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ABSTRACT

We discuss the results of the analysis of multi-wavelength data for the afterglows of GRB 081007
and GRB 090424, two bursts detected by Swift. One of them, GRB 081007, also shows a spectro-
scopically confirmed supernova, SN 2008hw, which resembles SN 1998bw in its absorption features,
while the maximum magnitude may be fainter, up to 0.7 mag, than observed in SN 1998bw. Bright
optical flashes have been detected in both events, which allows us to derive solid constraints on the
circumburst-matter density profile. This is particularly interesting in the case of GRB 081007, whose
afterglow is found to be propagating into a constant-density medium, yielding yet another example
of a gamma-ray burst (GRB) clearly associated with a massive star progenitor which did not sculpt
the surroundings with its stellar wind. There is no supernova component detected in the afterglow
of GRB 090424, likely because of the brightness of the host galaxy, comparable to the Milky Way.
We show that the afterglow data are consistent with the presence of both forward- and reverse-shock
emission powered by relativistic outflows expanding into the interstellar medium. The absence of op-
tical peaks due to the forward shock strongly suggests that the reverse-shock regions should be mildly
magnetized. The initial Lorentz factor of outflow of GRB 081007 is estimated to be I' ~ 200, while for
GRB 090424 a lower limit of I' > 170 is derived. We also discuss the prompt emission of GRB 081007,
which consists of just a single pulse. We argue that neither the external forward-shock model nor the
shock-breakout model can account for the prompt emission data and suggest that the single-pulse-like
prompt emission may be due to magnetic energy dissipation of a Poynting-flux-dominated outflow or
to a dissipative photosphere.

Subject headings: gamma-ray burst: individual (GRB 081007, GRB 090424) - supernovae: individual

(SN 2008hw) - ISM: jets and outflows
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1. INTRODUCTION
Thanks to the rapid localization of gamma-ray bursts

(GRBs) by the Swift satellite (Gehrels et all [2004), the
response of ground-based observations of GRB afterglows
has been greatly enhanced and observations of GRB af-
terglows have become routinely possible within minutes
after the explosion. Very early afterglow data are re-
quired to estimate the initial bulk Lorentz factor of the
ejecta (Molinari et al!|2007), probe the physical compo-
sition of the outflow (Fan et all[2002;[Zhang et all[2003),

and constrain the density profile of the medium sur-
rounding the progenitor (Jin & Fanl [2007; [Schulze et all
2011). Late afterglow observations provide us with clues
on the medium density profile, which, in turn, may pro-
vide hints on the nature of the progenitor star.

The idea that supernova (SN) explosions may also pro-
duce energetic gamma-ray emission by some mechanism

goes back to [Colgate (1968), but the first piece of evi-

dence supporting such a connection was not found un-
til 1998 (Galama et all [1998). The connection was fi-
nally established in 2003 when SN 2003dh and SN 20031w
were unambiguously detected spectroscopically following
the nearby GRB 030329 and GRB 031203, respectively
2003; [Stanek et al! 2003; Malesani et all
). So far, spectral SN features have been found
for only about a dozen GRBs (for recent reviews see
Hjorth et all[2012; [Della Valld 2011). Current data sug-
gest that less than 3% of Type Ib/c SNe are able to
produce GRBs following the core collapse of their pro-
genitor star (Guetta & Della Valle[2007;Soderberg et all
[2010; [Ghirlanda et all[2013).

In this work we present and discuss data of
GRB 081007 and GRB 090424. Because of their occur-
rence at relatively low redshifts, 0.53 and 0.54, respec-
tively, their follow-up in the optical and near-infrared
(NIR) bands was particularly effective (see cases of
GRBs at similar redshifts reported by [Della Valle et all
[2006; [Cano et _all 2011; Berger et al! [2011; [Filgas et all
[2011; [Troja et all 2012; [Sparre et all [2011). We were
able to detect a SN component in the late afterglow of
GRB 081007.

GRB 081007 triggered the Burst Alert Telescope
(BAT) onboard Swift on 2008 October 7 at 05:23:52 UT.
It was a long GRB with a peak ~ 9 s duration in the
15-350 keV gamma-ray band (Markwardt et all [2008).
This burst also triggered the Gamma-ray Burst Moni-
tor, onboard Ferms, in the 25-900 keV gamma-ray band.
The prompt emission consisted of a single pulse with
an estimated duration Tgy of about 12 s
2008). The Swift satellite immediately slewed to the
field and the X-Ray Telescope (XRT) and the Ultravi-
olet/Optical Telescope (UVOT) started observations at
99 and 108 s after the trigger, leading to a detection
of the X-ray and optical afterglows
2008). Gemini-South took two 900 s spectra, starting 73
minutes after the burst. Two absorption lines at 6016.7
and 6070.3 A and an emission line at 5700.9 A were iden-
tified as Ca II H, K and [O II] 3727 A lines respectively
at z = 0.5295+0.0001 (Berger et alll2008, see also figure

GRB090424 triggered BAT on 2009 April 24 at
14:12:09 UT. It was a multi-pulse long GRB with total
duration of about 60 s in the 15-350 keV gamma-ray band
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Fic. 1.— Gemini-South GMOS spectrum of GRB 081007 after-
glow.
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Fic. 2.— Gemini-South GMOS spectrum of GRB 090424 after-
glow and the VLT FORS spectrum of its host galaxy.

TABLE 1
PROPERTIES OF GRB 081007 AND GRB 090424

Name GRB 081007 GRB 090424
Too (s) 8.0 (1) 48 £3 (2)
z 0.5295 £ 0.0001 0.544
Epeax (keV) 61415 (1) 2367527 (3)
Eyiso (erg)  1.57573 x 1051 (1) 3+2 21 x 1052 (3)
r ~ 200 > 170
Rp ~ 10R5 075 > 10R; %72
SN SN 2008hw No detection
Rgalaxy > 24.63 22.01 £ 0.12

REFERENCES. — (1) [de Ugarte Postigo et all
Sakamoto et all (2009), (3) [Sakamoto et all (2011).

[2009). XRT and UVOT started observa-
tions 85 and 91 s after the trigger and detected the X-ray
and optical afterglow (Cannizzo et all 2009). Gemini-
South took two 1200 s spectra, starting 11.7 hr after the
burst, and found that GRB 090424 is at z = 0.544, simi-
lar to GRB 081007 (Chornock et all[2009, see also figure

@011), (2)

The main properties of the two GRBs are summarized
in Table[Il This work is structured as follows: in Section
2 we present the data. The discussion and interpreta-
tion of the observations are reported in Section 3. We
summarize our results in Section 4.

2. OBSERVATIONS AND RESULTS
2.1. The GRB 081007 and GRB 090424 afterglows

Many robotic telescopes reacted to the trigger from
GRB081007. RAPTOR started observations detect-
ing the optical counterpart after about 24s in the R



band (Wren et all 2008). Four of the 40 cm PROMPT
telescopes at CTIO in Chile began observing after 41s
(West et all [2008). The 60 cm Rapid Eye Mount
(REM) on La Silla, Chile, started multi-band observa-
tions of GRB081007 after 46s in the R, H and Kj
bands (Covino et all [2008). The 2 m Faulkes Tele-
scope North (FTN; Haleakala, Hawaii) started to observe
GRB 081007 about 17 minutes after the Swift trigger in
the B, V, R, and I bands (Smith et all 2008). The 2
m Faulkes Telescope South (FTS; Siding Spring, Aus-
tralia) observed the field of GRB 081007 from ~ 1.1 to
~ 4.2 days after the burst in the R and I bands. Be-
tween 2008 October 24 and 2009 January 3, FORS2 at
the Very Large Telescope (VLT) was used to search for
the SN associated with GRB 081007.

The 2 m Liverpool Telescope (LT; La Palma, Canary
Islands, Spain) began observing the field of GRB 090424
at 21:29:47 UT (Guidorzi et all 2009), ~ 7 hr after the
burst. The optical counterpart was clearly detected in
the r and ¢ filters. Later observations were made by the
FTN at 17.66 and 333.89 days after the trigger in the R
filter only. Between 2009 May 1 and July 5, FORS2 at
the VLT was also used to observe the GRB 090424 field
for nine runs. Three years later, this field was observed
again between 2012 May 1 to 3 with the 3.5m telescope
at the Calar Alto Observatory.

Our dataset also includes Swift/UVOT dataf9 and we
have retrieved and analyzed public Gemini archival data
1 of GRB 081007 and GRB 090424, confirming results
reported by Berger et all (2008) and [Chornock et al!
(2009).

In this paper we analyzed all available photometric
and spectroscopic data, following standard procedures:
bias or dark removal, flat-field correction, astrometry
for imaging frames and wavelength calibration for spec-
troscopy. Aperture photometry was calibrated by means
of secondary standard stars in the field from the APASS
catalog® or the Sloan Digital Sky Survey (SDSS) cata-
log? in the optical and the Two Micron All Sky Survey
(2MASS) catalog® in the near-infrared (NIR). R and I
band observations were calibrated by means of r’ and
7/ secondary standard stars. Late-time photometric ob-
servations, since all secondary standard stars in the field
were heavily saturated, were calibrated by means of stan-
dard star fields observed under photometric conditions.
Spectroscopic observations were also calibrated by obser-
vations of suitable spectro-photometric standard stars.

We also collected data available from these GCN

circulars: 8339 (Cobb 12008) for GRB081007; 9224
(Yuan 12009), 9236 (Gorosabel et all 12009), 9239
(Oksanen [2009), 9240 (Urata et all [2009), 9245

(Olivares et all [2009), 9246 (Nissinen & Hentunen
2009), 9248 (Im et all [20094), 9253 (Im_et al) 2009h),
9278 (Roy et all 2009), 9305 (Mao et all [2009), 9313
(Cobb 12009), 9320 (Rumyantsev et all 2009) for
GRB 090424.

26 The Swift/UVOT data are provided by the High Energy As-
trophysics Science Archive Research Center (HEASARC).

27 Gemini data are obtained at the Gemini Observatory, which
is operated by the Association of Universities for Research in As-
tronomy.

28 http://www.aavso.org/apass

29 http://www.sdss.org

30 http://www.ipac.caltech.edu/2mass

3

The photometric data are shown in Figures [8] and @
and they are reported in the Appendix of the online
journal (Tables [ - B). The (small) Galactic extinc-
tion, F(B — V), of 0.016 and 0.025 mag (Schlegel et al.
1998) for GRB 081007 and GRB 090424, respectively,
was taken properly into account in the analysis.

2.2. Discovery of a supernova accompanying

GRB081007

A 2 hr spectrum of GRB081007 was obtained with
VLT equipped with FORS2 and the 3001 grism on 2008
November 2 (Della Valle et all 2008), about 26 days af-
ter the GRB trigger, and reduced following standard
methods. After subtracting a starburst galaxy tem-
plate (Sbl template from [Kinney et all 1996), three
broad bumps at about 4600, 5400, and 6400 A emerge.
These features are very similar to those exhibited by
SN 1998bw (Patat et all [2001)) around maximum (see
Figure Bl), but the luminosity of the SN at maxi-
mum light is significantly lower than that of SN 1998bw
at the same time, only about half as large as that
of SN 1998bw (see Figure [B). This SN was des-
ignated SN 2008hw (Della Valle et al! 2008).  Some
similarities with other two broad-lined type Ic SNe,
namely SN 1997ef (Mazzali et al) [2000) and SN 2004aw
(Taubenberger et all2006) were also identified.

2.3. Host galaxy of GRB 090424

The optical counterpart of GRB 090424 shows no ap-
parent variation from 18 days onwards, according to
our FTN and VLT observations, no significant varia-
tion is found in [Kann et all (2010) either. This means
the afterglow had faded below the host-galaxy bright-
ness before this epoch. The VLT observed r and 1
band magnitudes of the host are r = 22.07 + 0.12 and
1 = 21.82 £+ 0.12, corresponding to a luminosity four
times brighter than SN 1998bw at maximum light. An
underlying SN akin to SN 1998bw would only have pro-
duced little additional brightening, at a level below the
uncertainty in the galaxy luminosity. Additionally to the
bright host galaxy, the afterglow suffers from significant
host-frame extinction according to [Kann et all (2010);
Schady et all (2012) and|Covino et all (2013), which will
further dim any SN component. This fact may explain
the lack of detection of the SN component in the after-
glow of GRB 090424 (see Figure [).

The GRB 090424 host-galaxy spectrum was obtained
with VLT-FORS2 and grism 300I on 2009 May 22, and
with the Gran Telescopio Canarias (GTC) on 2013 April
8, about a month and 4 years after the high energy event
respectively. These spectra were reduced following stan-
dard methods. The signal-to-noise ratio (S/N) of our
VLT-FORS2 spectrum is ~ 10 — 20 in the blue part and
goes down to 5-10 in the red part, the strong residual
around 9400A is due to telluric water vapor. Two absorp-
tion lines at 6077 and 6133 A and emission lines at 6704,
7508, 7733, and 10135 A are clearly detected, which are
identified as Ca I K and H, Hy, HB, [O I11] and Ha at
z = 0.544 (see Figure[). The S/N of our GTC spectrum
is ~ 5 — 10, it extends the VLT-FORS2 spectrum to the
blue-ward, and an extra strong emission line at 5758 A is
detected, it is identified as [O I1] at z = 0.544 (see Figure
R). We derived the fluxes for these lines first by remov-
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F1G. 3.— Optical /NIR observations of the GRB 081007 afterglow. Similar filters (e.g., Johnson R and SDSS r) are plotted with the same
symbols for clarity in the figure. The data can be found in Tables[3]and 4 in the online material.

TABLE 2

SPECTRAL LINES OF THE GRB 090424 HOST GALAXY

Line Arest Aobs FWHM F
A 10~18 cgs

[O 11] 3727.09 5758.10 8.87+1.16 82.25 + 13.82
Call K 3934.78 6076.66 5.83+1.84 —3.73 +1.59
Call H 3969.59 6132.57 16.81 £3.02 —11.01 £ 2.62
H~y 4341.68 6703.95 7.59 +0.44 7.14 £0.55
Hp 4862.68  7508.30 7.94 +0.63 23.00 + 2.41
[O 111] 4960.30  7659.25 9.944+1.27  7.06+1.20
[O 111] 5008.24 7733.10 9.90 +0.43 25.13 & 1.45
Ha 6564.61 10135.45 11.35+0.48 151.64 +8.45
N 11 6585.27 10164.24 8.33 4+ 4.02 19.08 + 12.15

NoTE. — The flux F' is as observed, but the Galactic extinction
has been taken into account for the analysis.

ing the background with a polynomial fit and then by
modeling the lines with Gaussians. The resolution of our
spectra does not justify a more sophisticated modeling.
The results are summarized in Table

3. INTERPRETATION AND IMPLICATION OF THE DATA

3.1. Interpreting the GRB 081007 afterglow

The most interesting feature of the early REM light
curve of GRB 081007 is a bright peak in the H band
data (see Figure[d]). The light curve first rises as t 73 and

peaks at approximately 130 s, then it decays very rapidly
as t~2'0 until about 300 s. Finally, there is a slower decay
o t7%%5, The RAPTOR, REM, and PROMPT 7’ data
(see Figure[d), and PROMPT B and ¢’ data (see Figure
[3) also show a similar behavior, the three K s-band points
also follow an analogous decay but they are affected by
large uncertainties and therefore we disregard them in
our subsequent analysis of the afterglow.

The temporal behavior of the early-time optical after-
glow is a powerful diagnostic of the circumburst medium
density profile (Piradl[1999), usually modeled as a power-
law, n o« r~%, where n is the particle number density
and 7 the distance from the burst progenitor. A ho-
mogeneous medium has s = 0, while s = 2 represents
an environment shaped by a stellar wind from the GRB
progenitor. In this scenario, the early ¢13 optical af-
terglow rise could be due to the onset of either the
forward shock from the outflow getting decelerated in
the interstellar medium (ISM) or of the reverse shock
emission if it is sub-relativistic (Rees & Mészarod [1992;
[Sari [1998; [Sari & Piran [1999; lJin & Farl 2007). In both
cases, however, a wind-shaped environment can be ruled
out, since the optical afterglow rise cannot be faster
than t1/2 (Mészaros & Reed [1997; Mészaros et all [1998;
\Chevalier & Li 2000; lJin & Fan 2007), because of the
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Fic. 5.— VLT-FORS2 spectrum of the optical counterpart of
GRB 081007 taken on Nov 2, 2008, cleaned from telluric absorp-
tions and sky lines and smoothed with a boxcar of 30 A (green
trace), compared with the spectrum of SN 1998bw close to maxi-
mum light (red trace, from [Patat et all 2001). The similarity sug-
gests the presence of a supernova underlying GRB081007, dubbed
SN 2008hw. The spectrum of SN 2008hw was rescaled to best
match the features of SN1998bw.

rapidly decreasing circumburst density seen by the out-
flow.

The rapid optical decline (o< t~2) after the peak
can only be interpreted in the context of reverse shock
emission, such as the one observed in GRB 990123

[1999; [Sari & Piranl [1999; [Kobayashi

). Forward shock emission can decay so steeply only

after a jet-break, which is unlikely the case at such early

time. Therefore, the early ¢*3 rise is also due to the onset

of the reverse shock emission from an outflow propagat-
ing in a constant density circumburst medium.

The Swift/XRT light curve of GRB 081007 can be di-
vided into three power-law decay stages with indices
—4.040.4, —0.7470 02 and —1.2370 1§ (UK Swift Science
Data Centre, [Evans et alll2009). The last two stages are
similar to the simultaneous optical ones, which can be
fitted by a t~2-%5 and a t=12% decay, except for the last
several observations, when the SN is already dominating
the flux. The SN-dominated phase can be interpreted by
the sum of a power-law afterglow, a SN template and an
underlying host galaxy (see Figure[d). The initial sharp
t~=* decay in X-rays suggests that this emission is the tail
of the prompt emission (e.g., Zhang & Mészarod [2004).

The X-ray and optical data between 500 and 2 x 10°
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Fi1a. 6.— Fits to the GRB 081007 afterglow observations. The broken power-law lines with slope indices 3, —2, —0.65, and —1.25 for the
optical/NIR (long-dashed lines), and —4, —0.65, and —1.25 for the X-rays (black solid line) represent the afterglow light curves. The R and
I-band late observations can be interpreted as the sum (red and green solid lines respectively) of the power-law afterglow, a SN template
and a host-galaxy component, here the SN is 0.5 times as bright as SN 1998bw, reported at z = 0.5295, the host galaxy is mpr = 25.0 and
my = 24.5 (short lines on the right). The SN template is also plotted for comparison (dotted line). The Swift/XRT X-ray light curve has
been retrieved from the UK Swift Science Data Centre (Evans et all[2009).

s exhibit pretty much the same decay slope (see Figure
[6). The early shallow decline in both the X-ray and op-
tical/NIR bands, roughly t=965 can be interpreted as
forward shock emission for a flat electron spectral in-
dex p =~ 1.5, while the late, roughly ¢t~*?°, decay may
be due to the jet effect as long as the sideways expan-
sion of the decelerating ejecta can be ignored (for which
the light curve slope before and after the break would
steepen by 0.75, close to what we observed). This in-
terpretation is however inconsistent with the X-ray spec-
trum. The time-averaged photon spectral index of sec-
ond X-ray epoch (between ~ 13 ks) Swift/XRT data is
2.101517 (UK Swift Science Data Centre, [Evans et all
2009), which suggests a normal electron spectral index
p ~ 2.2. We thus interpret the t=°65 decay, too shal-
low compared to model predictions, as the emission of
the forward shock with continued energy injection as
dE/dt x t~? from the central engine, and the ¢—!2°
decay as the end of injection. Following [Zhang et al.
(2006), it is straightforward to show that the afterglow
decay index is o = [(2p—4) + (p+2)q] /4, so the temporal
index for an energy injection index ¢ = 0.5 can reproduce
the data, assuming that the optical band is above both
the cooling frequency v, and the typical synchrotron ra-
diation frequency vy, of the forward shock. When both
the cooling and synchrotron radiation frequency lie red-
ward of the optical, a similar intrinsic spectral index
of about -1.1 is expected in X-ray and optical bands
(Zhang & Mészarod 2004), and is consistent with the

spectral energy distribution (SED) fit by |Covino et al.
(2013). For the energy injection from a spinning-down
pulsar the early energy injection rate should have ¢ = 0
(Dai_& Lu [1998a), which is not consistent with what we
observe. Therefore, a magnetized pulsar as a central en-
gine cannot explain the observations.

3.2. Interpreting the GRB 090424 afterglow

GRB 090424 was also bright at early times (see Fig-
ure [)) as shown by UVOT observations, as well as R-
band observations by TAOS and ROTSE-III (see Figure
[[). The optical light curve was already decaying at the
time of the first observations and the decay index was
~ —1.5, consistent with the prediction for the reverse
shock emission. The optical and X-ray light curves can
be well-fitted with a simple broken power-law. The in-
dices of three optical slopes are —1.5, —0.85, and 0, re-
spectively. Assuming that the first phase is dominated by
the reverse-shock component, the second phase is likely
dominated by the forward shock emission that gradu-
ally overshone the fading reverse shock emission. At late
times, the emission is dominated by the host galaxy, as
shown by the constant luminosity. The best fit to the X-

ray emission is four phases with decay indices —1.294_'8:82,

—0.74%092 —1.12 + 0.02, and —1.4270 15 respectively
(UK Swift Science Data Centre, [Evans et all[2009).
According to standard predictions of the fireball model
in a wind-shaped environment, the X-ray light curve
should be shallower than the optical light curve (e.g.,
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Piran [1999; Jin et all 2009), which is not the case for
our data. The X-ray emission is likely due to the for-
ward shock since, in most cases, the reverse-shock emis-
sion in the X-ray band is very weak and can be ignored
(Fan_& Wei 2005; Xue et all [2009). We thus interpret
the X-ray emission as being due to the forward shock.
Between 3000 and 3x10°s, its decay index is steeper than
the optical by a factor about 0.25, a spectral break be-
tween X-ray and optical is then required. This is also
confirmed by the SED fits to the X-ray and optical obser-
vations by [Schady et all (2012) and |Covino et all (2013),
a spectral break of 0.5 is required from X-ray to optical
bands. With an ISM-like constant density medium the
forward shock is expected to be in the slow cooling phase,
i.e., the typical syncrotron frequency is below the cooling
frequency (vm < v;). We find that vm < vopy < Ve < vx,
here v and vx represent the optical and X-ray bands
of the observations. We also notice that around 3 ks,
the decay of the X-ray light curve steepens by about
0.25 (the X-ray light curve before 3 ks can also be fitted
with a single power law with decay index —0.88, see UK
Swift Science Data Centre, [Evans et all|2009), which is
expected when the cooling frequency v, crosses the ob-
servational band (~ 7 x 106 Hz, or about 0.3keV). Ap-
plying standard relations (e.g.,[Zhang & Mészaros2004),
this change can be interpreted as —0.85 (3[p — 1]/4) to
—1.1 ([3p — 2]/4), with the electron power-law distribu-
tion index being p = 2.13. Given the time evolution of
the cooling frequency, v, oc t~1/2, it will have crossed the
R band (~ 4.2 x 10** Hz) at about 8 x 107 s. Finally,
the last steepening from —1.1 to —1.4 is likely due to a
jet break. Fixing the final stage of X-ray decay to —2,
the break is occurring at ~ 10° s.

From the break time, the jet opening angle can be es-
timated as explained e.g., by (Sari et all[1999):

tiotd 3/8 non 1/8
0. = 0.161 | 2= ay) ( ) rad, (1
! ( 1+2 E’y,iso,52 ( )

where FE, i is the isotropic-equivalent energy of the
prompt gamma-ray emission, ng is the number density of
the medium in cm =2 and 7 is the GRB efficiency, which
we take to be ~ 1 and ~ 0.2 respectively. Here and
throughout this text, the convention @, = @/10% has
been adopted in cgs units except for some special nota-
tions. Therefore for GRB 090424, with tjc day ~ 12, we
have 0 ~ 14°; while for GRB 081007, with tjet,day > 12
we have ¢; > 20°.

3.3. Estimating the Lorentz factor of the outflows

For both GRB 081007 and GRB 090424 the prompt
emission duration T is shorter than the outflow decel-
eration time tge.. In this case the reverse shock crossing
time t, is comparable to the forward-shock deceleration
time (for a review see [Mészaros [2006), that is:

Bess\?
tyx = tgec = 10 (ﬁ) 1—‘2.?/3 S, (2)

no

where Ex = E iso/n. The outflow Lorentz factor in turn
can be estimated as (e.g., [Molinari et all[2007):

1/8
E’y,iso,53(1 + Z)S

I ~ 160 .
10.210 tgec 2

(3)

For GRB 081007, z = 0.5295, E jso ~ 1.5 x 10°! erg,
and tgec ~ 130 s, yielding T' ~ 200(ng.2n)'/®. For
GRB090424, z = 0.544, E, 0 ~ 4.3 x 1052 erg, and
taee < 100 s, yielding T' > 170(19.2n0) /5.

In both cases the initial GRB outflows are relativistic,
consistent with what has been found in previous works
(e.g., Molinari et alll2007; [Sari & Piran [1999; Xue et al.
2009).

3.4. Constraining the magnetization of the outflows

Based on the relative strength of forward- and reverse-
shock emission, early GRB afterglows can be classi-
fied into three categories (Jin & Fan [2007; [Zhang et al
2003): Type I, showing both peaks of the forward-
and reverse-shock emission; Type II, where the strong
reverse-shock emission outshines the peak emission of
the forward shock; Type III, where the reverse-shock
emission is absent. The difference between these three
types is attributed to the very different magnetization
degrees of the outflow (see lJin & Fan/[2007, for more de-
tail). Note that the classification in types I, IT and III
has here a different meaning than in[Zhang et all (2007).
For GRB 081007 and GRB 090424, bright optical peaks
from the reverse-shock emission have been identified, and
no forward-shock optical peak emission can be detected,
therefore, they are both Type II afterglows, for which
the reverse-shock region is expected to be mildly magne-
tized, as shown in previous works (e.g., [Fan et all[2002;
Zhang et all2003;Fan et alll2005b). In case the observer
frequency lies above vy, (tx) but below v¢(tx), the ratio
between the reverse-shock optical emission at its crossing
time (F7,.) and the forward-shock optical peak emission
can be estimated by (as in lJin & Fan [2007):

r 3(p—1)/4
Laslb) _ g g o1 ple)/2 <t_p> W
Fobs(tp) N B t>< ,

where Rp = ¢y /eB, € (eB) is the fraction of the re-
verse (forward) shock energy given to the magnetic field,
R, = €l /e., and € (&) is the fraction of the reverse
(forward) shock energy given to the electrons.

For GRB 081007, we have F} (tx) ~ 0.002 Jy and
tx ~ 130 s. The underlying forward-shock emission
peaks (t,) between tyx and ~ 300 s (when it outshines the
reverse-shock emission), and the peak flux is ~ 0.0005 Jy.
For p ~ 2.2 we have Rp ~ 10R_ %5

For GRB 090424, if we consider the first TAOS R-
band observation (Urata et alll2009) as the reverse-shock
peak, then the flux is 0.02 Jy at 90 s. The forward-
shock emission dominates the afterglow at 400 s, when
the corresponding flux is 0.002 Jy. Taking p ~ 2.13 and
tp ~ 400 s, we have R ~ 10R;"". It is possible that
the reverse-shock peak is earlier and the flux is higher or
the forward-shock emission peak is earlier: so the derived
Rgp is only a lower limit.

The numerical fit to the multi-wavelength afterglow
data of GRBs usually gives e, ~ afew x 0.1 (e.g.,
Panaitescu & Kumar 2001). Since €}, < 1, we have R, <
a few and then Rg > a few. In other words the reverse-
shock regions are mildly magnetized. One straightfor-
ward speculation from this is that the optical flash pho-
tons should have a moderate linear polarization degree,
as has been detected in GRB 090102 (Steele et all[2009).



3.5. Linking SN 2008hw with homogenous circumburst
medium

GRB 081007 is an event showing an optical onset and
a clearly identified SN associated with it. As discussed
in Sect.B1l afterglow data allow us to constrain the
density profile of the circumburst medium, while the
occurrence of a SN confirms that the progenitor is a
massive star. The afterglow analysis suggests, as it
is indeed fairly common for GRBs (e.g., ISchulze et al.
2011), that the outflow powering GRB081007 was
propagating in a constant density medium. On the
other hand, a massive stellar progenitor is expected,
during its final stages of evolution, to eject a dense
wind shaping the surrounding density profile, in pos-
sible contradiction with results based on afterglow
analysis. In the past, GRBs with bright optical flashes
and an associated SNe were GRB021211/SN2002lt
(Fox et all [2003; I[Lietal! [2003; [Della Valle et al

2003), GRB050525A/SN2005nc¢ (Shao & Dai 2003
Della Valle et all 2006; Blustin et all 12006) and
GRB080319B  (Racusin et al! 12008; |Bloom et all

2009; [Tanvir et all2010).

It is widely speculated that strong episodes of mass
loss occur before the death of massive stars (e.g.,
Pastorello et all 2007), which is why GRBs are ex-
pected to explode in wind-shaped media (Dai & Lu
1998D; [Chevalier & Li 12000; |Ofek et all 2013). How-
ever, this does mnot seem to be the case for
GRB 081007/SN 2008hw, as we have shown in this work.
A similar situation was encountered with other nearby
GRB/XRF associated with energetic and luminous
SNe: GRB030329/SN2003dh, XRF 060218/SN 2006aj
(e.g., [Fan 12008), although both the gamma-ray signa-
tures and SNe were quite different (Stanek et all 2003;
Hjorth et al! 2006; Mazzali et al! 2003; |(Campana et all
2006; [Pian et all [2006; Mazzali et all [2006). Also for
GRB 090618, at a similar redshift z = 0.54, observations
seem to favor a homogeneous ISM environment over a
wind environment (Page et all [2011; |Cano et all[2011).

The GRB 081007 data suggest that the expansion and
interaction of SN shells is occurring in a medium with
density profile more typical of a homogenous (~ %) ISM
rather than a stellar wind (o 7~2) medium. One possible
explanation for this inconsistency is that mass loss occur-
ring during the final stages of the life of the massive pro-
genitor proceeds “discretely” through sudden ejection of
blobs of matter (e.g., [Pastorello et all|l2007) rather than
“smoothly” with a continuous, constant rate. If the time
between blob-ejection is long enough, then there is time
to redistribute matter inside the circumstellar medium
and to make it sufficiently homogeneous. Afterglow data,
extending up to 10 days after the trigger in the observer
frame, can be used to set a lower limit on the time inter-
val that separates pulses. Since the external shock prop-
agates with almost luminal velocity, the distance covered
by the plasma is dct/(1 + z), where § = 1/T'[1 — cos(6)]
is the Doppler factor. If we assume an average value
(T'y ~ 10 during this time, it will take > 100 years for
a wind moving at 1000 km s~' to cover this distance.
This first order computation roughly estimates the time
needed for the medium surrounding the progenitor to
change the trend of the density profile from o r~2 to

o 7% This time can be used to constrain models of
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mass ejection in the late phases of massive-star evolu-
tion, which is still poorly understood.

3.6. Origin of the “single-pulse” prompt emission of
GRB 081007

The prompt emission of GRB 081007 can be modeled
as a single pulse (Markwardt et all 2008; Bissaldi et al.
2008). In some nearby under-luminous bursts
such as GRB 980425 (Pian et al! 2000), XRF 060218
(Campana et alll2006) and XRF 100316D (Starling et al
2011)), the prompt emission was also characterized by a
single pulse. The physical origin of the prompt emis-
sion is still widely debated, with theories also including
the shock breakout of the SN explosion and the exter-
nal forward-shock emission. For GRB 081007, these two
models are actually disfavored. The inferred I' ~ 200
is so high that the “shock breakout” radius would be
as large as ~ 2I'2cTyo/(1 + z) ~ 106 cm, which is too
large. In the case of the external-shock model, a single-
pulse-like prompt emission is in principle possible and
the duration of the prompt emission would trace the de-
celeration of the outflow. However, the well-delineated
peak of the optical afterglow, likely marking the decel-
eration of the outflow at a time ~ 130 s, renders the
interpretation of the short-lived prompt emission as the
external shock(s) unlikely.

Below we discuss the possibility that GRB 081007
was powered by the magnetic energy dissipation of a
Poynting-flux dominated outflow. Such a model is partly
motivated by the mild magnetization inferred from the
optical afterglow data.

Following [Usov (1994), the radius at which the
MHD condition breaks down can be estimated following
Fan et all (2005a)

raEp ~ 2 X 10060207 0 sT5 em,  (5)
where o7 is the ratio of the magnetic energy flux to the
particle energy flux, L is the total luminosity of the out-
flow, and t, ,, is the minimum variability timescale of
the central engine. Beyond this radius, significant mag-
netic dissipation processes are expected to happen which

convert energy into radiation. The radiation timescale is
(Gao & Farl 2006)

(1 + 2)rmuDp
2I2¢

and the corresponding synchrotron radiation frequency
can be estimated as (Fan_et all[2005a; |Gao & Fan [2006)

=33s (1+2) L 207 e sT5 %, (6)

Vm,MHD ~ 6 X 10160?031—‘2151,)7”7_3(1 + Z)_l Hz, (7)

where Cp, = (¢./0.5)[13(p — 2)]/[3(p — 1)], and &, is the
fraction of the dissipated comoving magnetic-field energy
converted to the comoving kinetic energy of the electrons.
Adopting L ~ 10°' erg s7', o ~ 50 and T' ~ 200, the
prompt emission data of GRB 081007 (including the du-
ration as well as the peak energy) can be well reproduced.

After the identification of a distinct thermal radia-
tion component in GRB 090902B (e.g., Ryde et alll2010;
Zhang et all [2011), the photospheric radiation model
has attracted wide attention. In such a scenario, the
prompt gamma-rays are produced by the significantly
modified quasi-thermal radiation from the photosphere
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of the outflow or from sites with an optical depth of
~ 10 (Beloborodow 2013, and references therein). For
GRB 081007, such an origin can not be ruled out. With
future y—ray polarimetry data (see (Gotz et all 12009;
Yonetoku et alll2011, for preliminary results) we may be
able to distinguish between the global-magnetic-energy-
dissipation model and the photospheric-radiation model,
since the former usually predicts a moderate or high lin-
ear polarization while the latter usually does not. One
exception is that in a specific photosphere model mod-
erate linear polarization is possible if our line of sight
happens to be at the edge of the ejecta (Fan 2009).

3.7. Host galaxy parameters

The apparent magnitudes of host galaxy of
GRB 090424 are r = 22.07 £ 0.12 and ¢ = 21.82 + 0.12,
so the absolute magnitudes are approximately
Mp = —-2047 + 0.12 and My = -20.69 + 0.12,
considering the Galactic extinction F(B — V) = 0.025.
These figures are close to the values for our Galaxy,
and are brighter than for most GRB hosts (see e.g.,
Hjorth et alll2012).

The metallicity of a galaxy can be derived from the
ratio of different emission lines in its spectrum. Sev-
eral methods have been studied and adopted (for a re-
cent review, see [Kewley & Ellison [2008). In our case,
we used the N2 and O3N2 indices, as recalibrated by
Pettini & Pagel (2004). We find a metallicity 12 +
log(O/H) of about 8.39 and 8.43 using the N2 and
O3N2 methods, respectively. These two methods are also
weakly affected by intrinsic or Galactic extinction.

The observed fluxes of the Ha and HS emission lines
are 151.64 + 8.45 and 20.49 & 3.04 x 107!® erg s !
cm~2. To estimate the SFR from the Ha or HA line,
we followed the relations used in [Savaglio et all (2009):
SFRu, = 4.39 x 107*2Ly, Mo yr—! and SFRuyz =
12.6 x 107*2Lyg Mo yr—t. Correcting for Galactic ex-
tinction, the lower limit (since the host galaxy extinc-
tion is not corrected) of SFR is SFRus = 0.80 Mg yr—!
or SFRyp = 0.32 Mg yr— .

4. SUMMARY

In this paper we have presented and interpreted
multi-wavelength observations of GRBO081007 and
GRB 090424, and we summarize here the results.

i) The early stages of both afterglows are characterized
by a bright optical/NIR component, which we interpret
as the reverse-shock emission.

ii) The late-time afterglow of GRB 081007 is dom-
inated by a SN component (SN 2008hw) similar to
SN 1998bw near maximum light. The presence of a SN
associated with the GRB clearly suggests that this burst
originated from a massive star that should have shaped
its circumburst environment with wind. On the other
hand, the afterglow data can only be interpreted assum-
ing a surrounding ISM-like medium, characterized by a
constant density profile. A process to make the circum-
burst medium around the progenitor star homogeneous
has likely been effective.

111) The entire set of the afterglow data of GRB 081007
can be interpreted within the forward- and reverse-shock
model, consider a long-lasting energy injection following
the law dE/dt oc t795.

i) The initial Lorentz factor of GRB 081007 outflow
is estimated by the afterglow data to be I' ~ 200, which
makes the interpretation of its single-pulse prompt emis-
sion in terms of both external forward shock and shock
breakout unlikely. The identification of a reverse-shock
emission component peaking at ~ 130 s after trigger rules
out the possibility that the short-lived prompt emission
was due to external-shock emission. The absence of the
peak of forward-shock optical emission strongly suggests
that the reverse-shock regions should be mildly magne-
tized. We therefore suggest that the prompt emission,
characterized by a single pulse, may be due to the mag-
netic energy dissipation of a Poynting-flux dominated
outflow or to a dissipative photosphere.

v) For GRB 090424, we set a lower limit on the ini-
tial Lorentz factor of the outflow of I' > 170. Unlike
GRB 081007, we did not detect the SN component in
the afterglow, likely due to the considerably bright host
galaxy, roughly comparable to the Milky Way. The
bright initial optical/NIR afterglow has also been at-
tributed to emission from a mildly-magnetized reverse
shock. The late time X-ray and optical data are consis-
tent with the forward-shock model and the surrounding
medium is also found to be ISM-like.

All these results demonstrate that multi-band after-
glow data, in particular with very early observations, are
a necessary and valuable tool to better understand GRB
physics. Significant progress is expected in the near fu-
ture as more data will be collected.
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APPENDIX: TABLE FOR OBSERVATIONS]

31 THE FOLLOWING MATERIAL ONLY APPEARS ONLINE



TABLE 3
OPTICAL OBSERVATIONS OF GRB 081007.

Instrument Filter Mid-time Exp-time Mag Error Instrument  Filter Mid-time Exp-time Mag Error

(min) (min) (AB) (min) (min) (AB)
REM r’ 2.94 2.50 16.35 0.06 uvoT v 7.94 0.42 17.55 0.26
5.67 0.01 17.14 0.24 8.36 0.42 17.82 0.32
6.32 0.01 1741 0.31 9.19 0.42 17.67 0.29
6.98 0.01 17.11 0.24 9.61 0.42 18.11 0.38
7.64 0.01 17.20 0.26 17.32 1.67 18.63 0.29
8.29 0.01 17.39 0.31 18.98 1.67 18.96 0.37
8.94 0.01 17.28 0.32 20.65 1.67 18.45 0.25
H 1.57 0.08 1541 0.29 White 2.02 0.42 17.08 0.06
1.82 0.08 15.00 0.14 2.43 0.42 17.00 0.06
2.08 0.08 14.47 0.20 2.85 0.42 17.17 0.07
2.38 0.08 14.80 0.12 3.27 0.41 17.37 0.07
2.64 0.08 15.09 0.12 12.01 0.16 18.81 0.28
2.88 0.08 15.34 0.18 322.75 4.92  20.17 0.15
3.40 0.08 15.43 0.19 327.62 4.57  20.27 0.17
4.21 0.50 16.11 0.14 1000.44 6.95 21.14 0.28
5.53 0.52 16.20 0.14 1753.79 12.97 21.44 0.27
10.68 0.50 16.68 0.24 PROMPT B 1.86 0.33  16.77 0.16
16.51 0.85 17.37 0.23 2.34 0.33 16.48 0.17
25.67 1.17  17.42 0.21 2.80 0.33  16.94 0.21
50.85 1.18 17.90 0.31 6.68 3.42 18.10 0.13
K 7.68 0.39 16.80 0.18 19.88 8.28 18.46 0.11
12.13 0.59 17.21 0.19 47.06 17.34 19.24 0.15
18.85 1.01 17.57 0.17 118.19 52.34 20.13 0.27
RAPTOR r’ 1.51 0.08 17.06 0.04 \% 2.41 0.17 16.51 0.23
1.66 0.08 16.64 0.03 3.27 0.17 16.71 0.23
1.90 0.17 16.07 0.02 4.50 0.67 17.15 0.11
2.11 0.17 15.93 0.02 6.18 0.67 17.66 0.18
2.33 0.17 15.84 0.02 8.57 1.33 17.85 0.12
2.55 0.17 15.90 0.02 11.61 1.33  17.89 0.12
2.76 0.17 15.92 0.02 14.64 1.33  17.97 0.14
2.98 0.17 16.14 0.03 16.13 1.33 1791 0.14
3.20 0.17 16.10 0.03 20.65 1.33 18.06 0.14
3.42 0.17 16.47 0.04 22.15 1.33 18.26 0.15
3.63 0.17 16.51 0.04 26.70 1.33 18.41 0.20
3.84 0.17 16.50 0.04 35.73 1.33 18.21 0.14
4.05 0.17 16.65 0.04 37.21 1.33 18.54 0.18
4.26 0.17  16.93 0.05 38.68 1.33 18.65 0.21
4.48 0.17 16.75 0.05 49.20 1.33 18.69 0.23
4.69 0.17 16.79 0.05 64.40 1.33 18.94 0.13
4.90 0.17 16.73 0.04 r’ 2.33 0.75 16.03 0.07
5.12 0.17  16.99 0.06 6.27 2.67 16.80 0.05
5.33 0.17 16.97 0.06 39.13 28.00 18.52 0.13
5.54 0.17 17.34 0.08 902.94 176.00 20.65 0.15
6.16 0.97 17.14 0.03 i 1.27 0.33 17.43 0.10
7.64 1.76 17.43 0.07 2.35 0.67 15.42 0.05
9.53 1.77 17.93 0.11 3.09 0.50 15.71 0.05
11.42 1.76 17.90 0.11 4.03 0.67 16.22 0.20
13.94 3.01 18.30 0.12 5.37 1.33  16.57 0.05
17.08 3.00 18.61 0.16 7.48 3.33  16.97 0.03
21.80 6.18 18.75 0.13 12.27 4.00 17.54 0.03
uvoT u 11.37 0.33 18.40 0.35 16.78 4.00 17.68 0.03
13.87 0.33 18.14 0.29 21.32 4.00 17.96 0.05
418.62 4.92 20.34 0.39 25.83 4.00 18.25 0.05
423.68 4.92  20.15 0.33 30.38 4.00 18.23 0.05
993.28 6.95 20.40 0.35 34.87 4.00 18.17 0.05
b 14.21 0.16 18.19 0.32 39.27 4.00 18.27 0.05
v 3.78 0.40 16.77 0.16 43.87 4.00 18.46 0.06
4.19 0.42 16.87 0.17 48.37 4.00 18.50 0.05
4.61 0.42 17.97 0.35 55.97 8.00 18.42 0.07
5.03 0.42 17.31 0.22 64.40 8.00 19.10 0.08
5.44 0.42 17.35 0.23 76.85 13.33 18.64 0.05
5.86 0.42 18.21 0.41 92.02 13.33  18.77 0.05
6.28 0.42 17.60 0.27 108.95 16.00 18.99 0.07
6.69 0.42 17.54 0.25 126.90 16.00 19.37 0.08
7.11 0.42 17.42 0.24 187.87 49.33 19.14 0.09
7.53 0.42 17.85 0.31 1206.90 66.67 21.38 0.12

13
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OPTICAL OBSERVATIONS OF GRB 081007 (CONTINUED).

TABLE 4

Instrument Filter Mid-time Exp-time Mag Error
(min) (min) (AB)

FTN B 18.03 0.17 19.06 0.31

22.93 0.50 19.00 0.22

27.33 1.00 19.49 0.21

33.60 2.00 19.77 0.21

42.80 3.00 19.83 0.18

53.95 2.00 19.73 0.19

64.13 3.00 19.98 0.18

75.30 4.00 20.01 0.18

109.78 10.00 20.35 0.15

236.48 10.00 20.77 0.17

1584.32 30.00 22.66 0.34

\%4 20.38 0.17 18.59 0.14

84.25 10.00 19.67 0.04

145.95 10.00 19.69 0.08

224.45 10.00 20.15 0.06

1642.58 10.00 21.73 0.26

1668.58 15.00 22.51 0.49

r’ 17.49 0.50 18.21 0.05

24.27 0.50 18.50 0.06

29.15 1.00 18.54 0.04

36.42 2.00 18.75 0.05

46.57 3.00 18.87 0.03

56.75 2.00 19.10 0.04

66.90 3.00 19.13 0.06

133.94 10.00 19.71 0.05

203.04 10.00 19.95 0.05

260.67 10.00 19.90 0.05

1581.47 30.00 21.60 0.16

2981.45 60.00 22.74 0.37

7 21.55 0.17 17.90 0.08

25.67 0.50 18.06 0.05

31.13 1.00 18.25 0.04

39.38 2.00 18.40 0.04

51.58 3.00 18.62 0.03

59.72 2.00 18.71 0.04

71.88 3.00 18.87 0.04

121.88 10.00 19.26 0.07

190.98 10.00 19.61 0.05

248.62 10.00 19.54 0.05

1604.16 35.00 21.62 0.15

3015.03 60.00 22.56 0.45

FTS r’ 1710.34 60.00 21.29 0.18

3395.84 90.00 22.09 0.38

4 1712.61 30.00 21.41 0.19

VLT R 24163.20 13.70 23.65 0.07

38563.20 2.00 23.79 0.13

60264.00 6.00 24.14 0.10

73152.00 6.00 24.39 0.11

87566.40 6.00 24.37 0.18

97660.80 12.00 24.44 0.12
125712.00 27.00 >24.67

I.  60278.40 6.00 23.18 0.10

73166.40 6.00 23.67 0.11

87566.40 6.00 24.12 0.22

97660.80 12.00 23.93 0.16

126475.20 21.00 24.29 0.20

Gemini g 24156.00 5.00 24.91 0.19

r’ 24173.00 5.00 23.89 0.08

i’ 24179.00 5.00 23.58 0.07

2/ 24186.00 5.00 23.13 0.09

NOTE. — Galactic extinction has not been removed.



TABLE 5
OPTICAL OBSERVATIONS OF GRB 090424.
Instrument  Filter Mid-time Exp-time Mag Error
Instrument Filter Mid-time Exp-time Mag Error (min) (min) (AB)
(min) (min) (AB) uvoT v 1.33 0.16 13.82 0.07
UuvoT UVW2 13.22 0.32 17.54  0.28 10.74 0.33 16.88  0.19
19.94 0.32 17.66 0.29 13.64 0.33 1719 0.24
133.50 2.02 19.77  0.38 17.48 0.33 17.65 0.31
UVM2 11.17 0.32 17.39 0.34 20.35 0.33 1797  0.39
320.28 13.80 20.04 0.22 23.21 0.33 17.89  0.37
603.99 14.76  20.59 0.31 26.11 0.33 1779  0.35
UVwW1 11.58 0.33 16.77  0.19 29.00 0.33 18.75 0.72
18.30 0.32 17.93 0.34 31.89 0.32 1763  0.32
21.17 0.32 1749 0.28 34.76 0.32 18.35 0.53
24.04 0.32 17.69 0.31 37.66 0.32 17.58  0.30
26.94 0.33 18.49 0.48 200.71 4.92 19.55 0.35
29.82 0.32 18.20 0.41 203.53 0.52 19.77 1.33
32.71 0.33 18.66 0.52 White 1.62 0.17 15.03  0.05
35.58 0.33 17.56 0.28 1.78 0.17 15.39  0.05
94.17 3.28 18.79 0.19 1.95 0.17 15.27  0.05
417.97 11.20 20.52 0.33 2.12 0.17 15.46 0.05
u 5.15 0.17 16.00 0.13 2.28 0.17 15.57  0.06
5.32 0.17 16.29 0.15 2.45 0.17 1543  0.05
5.48 0.17 16.25 0.15 2.62 0.17 15.55 0.06
5.65 0.17 16.23 0.14 2.78 0.17 15.66  0.06
5.82 0.17 16.36 0.15 2.95 0.17 15.70  0.06
5.98 0.17 16.35 0.15 3.12 0.17 15.77  0.06
6.15 0.17 16.73 0.19 3.28 0.17 15.87  0.06
6.32 0.17 16.46 0.16 3.45 0.17 1599  0.06
6.48 0.17 16.47  0.16 3.62 0.17 16.11 0.06
6.65 0.17 16.75 0.19 3.78 0.17 16.06  0.06
6.82 0.17 16.38 0.15 3.95 0.16 16.23  0.07
6.98 0.17 16.87  0.20 9.78 0.12 1726  0.12
7.15 0.17 16.76 0.19 9.95 0.17 17.55 0.13
7.32 0.17 16.63 0.18 10.12 0.04 17.77  0.29
7.48 0.17 17.05 0.22 12.62 0.07 17.51 0.19
7.65 0.17 16.73 0.18 12.78 0.17 1766  0.13
7.82 0.17 16.68 0.18 12.95 0.10 18.00 0.21
7.98 0.17 16.55 0.17 19.45 0.17 1837  0.21
8.15 0.17 17.00 0.22 19.62 0.15 18.11 0.18
8.32 0.17 16.91 0.20 22.28 0.14 18.28 0.21
8.48 0.17 16.83 0.19 22.45 0.17 18.07  0.17
8.65 0.17 16.63 0.17 25.28 0.33 18.31 0.14
8.82 0.17 17.29 0.25 28.17 0.32 18.06  0.13
8.98 0.17 16.78 0.19 31.06 0.33 18.14  0.13
9.15 0.16 16.84  0.20 33.93 0.32 1829  0.15
11.82 0.09 17.07  0.30 36.81 0.33 18.16  0.13
11.98 0.17 17.19 0.23 110.47 2.61 19.26  0.11
12.15 0.08 17.30 0.37 LT r 453.22 30.00 19.67  0.02
18.70 0.33 1741 0.19 573.28 30.00 19.91 0.08
24.45 0.33 17.53 0.20 i 499.33 30.00 19.66  0.04
27.35 0.33 17.73 0.23 FTN r’ 25435.85 30.00 21.86 0.11
33.12 0.32 18.65 0.42 480809.88 30.00 21.65 0.11
35.99 0.32 18.04 0.28 482086.00 30.00 22.03 0.15
96.14 0.44 18.01 0.24 483666.35 30.00 21.78  0.15
103.97 3.28 19.12 0.19 VLT r’ 9360.01 6.00 22.00 0.10
500.30 4.92  20.01 0.31 26619.71 6.00 22.08 0.15
505.37 4.92  20.23 0.37 38151.23 6.00 22.13  0.08
510.43 4.92 19.86 0.27 71316.72 6.00 21.90 0.35
b 9.51 0.33 17.32 0.14 104267.52 3.00 2250 0.21
12.39 0.33 17.46 0.14 4 9344.68 4.00 21.65 0.08
19.12 0.32 17.84 0.18 9349.57 4.00 21.56  0.08
21.98 0.32 18.06 0.21 9354.13 4.00 21.66  0.08
24.89 0.33 18.30 0.24 26627.66 4.00 21.80 0.10
27.77 0.33 18.56 0.29 26634.29 4.00 21.79  0.09
30.64 0.33 18.36 0.26 38156.93 4.00 21.78  0.06
33.53 0.32 18.75 0.34 38161.57 4.00 21.77  0.07
36.40 0.32 18.07 0.21 71322.34 4.00 21.88 0.14
107.40 3.28 19.79 0.24 71326.81 4.00 21.85 0.16
229.69 2.41 20.13 0.37 104238.34 4.00 21.86 0.13
515.53 4.92  20.29 0.30 104247.08 4.00 21.85 0.13
519.06 1.92  20.80 0.74 CAHA J  1589029.99 212.00 21.60 0.11
H  1589080.06 47.00 21.21 0.32

NOoTE. — (Galactic extinction has not been removed
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