/[(t/tp)*"" + (t/t,)**]1Y/% where @, and a, are the
early- and late-time decay slopes, t, is the break time, and « is
the smoothness parameter. In the case of GRB 070707, given the
relatively low number of data points, we first froze « = 1 in our
fit. In Table 2 we report the best-fit parameters.

Table 3. Results of the optical-light curve fitting with the “pulse func-
tion”. Errors are at 1o~ with all parameters free to vary.

Y*/d.o.f.
2.28/5

7 (days)
0.5270%7

Host R magnitude
27.3+£0.24

to (days)
00673

When « was allowed to vary, the break time was only weakly
constrained and the slope @, could also take negative values (i.e.
the light curve could have also be initially rising and peak around
0.5 days). In any case the late time decay remained steep, with a
lower limit @, > 3 valid for any «.

We note that different functional forms cannot be excluded
for the light curve, given the sparse coverage at early times. For
example a model consisting of a linear rise followed by an ex-
ponential decay F(f) = F(t — tp)e /7 (we refer to this as
the “pulse function”) provided a satisfactory fit to the data (even
for 7y = 0, i.e. the origin of time coincident with the high-energy
event; Table 3). The best fit models with the Beuermann function
(with k = 1) and the “pulse function” are shown in Fig. 2.

4.1.1. VLT spectroscopy

After the identification of the optical counterpart (Piranomonte
et al. 2007) we took an optical spectrum of the afterglow (about
1.7 days after the burst; see Table 1), consisting of five frames
with a total exposure time of 200 min. Due to the rapid decay
of the afterglow, the object was clearly visible only in the first
two frames. As a consequence the total spectrum has a mediocre
signal-to-noise ratio. Neither emission nor absorption lines are
visible over a weak continuum in the 4200-9000 A range. The
detection of the continuum, on the other hand, allows us to put
some constraints on the redshift of this event. The most conser-
vative limit on the redshift is given by the lack of Lyman limit
suppression down to 4200 A, which implies z < 3.6. The lack of
observed Lyman-a forest provides a tighter constraint z < 2.5,
although at such redshift the density of the IGM is relatively low,
making this limit less robust.

Many galaxies (a few tens) are clearly visible in our VLT im-
ages of GRB 070707. In order to check for the possible presence
of a cluster we obtained optical spectra of five galaxies in the
field and determined their redshifts (Table4 and Fig. 3). These
spectra were taken on 2007 Jul. 9th and 13th (Table 1). The red-
shift gap between G1, G2 and G3 (0.3547-0.3780) is very large
and corresponds to a velocity difference of 7000kms~! with a
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Fig. 2. R-band light curve of the GRB 070707 afterglow. The dashed
line represents the fit obtained using a Beuermann function (with x = 1),
while the dotted line shows the fit with the “pulse function” (see text).

Table 4. Properties of five galaxies in the field of GRB 070707 (see
Fig. 3 and Sect. 4 for details).

= e 5
ID RA (J2000) Dec (J2000) R magnitude Redshift o, oo :':
Gl  17:50:58.55 —68:53:35.0 21.1 0.3547 i - : ]
G2 17:50:58.40 -68:53:01.5 20.5 0.3780
G3  17:51:04.73 —68:54:27.0 20.2 0.3627 = [ ]
G4 17:51:00.67 —68:55:01.8 17.6 0.213 o | : _
G5 17:50:58.97 —-68:55:12.8 20.5 0.667 ';
G6 17:50:57.18 —68:55:29.4 20.4 0.2394 < | e Q i
prCI

dispersion of 3500 km s~!. This value is considerably higher than
those measured in clusters of galaxies; therefore we consider
very unlikely that these galaxies belong to a cluster. The object
labelled as G6 is the closest to the position of the GRB, with
a separation of 7”/8. A qualitative analysis of the optical spec-
trum of galaxy G6 (Fig. 4) reveals that it is a starburst galaxy at
z = 0.2394, as indicated by the presence of prominent nebular
lines. If the GRB were also occurring at this redshift, the pro-
jected offset would be about 29.3 kpc, and its host galaxy would
have an absolute visual magnitude of My ~ —13.2, a value sim-
ilar to dwarf galaxies of the Local Group, such as Fornax, but
still much brighter than a globular cluster.

5. Discussion

As with a number of other short GRBs, the nearly unconstrained
redshift of GRB 070707 remains an important limiting factor. In
the peak energy vs. isotropic-equivalent energy diagram (Fig. 5),
GRB 070707 should lie on the thick solid curve marked with se-
lected values of the redshift. For the range of possible redshifts,
the position of GRB 070707 would be in broad agreement with
that of other short GRBs with known redshift and peak energy,
which notoriously do not follow the so-called “Amati-relation”
of long GRBs (Amati 2006).

. ¢
Fig. 3. R-band image of the field of GRB 070707. The galaxies whose

redshifts have been reported in Table 4 are marked, together to the po-
sition of GRB 070707. The field is about 3’ x 3" wide.
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Fig. 4. VLT-FORS?2 spectrum of galaxy G6 (see Fig. 3) at z = 0.2394.

Whichever its redshift, the host of GRB 070707 (R ~ 27.3)
is the faintest ever detected for a short GRB, with a magni-
tude comparable to that of long GRB hosts at high redshift (e.g.
Wainwright et al. 2007; Fruchter et al. 2006). In past works (e.g.
Bloom et al. 2007; Stratta et al. 2007; Levan et al. 2007), there
has been discussion about the possibility to find short GRBs not
spatially coincident with a host galaxy. In some cases, nearby,
bright objects were proposed to be the GRB host based just on
angular proximity. The case of GRB 070707 shows that caution
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Fig.5. Location of GRBO070707 in the plane peak energy vs.
isotropic-equivalent energy. The thick solid line shows the position of
GRB 070707 as a function of redshift, with the diamonds indicating
specific values discussed in this paper. Filled circles represent long-
duration GRBs (from Amati et al. 2008), and the diagonal lines indi-
cate the best-fit Amati relation (dashed) and the 20~ contours (dotted).
Empty squares indicate other short-duration events with known redshift
and peak energy (Amati 2006; Golenetskii et al. 2006; Ohno et al. 2007;
Golenetskii et al. 2007b).

is needed. Without deep VLT images, it might have been tempt-
ing to associate GRB 070707 with the closeby galaxy G6, which
is certainly not the GRB host. With such a large magnitude con-
trast between the afterglow and the host, many more galaxies of
short GRBs may be just fainter than the fluxes probed by shal-
lower exposures. While this is consistent with the suggestion that
a sizeable fraction of short GRBs reside at redshift larger than
z ~ 1 (Berger et al. 2007), this may also indicate that some short
GRBs go off inside low-luminosity galaxies at low redshift.

The sparse data on the host galaxy of GRB 070707 do not
allow for a detailed analysis. At the maximum allowed redshift
z = 3.6, the host would have an absolute magnitude Mg =
—18.6 (at rest-frame wavelength 4 ~ 1500 A). This is more
that 2 mag fainter than the Schechter luminosity at this redshift
(M5 = —20.7; Gabasch et al. 2004). We can thus firmly set
L < (1/6)L, at any redshift, implying that the host was intrin-
sically faint. Our late-time NIR upper limit (K > 22.7) implies
R — K < 4.3 and hence can rule out a bright, red host, such as
an extremely red object (ERO) or a moderate-redshift elliptical.
GRB 070707 hence confirms that short GRBs can explode inside
faint and possibly extremely faint systems. Short GRB hosts in-
deed exhibit a wide range of luminosities.

Our spectrum did not show any clear absorption feature,
which is quite possibly due to the low signal-to-noise and/or
limited covered wavelength range. It is however interesting to
note that a featureless spectrum has been reported also for the
afterglow of the short GRB 061201 (Stratta et al. 2007). If con-
firmed by further, better-quality observations, this fact may pro-
vide hints for a lower density of short GRB environments com-
pared to those of long-duration events.

Further information on the GRB progenitor comes from the
optical light curve of the GRB 070707 afterglow, which decayed
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very steeply starting ~1.5 days from the burst. The power law de-
cay index « is constrained by our fits to be steeper than 3, or may
even be exponential. Assuming that the optical afterglow emis-
sion came from the forward shock, as commonly supposed in the
fireball model for GRB afterglows, the steepening of the optical
light curve could be interpreted as a jet break. However the index
measured for GRB 070707 is too steep to be explained in terms
of jetted emission. In fact this would require @, = p (Rhoads
1999), where p is the electron energy distribution index. Such a
steep decay could be marginally consistent with the post-break
phase only by adopting a very soft electron energy distribution
(p > 3). Such large p values have never been found in GRB
afterglows, both from theoretical and empirical investigations
(e.g. Panaitescu 2005; Shen et al. 2006; Tagliaferri et al. 2006;
Kann et al. 2006). In particular, values of p < 3 are inferred
based on afterglow spectra, in which case the analysis is more
robust than when relying on the temporal behaviour. Moreover,
the magnitude of the steepening from the pre- to the post-break
decay would be too pronounced for a jet-break interpretation in
GRB 070707.

The steepness of the observed decay might be difficult to
reconcile with forward shock emission even just for causality
reasons. The fastest possible decay is the so-called high-latitude
emission, which occurs when the fireball emission stops abruptly
and the observers see photons coming from the wings of the
emitting surface. In this case, @ = 2 + 3, where £ is the afterglow
spectral index (Kumar & Panaitescu 2000). The observed upper
limit in the J band (Table 1) allows us to derive R — J < 2.1
on Jul. 10.2 UT, which corresponds to 8 < 1.95. This would
still be consistent with the high-latitude interpration. A stronger
limit on B8 can however be inferred by using the X-ray data.
Assuming a synchrotron spectrum, the optical spectral index can
never be softer than the optical-to-X-ray spectral index Sox. For
GRB 070707, the observed X-ray flux (Beardmore & Parsons

2007) implies Box = 0.75%05. High-latitude emission fr207r5n

a source with such a spectrum cannot decay faster than 1=/,
hence effectively ruling out such possibility for GRB 070707.

A viable alternative to explain the steep decay of
GRB 070707 is that of a long-lived central engine. In this case, as
discussed by several authors (e.g. Zhang et al. 2006), the decay
index should be computed after setting the zero time # to the end
of the extended activity phase. The intrisic decay slope would
therefore be shallower than the observed value, eliminating the
causality problem. The very steep decay of GRB 070707 thus
would provide further evidence that the inner engine powering
short GRBs is working for a much longer time than the observed
gamma-ray emission. The optical light curve of GRB 070707
might be produced, for example, by a large flare, as also argued
for GRB 050724 (Barthelmy et al. 2005; Malesani et al. 2007).

Finally, we mention that the optical light curve of
GRB 070707 could also be explained within the context of can-
nonball model (Dado & Dar 2008; Dado et al. 2008, and refer-
ences therein). The emitting region in this case has angular di-
mension well below 1/I", and therefore the causality constraints
are much more relaxed.
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