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ABSTRACT

We outline our GRB afterglow observation program using the 1-m telescope at Mt. Lemmon Optical
Astronomy Observatory (LOAQ), and report the first observations of the GRB afterglows. During the
2007B semester, we performed follow-up imaging obsrevations of 6 GRBs, and succeeded in detecting
four GRB afterglows (GRB 071010B, GRB 071018, GRB 071020, and GRB 071025) while placing useful
upper limits on the light curves of the other GRBs. Among the observed events, we find that three
events are special and interesting. GRB 071010B has a light curve which has an unusually long jet break
time of 11.8 days. For GRB 071025, its red R — I (~ 2) color suggests that it is likely to be at z ~ 5.
GRB 071020 has a light curve which shows a clear brightening at 0.3-1 days after the burst, where our
LOAO data play a crucial role by providing an unambiguous evidence for the brightening. These are the
first successful detections of GRB afterglows by a facility owned and operated by a Korean institution,
demonstrating the usefulness of the 1-m telescope for transient phenomena such as GRBs up to very

high redshift.
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1. INTRODUCTION

Gamma-Ray Burst (GRB) was first discovered in
1967 by Vela spacecraft (Klebesadel et al. 1973). GRB
afterglow observations with BATSE (Fishman & Mee-
gan 1995) proved that GRBs are objects at cosmolog-
ically large distances, and Swift (Gehrels et al. 2004)
observations enabled us to follow the afterglow emission
in the X-ray and the optical within minutes after the
gamma ray detection. The total number of reported
GRBs has now reached to nearly 1,000.

GRBs are the most energetic astronomical sources.
The isotropic luminosity of GRB at its maximum is
usually about 1052 — 10°4 erg/sec, or 108 — 10'° times
our Galaxy, and this extreme luminosity parallels with
the total luminosity of galaxies in the universe. Various
progenitors are proposed to explain such huge energy
output. For the long duration GRBs whose gamma-ray
emission lasts more than 2 seconds, it is believed that
hypernovae due to the collapse and the explosion of
massive stars are the progenitors (Galama et al. 1998;
Iwamoto et al. 1998; Hjorth et al. 2003; Stanek et al.
2003; Malesani et al. 2004; Campana et al. 2006). For
the short duration GRBs whose gamma-ray emission
lasts less than 2 seconds, the collision of compact ob-
jects (i.e. neutron stars or black holes) is believed as the
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most plausible scenario for the progenitor (Paczyriski
1986; Eichler et al. 1989; Barraud et al. 2004; Lee et
al. 2005). Studies on the progenitor properties are still
ongoing (Mundell et al. 2007).

In general, GRBs have long-lasting afterglows (few
days or more). The afterglow can be found in the X-
ray, the optical, and the radio, and is thought to origi-
nate from internal shocks and external shocks (Sari &
Piran 1997), or reverse shocks (Uhm & Beloborodov
2007). The shape of afterglows light curves follows
a power law which can be explained as synchrotron
emission from accelerated electrons, when a relativis-
tic shell propagates into surrounding medium. With
this concept, Sari et al. (1998) derived an afterglow
light curve and showed that the flux of the GRB after-
glow can be modeled as F, tev8, over a very wide
range of frequencies. Frail et al. (2001) and Bloom et
al. (2003) studied the total energy (E.,) distribution
of GRBs. They showed the total energy E., ranges be-
tween 10°! erg and 10%* erg for a narrow jet opening
angle. A number of recent papers have also studied the
statistical properties of afterglow (Greco et al. 2006;
Jéhannesson et al. 2006; Zeh et al. 2006; Oates et
al. 2009). The studies of GRB afterglows have many
important astrophysical implications. First, the after-
glow itself is an interesting phenomenon which requires
an extensive modeling of physical conditions surround-
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ing GRBs (Urata et al. 2007a). Afterglows are found
to display a variety of interesting characteristics such
as re-brightneing phase and achromatic decay and the
understanding of the characteristics of GRB afterglow
mechanism can illuminate the properties of the sur-
rounding medium (Huang et al. 2005, 2007; Urata et
al. 2007b, 2007c).

Second, GRB afterglows can be a good tool for cos-
mology. Because of the extreme luminosity, they can
be observed at a cosmologically large distance, where
other astronomical sources would be too faint for detec-
tion with current observational facilities. Moreover, it
is reported that their spectra correlate well with their
luminosities (Amati et al. 2002; Yonetoku et al. 2004;
Ghirlanda et al. 2004; Liang & Zhang 2005; Firmani
et al. 2006). Therefore, some suggest that GRBs can
be used as standard candles.

Since GRB is a transient event that fades away in
a few days to a few weeks time scale with important
light curve features appearing anytime, it is important
to trace its light curve continuously and rapidly. This
calls for a multi-site observation through international
collaboration. However, no serious efforts have been
made previously for GRB afterglow follow-up observa-
tions in Korea.

In order to carry out GRB afterglow study, we
started GRB afterglow follow-up observations using the
LOAO 1.0m telescope located in Arizona, USA, from
the 2007B semester. The telescope is owned and oper-
ated by the Korea Astronomy and Space Science Insti-
tute, and therefore this marks the first time the Korean
astronomers systematically carry out GRB afterglow
observations with the Korean owned facility. The ob-
servations were carried in collaboration with the East-
Asia GRB Follow-up Observation Network (EAFON)
which has been established in 2003 for the collabora-
tion of GRB follow-up observations in the East Asia
region (Urata et al. 2003, 2005). Our LOAO GRB
follow-up observation along with the observations from
the EAFON sites provide continuous coverage of GRB
afterglow light curve.

In this paper, we will describe our GRB follow-
up observation strategy, the characteristics of the Mt.
Lemmon Optical Astronomy Observatory (LOAO) fa-
cility and the first results from our GRB follow-up ob-
servations.

2. FACILITY AND OBSERVING STRATEGY

2.1 LOAO Facility

We performed the GRB follow-up observations with
1.0m telescope and 2K CCD (KAF-4301E) at the Mt.
Lemmon Optical Astronomy Observatory (LOAQ).
LOAO is located in Mt. Lemmon, Arizona, and the
coordinate is (110° 47" 19" W, 32° 26' 32" N). The
Instrumental properties of system in LOAO are well
described in Han et al. (2005). More than 200 days are
available to perform photometric observation in LOAO,
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Fig. 1.— Filter efficiency at LOAO for U, B, V, R, I,
SDSS z, and Y —bands, with considered atmospheric ab-
sorption, filter transmission, and CCD (KAF-4301E) quan-
tum efficiency.

and the telescope can be operated remotely from Ko-
rea.

There were 5 filters installed on LOAO 1.0m tele-
scope during 2007B, and these are Johnson/Cousins
(Bessell) U, B, V, R, and I filters. In addition, we
later purchased SDSS z filter (hereafter z*) and Y fil-
ter in 2008, and installed them on the 1.0m telescope.
The purpose of the addition of the z and Y filters is to
enable the study of high redshift GRB afterglows. Since
they were installed in early 2008, these filters were not
used for the 2007B observations which are described
in this paper. Fig. 1 shows the filter efficiency curve
along to wavelength. In this filter efficiency curve, at-
mospheric absorption and quatum efficiency of CCD
have been also considered.

2.2 Observing Strategy

Our GRB follow-up observations, carried out as Tar-
get of Opportunity (ToO) observation strategy, can be
summarized as the following. When a burst is reported
by Swift, HETE, Integral, etc., we request an imaging
observation of the afterglow to the operators at LOAO
following the rules outlined in Fig. 2. The procedure in
Fig. 2 serves as a general rule, although we sometimes
deviate from this rule especially during the early-phase
of observations. The rules are the following: (1) We
select a target after determining if it is in good visibil-
ity from LOAO. Targets must have airmass less than
2.0 to observe at the 1.0m. (2) If a burst occurs during
the night when the LOAQO 1-m is observing, we call for
immediate follow-up observation, usually starting in R-
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band; (3) If it is determined that the GRB in interest is
a dark burst (GRB with no optical afterglow), we also
use filters such as I, z, and Y-band; (4) If the burst is
reported during the time the LOAO 1.0m is not observ-
ing, we determine whether it is worthwhile to observe
them by monitoring reports from other groups; (5) If
they are too faint (R > 22mag), we do not observe
them; (6) In case it turns out that the GRB optical
afterglow are sufficiently bright (R j 22) we request ob-
servations.

3. OBSERVATIONS AND DATA REDUC-
TION

The GRB afterglow follow-up observations were
carried out during 2007B semester from October to
November. All the observations were carried out as
ToO observation. Observations were performed for
suitable GRBs by requesting observations to an LOAQO
operator, after receiving an alert message of the ap-
pearance of a GRB from The Gamma ray bursts Coor-
dinates Network (GCN). The B,V, R, and/or I—band
filters were used for the follow-up imaging, depending
the properties of the GRB (see next section). In or-
der to trace the light curve evolution, exposures lasting
typically 300 seconds are taken for each band in rota-
tion.

The GRBs which we observed are GRB 071010B,
GRB 071011, GRB 071018, GRB 071020, GRB 071025,
and GRB 071101. The log of observations and prop-
erties of the targets are summarized in Table 1. All
the data were reduced using IRAF* packages and the
photometry was performed using SExtractor (Bertin &
Arnouts 1996). The data were reduced with the stan-
dard procedures of bias subtraction, flat-fielding, com-
bining, and flux calibration. For the flux calibration,
we used USNO B1.0 and USNO NOMAD catalogs, ex-
cept for GRB 071010B. GRB 071010B data were cali-
brated by using the standard star data which was made
available by Henden et al. (2007).

4. RESULTS

In this section, we describe properties of each GRB
we observed.

4.1 GRB 071010B

This is the first GRB afterglow observed by our
group. The burst was detected by the Swift BAT on
October 10, 2007, 20:45:47 UT and was categorized as a
long burst (Markwardt et al. 2007). The optical follow-
up observations were carried out world-wide, and the
spectroscopic redshift of the afterglow was identified

*“IRAF is distributed by the National Optical Astronomy Obser-
vatory, which is operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.”

as 0.947 (Cenko et al. 2007). The LOAO observation
started about 14.1 hrs after the GRB alert, yielding
a successful detection of the GRB afterglow for the
first time by a facililty operated by Korea (Im, Lee,
& Urata 2007a). Fig. 3 shows the R-band images of
the GRB 071010B observed by LOAO at three epochs,
compared with the SDSS r-band image of the same
field. GRB 071010B is found to be slowly dimming and
our imaging observation continued until 10.63 days af-
ter the burst. Fig. 4 shows the afterglow light curve
from our observation as well as the data reported in the
GCN Circular (Kann et al. 2007a,b,c,d; Oksanen 2007;
Templeton 2007; Xin 2007). Photometric calibration of
our data was done using the calibration data obtained
by Henden (2007). All the GCN data we referred to
were originally calibrated by the USNO B1.0 catalog,
but we transformed the USNO B1.0 calibration to the
Henden’s calibration catalog. We selected 5 stars which
are included in both catalogs to compare the photome-
try of the USNO-calibrated data and the Henden data.
We found that the mean difference of magnitude for
these stars between the two catalogs, is 0.16 mag in
R—band. Using this result, all of the R—band GCN
data were re-calibrated using the calibration data of
Henden (2007). Fig. 4 shows that the light curve of
afterglow of GRB 071010B in R—band can be fitted by
a double power law. We can express this relation as
the following equation,

2x F,
(t/ty) = + (t/ty) =P~

where F(t) is flux as function of time, Fy is flux at
break time, t; is the jet break time, a and 8 are power
indices at before and after the jet break time, respec-
tively. In order to determine power indices and the
jet break time, we performed a x? fitting using MPFI-
TEXPR function of IDL. In the fitting, we used only
the LOAO data. We find that ¢, = 11.78 &+ 3.3 days,
a=-0.53+0.13, and 8 = —3.55+ 3.74 (x? = 0.44,
DOF= 1). The value of t, = 11.78 days is unusually
long, although this object may have a longer jet break
time. A detailed discussion of this burst is presented
elsewhere (Urata et al. 2009). Note that, in general,
a jet break of GRB occurs about 1 ~ 2 days after the
burst. The location of the break time critically depends
on how much weight you give on the photometric data
at 10.83 days after the burst. The break time can be
longer if we give less weight to the data, or shorter
(~ 7 — 8 days) if we consider the data from Kann et al.
(2007) only (Also, see Urata et al. 2009).

F(t) = 1)

4.2 GRB 071011

GRB 071011 was detected by the Swfit BAT on Oc-
tober 11, 2007, 12:40:13 UT (Marshall et al. 2007; GCN
Circular 6882). This is a long GRB with Tyy = 61+ 1
sec. The optical afterglow was identified by several
groups, including the EAFON group (Xin et al. 2007),
with R=17.9 mag shortly after the burst. The LOAQO
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Fig. 3.— R-band images of GRB 071010B which were observed by LOAO 1.0m telescope at 3 epochs, and the SDSS
r—band image of the same field (the top-left panel). The time which is on the top left of each LOAO image stands for the

time after the burst.
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Fig. 4.— The light curve of GRB 071010B. The blue tri-
angles are for the B—band, the green squares are for the
V —band, and the red circles are for the R—band. The
open symbols are for the LOAO data, and the filled symbols
are for other data which reported through GCN. The data
points of R—band show that it is well fitted by a double
power law curve as indicated with the dotted line.

GRB observation was carried out 13.95 hrs after the
burst on 2007 October 12, 02:37:30 UT, but we found
no afterglow counterpart at the location where the
GRB was reported, suggesting that this is a rapidly
fading GRB afterglow. Fig. 5 shows the light curve of
the GRB 071011.

4.3 GRB 071018

GRB 071018 was detected by the Swift BAT on
2007 October 18, 05:57:44.47 UT (Krimm et al.2007,
GCN Circular 6932). This event is a long burst with
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Fig. 5.— The light curve of afterglow of GRB 071011.
We attempted to do observation at LOAQO, about 0.6 days
after the burst. But the GRB 071011 became fainter than
detection limits, and we could calculate only the detection
limits for B, V, R, and I—bands.

Too = 376 £ 20 sec. We detected an object about 1.26
days after the burst in I—band near at the BAT best
position, RA(J2000) = 10h 58m 44.35s, Dec(J2000) =
+53° 49’ 18.1". Fig. 6a shows the image of the possible
afterglow of GRB071018. However, it is not clear if this
source is really a GRB. There is no XRT counterpart
found, and no fading source was found around at the
reported position, according to Krimm et al (2007).

4.4 GRB 071020

GRB 071020 was detected by the Swift BAT on Oc-
tober 20, 2007, 07:02:27 UT (Holland et al. 2007).
This burst was classified as a long duration GRB with
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Table 1.

Log of observations and properties of GRB afterglow

Name Delay Time? and Magnitude Exp. Time Det. Lim.P Redshift
GRB 071010B 50728 s (0.59) B 20.24+0.12 4x300s 21.69 0.947
51065 s (0.59) V 20.19+£0.08 4 x300 s 21.70
53584 s (0.62) R 19.58+£0.06 5x 300 s 21.65
141891 s (1.64) R 20.17+0.12 12 x 300 s 21.68
486163 s (5.63) R 20.95+0.09 17 x 300 s 22.00
743545 s (8.61) R 21.61+£0.28 7 x300 s 21.66
918261 s (10.63 R 21.74+0.30 15 x 300 s 22.01
GRB 071011 49562 s (0.57) B - 5 x 300 s 22.21
52986 s (0.61) V — 4 x 300 s 21.61
50237 s (0.58) R — 4 x 300 s 21.47
50574 s (0.59) I — 5 x 300 s 20.91
GRB 071018 108491 s (1.26) 1 19.45+047 6x300s 20.38
GRB 071020 93558 s (1.08) R 20.72+0.12 15x 300 s 22.28
527390 s (6.10) R — 3 x 300 s 20.24
GRB 071025 2091 s (0.02) B — 1% 300 s 19.76
2430 s (0.03) \%4 - 1% 300 s 19.32
1413 s (0.02) R 18.09+0.16 1x300s 19.19
3214 s (0.04) R — 1 x 300 s 19.17
1076 s (0.01) I 16.34+0.14 1x30s 17.79
1751 s (0.02) I 16.23+0.08 1x300s 19.10
3553 s (0.04) I 17474+0.12 1x300s 19.14
4911 s (0.06) I 1848 +0.15 1x300s 18.74
6664 s (0.08) I 1868 +0.26 1x300s 19.16
8153 s (0.09) 1 - 1% 300 s 19.06
GRB 071101 27398 s (0.32) I — 7% 300 s 18.32

2The unit of values in each parenthesis is days.
b5 g detection limit
¢Not detected

Too = 4.2 + 0.2 sec. The redshift was measured as
z = 2.145 (by spectral absorption lines), or z ~ 2.5
(by flux drop) by Jakobsson et al. (2007). We de-
tected this GRB in R—band 1.08 days after the burst.
Fig. 6b shows the LOAO image of the afterglow. De-
tection of the afterglow was reported by other groups
too, including EAFON group (Xin et al. 2007). Fig.
7 shows the optical (bottom) and the X-ray (top) af-
terglow light curves of GRB071020. Our data points,
when combined with the data point from other obser-
vations, show a clear sign of re-brightening in optical
afterglow (Im, Lee, & Urata 2007), starting at around
0.2 day after the burst, and continuing till 1.1 day af-
ter the burst. We note that the X-ray light curve also
shows a re-brightening at a similar epoch, although the
X-ray brightening seems to have come down well be-
fore 1.1 days after the burst. With this interesting re-
brightening behavior, this burst could be an interesting
case to study the origin of the rebrightening (e.g., Uhm
& Beloborodov 2007).

4.5 GRB 071025

GRB 071025 was detected by the Swift BAT on Oc-
tober 25, 2007, 04:08:54 UT (Pagani et al. 2007, GCN
Circular 6986). This is a long burst with Tyg > 109 + 2
sec. We performed a rapid follow-up imaging in B, V,
R, I-band about 18 minutes after the burst. This GRB
was detected only in R and I—bands. Fig. 6c¢ shows
the LOAO R-band image of the afterglow. Usually,
the R — I color is less than 1 for GRB afterglows at
low redshift (Simon et al. 2004), but this GRB has
R—1I ~ 2. A bright NIR afterglow was reported (Jiang
et al. 2007). No afterglow was identified in B- and V-
bands images. The non-detection in B—, and V' —band,
the red R— I color, and the bright NIR nature suggests
that the GRB could be a R—band dropout at high red-
shift of z ~ 5 as pointed out by our group for the first
time (Im, Lee, & Urata 2007c), although it is possible
that this is a very red GRB afterglow at lower red-
shift. Our estimation of the redshift is consistent with
the report on non-detection with UVOT (Pagani et al.
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Fig. 6.— 3'.5 x 3'.5 images of GRB 071018 (I—band; left), GRB 071020 (R—band; middle), and GRB 071025 (I—band;
bottom right), respectively. The North is down, and the East is left, for all images.
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Fig. 7.— The light curves of the afterglow of GRB 071020
in the X-ray (top) and the optical (bottom). In R—band,
the object appears to be brightening since ~0.2 days after
the burst.

2007, GCN Circular 6986) and the report on estima-
tion of upper limit on the redshift by assuming that
the reddening caused by IGM (Rykoff et al. 2007).
The light curve of this GRB afterglow is shown in Fig.
8. The afterglow was fading rapidly, so we could not
determine the jet break time. We fitted the I—band
light curve with single power law, which is expressed
as F(t) = F, x t*, where F is flux, F'x is normalizing
factor, and ¢ is time after the burst. We measured that
the slope is @ = —1.41 (x? = 52.08 for 5 DOF). A
further investigation on the high redshift nature of this
GRB is ongoing (Im et al., in preparation).

_IIIIIII T T IIIIIII T T IIIIIII T T TTTTTI

L O R-band, 100 B

16 | . 7 R-band, LOAO, DL —

- k%] @ R-band, Other Sites -

L é #i B-band, LOAO, DL

L V-band, LOAO, DL |

L O I-band, LOAO -

17 i [-band, LOAO, DL —|

L % @ [-band, Other Sites -

o "@ % Unfiltered, Other Sites |

o B / ]
2181 t 3 . ]
b= - LY E
tczo L @ ]
g oI it ]
SE A .
- (25 B ]

C 3 ]

20 i —
21 -IIIIII 1 1 IIIIIII Iv“:l :::Illlli 1 1 IIIIII-
0.001 0.01 0.1 1

Delay Time (day)

Fig. 8.— The light curve of GRB 071025. This figure
shows that this GRB afterglow has a very red R — I color
(R — I ~ 2). The red color suggests that this is possibly a
R—dropout object at z ~ 5.

4.6 GRB 071101

GRB 071101 was detected by the Swift BAT on
November 01, 2007, 17:53:46 UT (McBreen et al.
2007). This burst is a long duration GRB with Tgg =
9 £+ 1 sec. The XRT best position is RA(J2000) =
03h 12m 42.53s, Dec(J2000) = +62° 30’ 00.7", with
an uncertainty of 7 arcsec. We attempted to detect its
afterglow with B—,V —, R—, and I—band about 8 hrs
after the burst. However, no afterglow was detected
near the XRT position (Lee, Im, & Urata 2007). Our
result is consistent with the report on the non-detection
with UVOT (McBreen et al. 2007).
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5. DISCUSSION

In this section, we discuss the characteristics of ob-
served GRBs and how we can improve observation of
GRB afterglow at LOAO, focusing on observational
strategy.

5.1 Dark GRBs

As described in the previous section, we identify
three noteworthy GRBs out of the 6 GRBs we observed
during 2007B. Three optically dark GRB events were
observed, among which GRB071025 being a possible
high redshift event with a bright NIR afterglow (Im et
al. 2007c; Jiang, Bian, & Fan 2007). No optical/NIR
afterglows were identified for the two other dark GRBs.
It has been known that dark GRBs constitute about
40% of GRBs (Akerlof & Swan 2007). The fraction
of dark GRBs in our observed GRB sample is consis-
tent with such a number. As demonstrated for the
case of GRB071025, a rapid, deep follow-up in a long
wavelength channel is critical for identifying an NIR
afterglow which could be either high redshift sources
or highly dust-obscured population. To achieve such
a goal, our group installed z and Y-band filters to the
LOAO 1.0m telescope in 2008.

5.2 Optically Bright GRBs

Four GRB afterglows that we observed are bright in
optical. GRB 071010B and GRB 071020 are two inter-
esting cases. GRB 071010B is found to have a very long
jet break time at ¢ ~ 10 days or longer. When combined
with other wavelength data such as X-ray, this GRB
turns out to be an outlier in the Ghirlanda relation for
GRBs as a cosmological standard candle. Discussion
on this is given in detail in Urata et al. (2009). GRB
071020 is found to have a re-brightening feature which
seems to correlated with the X-ray re-brightening. It
is, however, inconclusive whether this is a flaring event
or re-brightening predicted in the reverse-shock model
(e.g., Uhm & Beloborodov 2007). In both cases, more
extensive monitoring of the GRB afterglows would have
been useful for unveiling the nature of these interesting
GRB:s.

5.3 Effectiveness of LOAO GRB Follow-ups

At the end, we discuss the effectiveness of the GRB
follow-up observation from LOAQO. Our observation
shows that with the LOAO 1.0m we can reach to
R ~ 21.5 mag and I = 20.5 — 20.9 mag at 50 in Vega
system at 1500 sec exposure. Many optically bright
GRBs are brighter than R=20 mag in the earlier phase,
therefore a shorter integration is possible during the
early follow-ups. A long-term follow-up requires deep
imaging, which we achieve R ~ 22 mag at more than
1 hour of integration. This is roughly the limit that
we can realistically detect afterglow signals with the
LOAO facility. These facts were implemented in the
observing strategy after 2007B.

6. CONCLUSION

We performed the GRB follow-up imaging observa-
tion using the LOAO 1.0m telescope. From a series
of follow-up observations, we successfully detected af-
terglows of 4 GRBs. This marks the first detections
of GRB afterglows using a facility operated by Korea.
Our observation also reveals several interesting GRBs
in terms of their intrinsic properties such as a dark
GRB possibly at high redshift and a GRB with a pe-
culiar light curve, even through the limited observing
opportunities. We conclude that the LOAO 1.0m tele-
scope is an effective facility for GRB follow-up obser-
vations, and our GRB follow-up observations are still
ongoing as of now.
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