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ABSTRACT

Young planetary nebulae play an important role in stellar evolution when intermediate- to low-mass stars (0.8—
8 M) evolve from the proto—planetary nebula phase to the planetary nebula phase. Many young planetary nebulae
display distinct bipolar structures as they evolve away from the proto—planetary nebula phase. One possible cause of
their bipolarity could be a binary origin for their energy source. Here we report on our detailed investigation of the
young planetary nebula Hubble 12, which is well known for its extended hourglass-like envelope. We present
evidence with time-series photometric observations for the existence of an eclipsing binary at the center of Hubble 12.
In addition, low-resolution spectra of the central source show absorption features such as CN, G band, and Mg b,
which can be suggestive of a low-mass nature for the secondary component,

Key words: binaries: general — planetary nebulae: individual (Hubble 12)

1. INTRODUCTION

The young planetary nebula (PN) Hubble 12 (HB 12; PN
G111.8—02.8) plays an important role in the study of PNe. The
line ratios of its strong fluorescent molecular hydrogen emission
(Dinerstein et al. 1988) match closely pure fluorescent emission
(Black & van Dishoeck 1987), which might have originated from
shock excitation via collisional interaction of a strong wind from
the central star against a circumstellar gaseous disk (Kastner &
Weintraub 1994). The bipolar structure of HB 12 is also of par-
ticular interest. Early radio continuum observations from the Very
Large Array (Bignell 1983) first disclosed its bipolar configu-
ration. Miranda & Solf (1989) later confirmed the double-lobe
structure along the north-south axis through long-slit spectros-
copy. In addition, Hora & Latter (1996) and Welch et al. (1999)
showed the existence of a ringlike structure near the central core
from near-infrared and [ Fe u] imaging. Recent Hubble Space
Telescope (HST') NICMOS observations have revealed clearly
detailed structure of the inner torus and its bipolar lobes (Hora
etal. 2000). The origin of the axisymmetric morphology of young
PNe has long been an unresolved issue. In classification of PNe
based on their morphology, Zuckerman & Aller (1986) and Soker
(1997) found that a large majority of PNe have nonspherical
shapes, some indicating extreme bipolar or axisymmetric struc-
ture. Such structures could be generated by strong bipolar out-
flows during the late asymptotic giant branch (AGB) or post-AGB
phase and may be transient phenomena (Kwok et al. 2000). The
bipolar flows in turn could be produced by close binaries ( Morris
1990; Soker et al. 1998; Soker 2000), or rather focusing effects
from the associated magnetic field (Garcia-Segura et al. 1999,
2000), among various potential mechanisms suggested. Note that
observational evidence has been found in support of the binary
model (De Marco etal. 2004; Hillwig 2004; Sorensen & Pollacco
2004). Detailed investigations of the physical nature and dynamical
properties of the central source are therefore of fundamental im-
portance to our understanding of the origin and evolution of PNe.

We have initiated a program combining efforts from the pho-
tometric measurements obtained by the 1 m telescope (LOT) at

! Institute of Astronomy, National Central University, Chung Li 32054,
Taiwan; d929001 @astro.ncu.edu.tw.

© Mational Astronomical Observatories, Chinese Academy of Sciences,
Beijing 100012, China; ljzi@bao.ac.cn.

the Lulin Observatory in central Taiwan and the spectrographic
observations carried out with the 2.16 m telescope at the Xing-
Long station of the National Astronomical Observatory of the
Chinese Academy of Sciences (NAOC). Our main objective is to
search for the possible presence of periodic variations in the light
curves of the nucleus of HB 12, NSV 26083. Properties of the
binary components could also perhaps be inferred from spectral
observations of the central source. We describe in § 2 the obser-
vations and data reduction. The photometric light curves are
presented in § 3, and then a discussion of the results and inter-
pretations in § 4. The spectral features possibly originating from
the cool secondary are investigated in § 5, which is followed by a
summary of the main results of this study.

2. OBSERVATIONS AND DATA REDUCTION
2.1. Time-Series Broadband Photometric Imaging

High-speed broadband photometric observations were per-
formed in the queue mode on the nights of 2003 December 3-5
using Johnson R- and /-band filters with the LOT telescope of the
National Central University in Taiwan. The camera was operated
with a Princeton Instruments 1340 x 1300 pixel CCD, giving a
field of view of 11’ x 11’. The CCD has a readout noise of 15.7 e
and a gain of4.4. The setup results in a pixel scale of 0762 pixel~!.
Flat-field exposures were obtained on the twilight sky. The seeing
condition all through this run of observations varied between 173
and 179, The journal of observations is summarized in Table 1.

More than 800 snapshots of HB 12 were made, with each
snapshot containing a 10 s exposure in R and another 5 sin /. The
data reduction includes bias and dark current correction and flat-
fielding based on standard packages and procedures inthe NOAO
IRAF (ver. 2.12). Differential magnitudes of the central core of
HB 12 were measured using the DAOPHOT package with three
stars in the same field as reference stars. The signal-to-noise (S/N)
ratios ofall stars are >100. No apparent variations were found with
the reference stars. The differential magnitudes in the R and /
bands have accuracies within 0.04 and 0.02 mag, respectively.

2.2, Optical Spectroscopy

Low-resolution spectroscopy was obtained by the 2.16 m
telescope of NAOC. The journal of observations in two separate
sessions is given in Table 2. In the 2004 session, measurement
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TABLE 1
Journar oF Protomerric Osservations oF HB 12

Duration
Observation Date Start (UT)  Start (HJD 2,452,900+) (hr) Filter =~ Number of Exposures
2003 Dec 3 o, 10:56 76.9557 43 R 132
2003 Dec 3 . 10:57 76.9568 43 I 132
2003 Dec 4 i, 10:51 77.9527 44 R 139
2003 Dec 4 i, 10:52 77.9540 44 1 139
2003 Dec 5 i, 10:38 78.9434 4.5 R 143
2003 Dec 5 oo 10:40 78.9452 4.5 1 143
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was performed in the spectral range 4800—10500 A on the night
of 2004 August 8. The spectral dispersion was 3.1 A pixel~!. The
Beijing Faint Object Spectrograph and Camera and a thinned
back-illuminated Orbit 2048 x 2048 CCD were used. A slit width
of 3”6 was set. The exposure times ranged from 300 to 900 s.
S/N ratios of the continuum of =90 were achieved. Exposures
of Fe-Ne arcs were obtained right before and after each stellar
spectrum and were used for the wavelength calibration.

In the 2005 session, spectroscopy was performed in the blue
(38006200 A) spectral range on the night of 2005 September 26.
The 100 A mm~' grating was used, which resulted in a 2 pixel
resolution of ~4.8 A. The slit was placed at P.A. = 170°, in
parallel to the main axis of HB 12 as indicated in Figure 1. The slit
width was set to 2”. An Optomechanics Research, Inc., spectro-
graph and a Tektronix 1024 x 1024 CCD were used. The expo-
sures ranged from 3600 to 7200 s, resulting in S/N ratios of >60.
Wavelength calibration was performed based on He-Ar lamps
exposed right before and after the target spectrum.

The spectral data were reduced following standard procedures
in the NOAO IRAF (ver. 2.12) software package. The CCD re-
ductions included bias and flat-field correction, successtul back-
ground subtraction, and cosmic-ray removal. Flux calibration was
derived with observations of at least two of'the Kitt Peak National
Observatory standard stars per spectral range per night. The at-
mospheric extinction was corrected by the mean extinction co-
efficients measured for Xing-Long station, where the 2.16 m
telescope is located.

3. SEARCH FOR PERIODICITIES IN THE LIGHT CURVES

The multiband photometric results of HB 12 are presented in
Figure 2. The method of phase dispersion minimization (PDM;
Stellingwerf 1978) was used to analyze the light curves of NSV
26083. The PDM code was employed to derive the period, max-
imum magnitude, and amplitude of the light variation. Before
calculating the power spectra, we set the nightly mean magnitude
to zero and calculated the amplitude spectra of these data. The
I-band data clearly cover three primary minima. A linear least-
squares fit results in a period of P = 0.1415 4 0.0015 days. The
R-band light curve was fitted simultaneously using the period of
the /-band data because of their distinct primary minima. The

power spectra of the photometric data are presented in Figure 3. A
prominent amplitude peak is found at 7.06 cycles day~', which is
3.4 hr. The corresponding phase diagrams are shown in Figure 4.
The profiles are sinusoidal for both the R and / bands. The pe-
riod shows an amplitude of0.06 £+ 0.0074 mag in R and 0.08 &
0.0046 mag in [ This suggests that NSV 26083 displays in its
multiband time-series observations periodic variation and indi-
cates a probable eclipsing binary origin for HB 12. It is the first
time that a clear signature of periodicity has been evidenced to-
ward the exciting source of HB 12, which may have important
implications on the physical nature of bipolar structures associ-
ated with other young PNe.

Note that the dip in the R-band light curve seems to be shal-
lower and smoother than that in the /band light curve. This wave-
length dependence could probably be due to effects from Ha
emission of the companion star, which is encompassed by the
R-band observations, or other reflection effects from the illumi-
nated surface of the less luminous star (Grauer & Bond 1983;
Bruch et al. 2001).

If we altematively suppose the periodic variations of NSV
26083 to be due to rotation modulation of stellar spot(s), the
rotational period can be estimated as follows ( Reid et al. 1993):

L

2nR3?
e —278R2M2, (1)
JGM

o

PLTI[

where P is the rotational period of the star in hours, R, is the
equatorial radius, and M is the mass of the star in solar units.
Following the discussion by Reid et al. (1993), we use R,
1.5R,, where R, is the radius of NSV 26083. If Zhang & Kwok’s
(1993) results of T = 31,800 K, log g=3.1,and M = 0.8 M,
are adopted, the rotational period P, would be as large as 48 hr.
This is inconsistent with our estimation of 3.4 hr as presented
above and helps to exclude the possibility of modulation by stellar
spots.

4. STELLAR PROPERTIES
OF THE BINARY COMPONENTS

The mass of the central source of HB 12 has been determined to
be 0.8 M, by Zhang & Kwok (1993) based on existing infrared

TABLE 2
Journar oF Spectral Osservations oF HB 12

Wavelength Resolution Width of Slit Integration Time
Observation Date (A) (A pixel™!) (arcsec) (s)
2004 Aug 8. 480010500 3.1 3.6 300
2004 Aug Boiveens 4800-10500 3.1 3.6 900
2005 Sep 26, 3800-6200 24 2 2 % 3600




3042 HSIA, IP, & LI Vol. 131

% L]
ALk

Fig. 1.—HST WFPC2 narrowband [N 1] (F658N) image of HB 12, displayed with a linear gray scale. We present here the combined data sets (U6CI0405,
UaCI0406, U6CI0407, and U6CI0408) of B. Balick. The total exposure time is 1300 s, and the field of view is 18" x 18", The slit position is shown against the

image of the core of the PN,

and radio data. We present below an estimation of the mass and
radius of the proposed secondary component of the system.,

First, the secondary star, with an orbital period ofhours to days,
was suggested to have a mass of less than 0.5 M, (Chen et al.
1995). If a mass ratio M>/M| < 0.8 (M, is the mass of the pri-
mary star) is supposed, the upper limits of the mass and radius of
the secondary would satisfy the following condition ( Paczynski
1981):

8.85 V% < P, (2)

znrfz

where P is the orbital period in hours and M, and R, are the
mass and radius of the secondary in solar units, respectively.

Second, assume that the mass-radius relation of the lower
main sequence stars can be applied to the secondary ( Rappaport
et al. 1982):

=

R M\
2 = U.?()( 2) : (3)
o A*f_f_:)

2}

We can combine equation (2) with equation (3) to obtain

My < 0.443 M., R.< 0403 R,. (4)

There is a general agreement (Schénbemner 1981; Heap &
Augensen 1987; Weidemann 1989; Tylenda etal. 1991b; Zhang
& Kwok 1993; Stasinska et al. 1997) that the dispersion of the
central stellar masses of PNe, averaged to around 0.6 M., should
be rather small. If we assume a mass 0.6 M, for the primary star,
for M) = 0.6 and 0.08 < M, < 0.443, the separation of the stars
a = 1.163 £ 0.063 R, In turn, the radius of the Roche lobe of
the secondary is

b = al0.5 + 0.227 log (M3 / M)).

This results in an estimation of 0.547 + 0.03 R, and the hemi-
sphere of the secondary must be illuminated and heated by the
primary source,

The distance to HB 12 has been estimated to be 2.24 kpec by
Cahn et al. (1992) based on existing optical and radio data; Hora
& Latter (1996) determined an £(B — V') value of 0.28 measuring
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from the Brackett line flux of the near-IR spectrum; and the V’
magnitude determined by Tylenda et al. (1991a) for the cool
stellar component of HB 12 is 13.6. If these results are adopted,
the absolute visual magnitude M, of the central star of HB 12 is
0.98. Suppose that the primary component has a mass of 0.6 M,
and M, = 0.98 atan effective temperature of 31,800 K ( Zhang &
Kwok 1993). The corresponding radius of the primary is esti-
mated to be R; = 0.19 R,

5. THE SPECTRA OF NSV 26083

In order to examine the nature of the putative binary com-
panion of NSV 26083, we have initiated a project of spectro-
graphic measurements at the NAOC using the 2.16 m telescope.
Figure 5 shows the low-resolution spectrum of NSV 26083 taken
on 2004 August 8, which apparently indicates various emission
lines characteristic of a photoionized medium. The profiles of Hex
and H/7 are broader than other emission lines, which here is most
likely attributed to effects of Rayleigh-Raman scatting (Arrieta &
Torres-Peimbert 2003).

To search for further evidence on the possible binary origin of
the nucleus of HB 12, we examine closely the spectra taken on
2005 September 26 for photospheric absorption features charac-
teristic of a cool companion. The spectrum between 4150 and
4550 A is shown in Figure 6a in an expanded scale. An apparent
G-band feature characteristic of late-type stars is seen, and mo-
lecular CN /4216 absorption can also be identified. Furthermore,
absorption features due to the s-process elements such as Yand Sr

BINARY ORIGIN OF YOUNG PN HB 12
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Differential photometric light curves of NSV 26083 in both {a) the R band and (b) the I band.

are found in the spectrum, with Y 1 44178 and Sr1/4607 being the
primary features. The molecular C'*C!? /4752 is also seen in ab-
sorption in the spectrum, as shown in Figure 6b. The spectrum
ranges from 5150 to 5600 A, clearly indicating C, features at 5165
and 5585 A, and is presented in Figure 6¢. The Mg triplet (5167,
5172, and 5183 A) is also marginally seen in the spectrum.

The above-mentioned features seem to suggest the existence of
a cool companion to the exciting source of HB 12 with a spectral
type of G to early K. However, this introduces a discrepancy with
our mass estimation based on the light curves, which give a spec-
tral type of M. Note that an M dwarf in isolation cannot be de-
tected at all at the distance of HB 12 of about 2.24 kpc (Cahn
et al. 1992). This discrepancy cannot be reconciled unless addi-
tional physical processes are involved. The spectral change ofthe
cool secondary here is most likely attributed to external heating of
its upper atmosphere by the hot primary (Grauer & Bond 1983).
Further investigations of this system based on high-resolution
spectroscopic observations are highly needed to have this issued
resolved, which may come with a more reliable determination of
the spectral type of the secondary. However, this uncertainty with
the spectral determination does not affect in any way our infer-
ence of the binary origin of the nucleus of HB 12 based on our
photometric results.

6. SUMMARY

Based on time-series multiband photometric observations and
low-resolution spectroscopy, our study of the physical nature of
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the nucleus (NSV 26083) of the young PN HB 12 has led to the
following results:

1. The central star is probably a close binary with an orbital
period of 3.4 hr. This provides further support to the theory of a
binary origin for bipolar PNe.

2. The difference in the R and [ light curves is indicative of a
reflection effect from the illuminated surface of the secondary.

3. Assuming a mass of 0.6 M, for the primary, upper limits to
the mass and radius of the secondary star can be estimated to be
M < 0.443 M, and R, < 0.403 R, respectively. This results in
an estimation of'a physical separation of ~1.163 R, of the close
binary in association with NSV 26083. The hemisphere of the
secondary can be suffering from reflection and heating effects
from the hot primary. This thermal coupling may well lead to a

spectral change of the secondary and deserves to be investigated
in further detail.
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Introduction: One of the important goals in the
study of compositional characterization of asteroids is
to understand the relationship between asteroids and
meteorites. The asteroids are classified into some
groups with similar spectral characteristics. The Japa-
nese sample return mission, HAYABUSA, the space-
craft arrived at its exploration target, near Earth aster-
oid (25143) Ttokawa this fall. The taxonomic type of
Itokawa is S-type, and the spectrum of this type aster-
oid is similar to that of the ordinary chondrites[1].

The purpose of our observation is to obtain the in-
formation about taxonomic type and rotational status
of the candidate target of the next asteroid sample re-
turn mission (post-HAYABUSA mission). This infor-
mation is useful for mission targets selection and help-
ful for raising the technical feasibility of the explora-
tion. Our goal is to find some primordial type asteroid,
C-type and D-type, in our candidate objects. Consider-
ing several mission plans, we chose 287 asteroids from
about 3700 NEAs as the candidate objects of the post-
HAYABUSA mission. As the taxonomic types of 238
candidates are unknown, we have performed the col-
orimetric observations in order to obtain its taxonomic
type information.

Observations and Data reductions: We have ob-
served 23 near-Earth asteroids (NEAs) during 2003-
2005, using the 1.05-m Kiso Schmidt telescope with
2kCCD in Japan, and the Lulin One-meter Telescope
with PI1300B or AP8 in Taiwan. The observational
log is summarized in Table 1. We made multicolor
photometry at clear-stable nights, using broadband
filter, B. V., R, and L. Figure 1 is the transmission char-
acteristics of each filters. As the filter systems of each
observatory are slightly different, we have to convert
our result from each instrumental system into the stan-
dard system, in order to compare them with those ob-
tained at other instrumental system. For this purpose,
we observed some standard stars listed in [2] Landolt
(1992) for each photometric night. We define the
transformation equations as

V=a,v-b,X-c,r+d,

B :((bb-be- Cp V+ (Zb

R=ar-bX-c.V+d.

I=a;ii—-b; X—c¢;V+d;

14

where ¥, B, R, I are the standard magnitudes, v, b, 7,
are the instrumental magnitudes. ap,ug. byands Coands Foags
are the transmission coefficients.

Since the brightness of the asteroid changes with
its spin rotation, we set the observation sequence as R-
V-R-I-R-B-R in order to ensure color difference even
where the brightness was changed. Furthermore, in
some cases, we obtained the information of its spin
status from the R-band lightcurves. Figure 2 1s the ex-
ample of (11284) Belenus taken on 2005 Nov. 25 at
Lulin Observatory.

Classification: Our objects were classified by compar-
ing with ECAS dataset[3] and SMASS dataset[4][5]. Only
from our BVRI color information, we could not judge the
delicate characteristics of asteroidal type. We classified our
objects in broad groups, C-group, S-group, D-group, and X-
group. We obtained BVRI photometry data for 15 mission
candidates, and classified 14 objects m broad groups. Out of
14 candidates. 4 had previous classification, and 2 of them
had also spectrum data[6][7].

Filter Transmission Curves

— KISD

Lulin

o —

‘ \ Landolt

Iransmission (%)
5

220 50 250 = 650 50 850 =50 1050 150

Wavelenath (inmi
Figure 1: Filter transmission curve. The horizontal axis

shows the wavelength[nm], the vertical axis gives transmis-
sion[%]. The red. black. blue lines are filter set of Kiso Ob-
servatory, Lulin Observatory, Landolt standard system, re-
spectively.
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11284 Belenus (2005/11/25@Lulin)
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Figure 2: Observed magnitude of (11284) Belenus. The
horizontal axis shows the Time (UT) in consideration of 1-
way light time from the asteroid to the earth, the vertical axis
gives magnitude converted to standard system. The solid line
was fitted by polynomial approximation.

References: [1] Abe et al. (2002) Lunar & Plane-
tary Science XXXIIIL, abstract #1666. [2] Landolt, A.
U. (1992) A, 104. 340-371. [3] Tholen, D. J. (1984)
Ph.D. thesis. [4] Bus, S. J., Binzel R. P. (2002) Icarus,
158. 146-177. [5] Binzel et al. (2004) Icarus, 170, 259-
294. [6] Binzel et al. (2001) Icarus, 151, 139-149. [7]
Wisniewski, W. Z. (1991) Icarus, 90, 117-122.

Table 1: Observation log. Observatory mark L:
Lulin Observatory in Taiwan, K: Kiso Observatory in
Japan, U: University of Hawaii 2.24-m telescope in
Hawaii.

Asteroid Date Observed (observatory) Filter used
3361 Orpheus |2005/10/24 (K), 2005/11/28 (L) BVRI
11284 Belenus |2005/11/25,26,27 (L) BVRI
65803 Didymos [2003/12/1,3,4 (K), 2004/1/20 (K) BVRI
85585 Mjolnir  |2003/9/28,29,30 (K) BVRI

98943 2001CC21 |2003/9/29 (K), 2003/12/2 (K) RVI
1989UQ 2003/926,29,30 (K) BVRI
1999X0141 2005/8/31 (L), 2005/9/11 (L) R
1999YB 2005/11/25,26,27 (L) BVRI
2000QK25 2005/11/25,28 (L) BVRI
2001FC7 2003/9/26,29,30 (K) BVRI
2001US16 2004/4/10,11,12 (K) RVI
2002CD 2004/4/10,11,12) (K) RVI
2002CE10 2003/9/26,28 (K) R
2002RX211 2005/8/29 (K), 2005/9/11 (L), 2005/11/25,26 (L) BVRI
2002UC20 2003/12/3,4 (K), 2005/11/26 (L) BVRI
2003AM31 2003/5/4 (U) BVRI
2003CY18 2005/6/3 (K), 2005/9/11 (L), 2005/10/24 (K) BVRI
2003RB 2003/9/28,29,30 (K) BVRI
2003sSD220 2003/12/1,2,3 (K) BVRI
2004DK1 2004/4/11 (K) RVI
2005ED318 2005/6/3 (K) R
2005JU108 2005/8/29,31 (K) R
2005TF 2005/11/28 (L) BVRI
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WHEN DO INTERNAL SHOCKS END AND EXTERNAL SHOCKS BEGIN? EARLY-TIME
BROADBAND MODELING OF GRB 051111
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ABSTRACT

Even with the renaissance in gamma-ray burst (GRB) research fostered by the Swif satellite, few bursts have both
contemporaneous observations at long wavelengths and exquisite observations at later times across the electromagnetic
spectrum. We present here contemporaneous imaging with the KAIT robotic optical telescope, dense optical sampling
with Lulin, supplemented with infrared data from PAIRITEL and radio to gamma-ray data from the literature. For
the first time, we can test the constancy of microphysical parameters in the internal-external shock paradigm and
carefully trace the flow of energy from the GRB to the surrounding medium. KAIT data taken <1 minute after the start
of GRB 051111 and coinciding with the fading gamma-ray tail of the prompt emission indicate a smooth reinjection of
energy into the shock. No color change is apparent in observations beginning ~ 1.5 minutes after the GRB and lasting
for the first hourafter the burst. There are achromatic flux modulations about the best-fit model at late (f =~ 10* 5) times,
possibly due to variations in the external density. We find that the host galaxy extinction is well fit by a curve similar
to that of the Small Magellanic Cloud. Low visual extinction, 4y ~ 0.2 mag, combined with high column densities
determined from the X-ray and optical spectroscopy (Ny > 10?! em™2), indicate a low dust-to-metals ratio and a
possible overabundance ofthe light metals. An apparent small ratio of total to selective extinction (Ry =~ 2) argues
against dust destruction by the GRB. Time constancy of both the IR/optical/UV spectral energy distribution and the

soft X-ray absorption suggests that the absorbing material is not local to the GRB.

Subject headings: gamma rays: bursts — supemnovae: general — telescopes — X-rays: general

Online material: color figures

1. INTRODUCTION

The Swift gamma-ray burst (GRB) satellite (Gehrels et al. 2004)
continues to unleash a torrent of finely time- and energy-sampled
photons arising from the bursts and their impact on the surround-
ing medium (i.e., the GRB afterglows). The X-ray Telescope
(XRT) provides detailed light curves for 1-2 bursts and burst
afterglows per week, allowing us to routinely view the practically
uncharted first 100 s to ~1 day in the life of a GRB. In the X-ray
data, we see complex phenomena: unexpected rapid decays,
sometimes temporally flat and apparently reenergized afterglows,
and massive X-ray flares (see, e.g., Nousek et al. 2006). Un-
fortunately, it has proven very challenging to complement these
data with an early and rapid-cadence data set at longer wave-
lengths. Because studies of GRB afterglows prior to Swifi rely
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primarily on observations in the optical and longer wavelengths,
and mostly at later times, contemporaneous observations are
critical for connecting newfound insights to the large body of
previous work. Correlated, broadband observations of events that
exhibit extremely energetic broadband emission from the radio
to the gamma ray (e.g., Fig. 1) allow us to study and potentially
understand the new phenomenology and to pose answers to
numerous open questions.

Optical observation of GRBs in the prompt phase and shortly
thereafter are extremely rare. Of ~50 optical afterglows detected
prior to Swift, only one (GRB 990123; Akerlof et al. 1999) was
detected during the prompt phase, and only a handful were de-
tected in the first 10 minutes of the afterglow: GRB 021004
(Fox et al. 2003b), GRB 021211 (Fox et al. 2003a; Li et al.
2003a; Vestrand et al. 2004), and GRB 030418 (Rykoff et al.
2004). In the Swift era, the rate of early detections has jumped
dramatically, thanks to rapidly communicated and tight GRB
localizations from Swiff and also due to the maturing system of
ground-based robotic telescopes (e.g., ~15 early detections by
Robotic Optical Transient Search Experiment [ROTSE]"" alone).
The Ultraviolet and Optical Telescope (UVOT) on Swift has the
potential to match this performance, particularly with a recent
prioritization of early unfiltered observations of the very red
afterglows. Perhaps most impressive, the RAPTOR experiment
has detected two GRBs during the prompt phase: GRB 041219
(Vestrand et al. 2005) and GRB 050820A ( Vestrand et al. 2006).
The prompt and contemporaneous long-wavelength emission of
GRB 041219A was actually discovered at infrared (IR) wave-
lengths (Blake et al. 2005) with the Peters Automated Infrared
Imaging Telescope (PAIRITEL; Bloom et al. 2006). Even though

' See http://www.rotse.net.
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Fiz. 1.—Broadband model overview, with data shown at t = 100 s. The

afterglow data in the radio, optical, IR, UV, and X-ray are well fit by a external
shock expanding into a uniform-density medium and emitting synchrotron ra-
diation (55 4.1 and 4.3). The optical and X-ray data drop away from the model
curve at high and low energies, respectively, due to an appreciable amount of
absorption by dust and metals, respectively. Also shown are the prompt gamma-
ray spectra from Swift BAT and Suzaku WAM. [See the electronic edition of the
Jowrnal for a color version of this figure.]

the Galactic extinction toward the GRB was large, GRB 041219A
is the only prior burst with prompt, long-wavelength observations
at multiple frequencies.

Here we present observations of GRB 051111 conducted
with therobotic 0.76 m Katzman Automatic Imaging Telescope
(KAIT; Filippenko et al. 2001; Li et al. 2003b, 2003a), begin-
ning with an unfiltered exposure 43.7 s after the GRB trigger
from the Burst Alert Telescope ( BAT) on Swift and just catching
the tail of the prompt emission. We obtained color information
in the form of V- and -band observations beginning just 73.7 s
after the trigger. Supplemented with B-, -, R-, and I-band obser-
vations with the Lulin One-meter Telescope; J-, /-, and K;-band
observations with PAIRITEL taken hours after the burst; and with
other observations reported in the literature, we present an un-
rivaled and impressive broadband view of this afterglow and its
early evolution.

The study of the early emission during and following a GRB
is a critical step toward understanding the origin of the emission
and the nature of the surrounding medium. It is widely accepted
that GRBs are produced by a self-interacting relativistic outtlow
(““internal shocks,” e.g., Fenimore etal. 1996) that heats and shocks
the surrounding medium (“*external shocks™) to form a long-lasting
afterglow at longer wavelengths (Mészaros & Rees 1997; Sari &
Piran 1999). Transient emission from a “reverse shock,” which
propagates backward toward the central engine in the shock frame,
can also be produced. Despite an early indication to the contrary
from GRB 990123 (e.g., Akerlofetal. 1999), the reverse shock
does notappear to be a common feature in the early optical data
(see also McMahon et al. 2006). Primarily due to the larger phys-
ical size, the external shocks are expected to generate smoother
light curves, and the ~10% of GRBs with smooth time histories
may require only external shocks (e.g., McMahon et al. 2004).

However, the growing sample of early afterglow observations
militates against such a simple interpretation. As mentioned
above, the X-ray data (and also some optical data; e.g., Fox et al.
2003b; Wozniak et al. 2005) evidence shock refreshment (Rees
& Meszaros 1998; Sari & Meszaros 2000; Ramirez-Ruiz et al.
2001) or continued central engine activity ( Rees & Mészaros
2000; MacFadyen et al. 2001; Ramirez-Ruiz 2004; Lee &
Ramirez-Ruiz 2002), which can persist for several hundred
seconds or longer (e.g., Nousek et al. 2006). While its physical
size is still small compared to the timescale for synchrotron
cooling, the external shock can cool rapidly. Energy can be effi-
ciently radiated from the shock at this stage (e.g., Sari et al.
1998), prior to the onset of an adiabatic evolution. Depending
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Fig. 2.—The R-band light curve and (V¥ — R), (R — I') colors from KAIT and

Lulin. The best-fit temporal decay indices { o) for the source flux are also shown.
The unfiltered and R-band data are from the GCN (Garimella et al. 2005; Milne
etal. 2005; Nanni et al. 2005; Ruyjopakam et al. 2005; Rykof et al. 2005; Sharapov
et al. 2005; Smith et al. 2005). [See the electronic edition of the Jowrnal for a
color version of this figure.]

on the breadth of the shock shell, which depends on the duration
of the period of internal shock generation, the internal shock
emission can overlap with the external shock emission. Below,
we use the exquisitely sampled data for GRB 051111 to dis-
entangle the early-time emission components and also to study
the dust and gas properties of the host galaxy.

2. OBSERVATIONS AND DATA REDUCTION

At 05:59:41.4 UT, Swift BAT triggered and localized GRB
051111 (Sakamoto et al. 2005). The 3’ radius error region from
BAT enabled the rapid detection of a new optical source only
26.9 s after the trigger (Rujopakam et al. 2005), while the burst
was still in progress. A barrage of detections in the optical, UV,
IR, radio, and X-ray bands followed. Figure 2 shows a snapshot of
the full data set, interpolated via the modeling below to ¢t = 100 s.

2.1. Gamma- and X-Ray

We downloaded the Swift BAT gamma-ray data from the
Swift Archive.'” The energy scale and mask weighting were
established by running the bateconvert and batmaskutevt
tasks from HEAsoft 6.0.6. Spectra and light curves were extracted
with the batbinevt task, and response matrices were produced
by running batdrmgen. We applied the systematic error correc-
tions to the low-energy BAT spectral data, as suggested by the
BAT Digest Web site,!3 and fit the data using ISIS."*

The Swift XRT X-ray data from five follow-up observations
ofthe GRB 051111 field were downloaded from the Swift Archive
and reduced by running version 0.10.3 of the xrtpipeline re-
duction script from the HEAsoft 6.0.6'° software release. From
there, we bin the data in time, exclude pileup chip regions for each
time interval, account for lost flux due to bad pixels, and produce
spectra using custom IDL scripts (e.g., Butler 2006). The data
cover the time range from 5.56 to 405.29 ks after the burst, with
a total exposure (livetime) of 51.98 ks. Spectral response files
are generated using the xrtmkarf task and the latest calibration

2 See fip://legacy.gsfe.nasa.gov/swift/data.

rift.gsfe.nasa. gov/docs/swift /‘analysis/bat _digest.html.
ace.mit.edu/CXC/ISIS/.

'/ heasarc. gsfc.nasa. gov/docs/software/ lheasoft/.
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TABLE 1 TABLE 2
KAIT Puoromerry orF GRB 051111 LuLin Proromerry oF GRB 051111
t Exposure t Exposure

(s) (s) Magnitude TMag Band (hr) (s) Magnitude TMag Band
15 13.60 0.02 R 42200 300 19.52 0.05 14
15 14.54 0.02 V 4.3154 300 19.12 0.04 R
15 13.57 0.02 1 4.4107 300 18.45 0.04 1
20 14.43 0.02 R 4.5071. 300 20.38 0.07 B
45 15.16 0.03 V 4.6021 300 19.56 0.05 14
45 14.21 0.02 I 46974 300 19.15 0.03 R
45 15.08 0.02 R 48012 300 18.51 0.04 1
60 15.66 0.02 V 49154, i, 300 20.30 0.07 B
60 14.69 0.02 I 5.0085. . 300 20.37 0.08 B
X 60 15.51 0.02 R 51018, 300 20.25 0.07 B
ST8T s 120 15.04 0.02 I 53204, 300 20.32 0.07 B
T34 T il 120 15.94 0.02 R SA157 i, 300 19.54 0.04 14
BO2Z.T s 240 15.49 0.02 I 5.5110 300 19.20 0.03 R
1167.7.. 240 16.40 0.03 R 6.0479. 300 19.76 0.05 14
1448.7.. 360 16.05 0.03 I 6.1435. 300 19.27 0.04 R
1843.7.. . 360 16.86 0.03 R 6.2387. . 300 18.59 0.04 I
28737 i 120 17.27 0.05 R 64037 . 300 20.55 0.06 B
30267 i 120 17.40 0.06 R 64990 .. 300 19.89 0.06 14
K3 Ik T 120 17.36 0.05 R 6.6893. .. 300 19.73 0.05 V
33307, 120 17.41 0.06 R 67846, . 300 20.88 0.08 B
3486.7.. 120 17.49 0.06 R 6.8796. 300 19.86 0.05 14
3639.7.. 120 17.46 0.07 R 6.9813. 300 19.47 0.05 R
3791.7.. . 120 17.51 0.06 R 7.0762. . 300 18.68 0.03 I
39447 120 17.62 0.07 R TAT99 e, 300 20.86 0.08 B
T2729. e, 300 20.73 0.10 B
Notes.—The R-band magnitudes are determined for unfiltered observations T 3662 300 2088 0.10 B
(5 2). We denote with ¢ the elapsed time since the BAT trigger. 75546 300 19.94 0.07 4
7.6479. 300 19.96 0.05 14
7.7926. 300 19.50 0.03 R
database (CALDB)files (ver. 8, 2006 April 27). The spectra are 7.8879. 300 18.78 0.04 T
modeled using ISIS. For each spectral bin, we require a signal- 8.0488 300 20.72 0.08 B
to-noise ratio (S/N) of 3.5. We define S/N as the background- 8.1421 300 21.01 0.14 B
subtracted number of counts divided by the square root of the 8.2365. 300 21.03 0.14 B
sum of the signal counts and the variance in the back ground. We 8.3318. 300 20.25 0.10 4
define the background region as that where the number of counts 8.4257. 300 20.23 0.08 I',
in an aperture the size of the source extraction region is within 2 o sl Eily Al Lk '
of'the median background over the chip in that aperture for one sl Sl = Ll .
BT190. e, 300 19.21 0.06 I

contiguous follow-up observation. For the Photon Count (PC)
mode data, the source aperture is a circle of radius 16 pixels.

2.2, Optical

The robotic 0.76 m KAIT (Filippenko et al. 2001; Li et al.
2003b, 2003 a) at Lick Observatory observed GRB 051111 in a
series of images automatically obtained starting at 05:60:25.2 UT
(43.7 s after the BAT trigger; Li et al. 2005). The sequence in-
cludes a combination of images taken with the Fand 7 filters, as
well as some that are unfiltered (Table 1). The optical transient
first identified by Rujopakam et al. (2005) at o = 230123332,
& = +18°22/29"1 (J2000.0) was clearly detected in each ex-
posure. We began B-, V-, R-, and /-band imaging (Huang et al.
2005a) ofthe GRB 051111 afterglow using the Lulin One-meter
Telescope (Huang et al. 2005b; Urata et al. 2005) at 10:07 UT.
We detected the optical afterglow clearly in each band until
observations ceased at 14:42:06 UT (Table 2).

We find that the combination of the KAIT optics and the
quantum efficiency of the Apogee CCD camera makes the KAIT
unfiltered observations mostly mimic the R band. We determine
a small color correction (Li et al. 2003b, 2003a; Riess et al.
1999) between the unfiltered and R-band photometry of 0.11 +
0.02 mag using the (}* — R)and (R — ') color information from
the Lulin observations.
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Note.—We denote with ¢ the elapsed time since the BAT trigger.

We use point-spread function (PSF) fitting through the IDL
DAOPHOT'® package to reduce our data. Only unsaturated and
spherically symmetric sources within a given CCD exposure
are used to model the stellar PSF for that exposure. The absolute
photometric calibration for KAIT is determined using more
than 10 Landolt (1992) fields observed on November 24 UT at
a range of air masses. The Lulin photometry is calibrated using
Landolt (1992) fields PG 0231+051, SA 92, and SA 97, and also
cross-checked using the KAIT standard star observations.

2.3. Near-IR and UV

After initially poor transmission conditions (i.e., clouds) at
Mount Hopkins, we obtained a total imaging exposure of 188 s on
the field of GRB 051111 before hitting a telescope limit. In simul-
taneous observations with PAIRITEL (Bloom et al. 2006) we
measure magnitudes of the Rujopakarn et al. (2005) transient of

J =1655+0.03, H = 1585+ 0.04,and K, = 15.29 £ 0.06

(Bloom etal. 2005), relative to the Two Micron All Sky Survey

1% See http://idlastro.gsfc.nasa gov.
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Fig. 3.—Multicolor light curve of GRB 051111 from KAIT and Lulin. The fit

residuals for the Lulin data are plotted in the inset. [See the electronic edition of

the Journal for a color version of this figure.]

(2MASS). The data were taken from 07:23:29 to 07:28:26 UT,
centered 1.44 hr after the BAT trigger.

We refine the Swift UVOT photometry ( Poole et al. 2005) in the
V, B, and U bands by employing a tight extraction region in order
to maximize the S/N (see Li et al. 2006). We find V7 = 19.38 +
0.15(t = 16,298-17, 198 s post BAT trigger), B = 20.04 £ 0.10
(t = 11,237-12,136 s post BAT trigger), and U = 19.81+ 0.12
(t =10,329-11, 229 s post BAT trigger). These numbers are con-
sistent with those of Poole et al. (2005) but with considerably
smaller error bars. We extrapolate the Galactic extinction curve
(Schlegel et al. 1998) into the UV in order to perform the fitting
for the UVWI1, UVM2, and UVW2 bands below.

3. FITS TO THE DATA
3.1. Optical Light Curve and Lack of Color Change

As shown in Figure 2, the KAIT R-band data are well fit by a
broken power law with f,; = (700 & 260) s (y2/v = 5.61/11).
The best-fit flux decay indices are shown in Figure 2. The fit is
statistically unacceptable without the break (y2/v = 65.15/13,
@ = 0.83 & 0.01). Including the Lulin R-band data in the fit,
the model parameters do not change, but the fit quality degrades
(x2/v = 38.9/20). Similar fit qualities are found for the data in
the B, ¥, and [ bands by applying magnitude offsets to the best-
fit R-band model (x%/v = 27.0/11, 54.1/13, and 64.0/10, re-
spectively). From the fits, we derive the following afterglow
colors: (B —R)=0.97+0.02, (V- R)=0.37+ 0.01, and
(R—1T)=0.80+£ 0.01 mag, corrected for Galactic extinction
(Schlegel et al. 1998).

The (R — 1) and (V — R) colors, without the Galactic ex-
tinction correction, are plotted in the insets of Figure 2, and the
multiband data are plotted in Figure 3, along with the fits. The
KAIT and Lulin data are consistent with no color evolution, and
the light-curve break is most likely achromatic. From the (V' — I')
colors before and after the break, we derive a change in the
spectral index 63 < 0.38 (3 o). Figure 3 displays another in-
teresting characteristic of the data: there are strong residuals in
the Lulin data with 8¢/t = 0.1 relative to the broken power-law
fit, and these are correlated across spectral bands.

As we discuss further below, the PAIRITEL data, as well as
the available data from the Gamma-ray bursts Coordinates
Network (GCN) in the optical and UV, are consistent with the
broken power-law decay, modified by dust absorption.
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3.2. Gamma- and X-Ray

The BAT gamma-ray light curve exhibits a characteristic
FRED-like (““fast rise exponential decline™) time decay, with
duration Ty =~ 30 s. From a wavelet analysis, we determine the
start of'the burstas 7.17 s prior to the BAT trigger ( Fig. 6). From
this point onward, we use this time as the beginning of the burst.
This has the effect of increasing the initial optical decay index
from 0.77 to 0.81 (Fig. 2) but does not affect any of the other
results above. The 15—-150 keV spectrum from the beginning of
the burst to 40 s later is adequately fit by a power law with photon
index I' = 1.27 &£ 0.05 (x2/v = 53.65/51). The model fluence in
the 15-100 keV band is (2.1 = 0.1) x 10~% ergs cm~2. The fits
are consistent with those reported by Sakamoto et al. (2005) and
Krimm et al. (2005), where a modestly longer burst-time extrac-
tion region is applied.

There is a significant amount of spectral evolution, com-
paring the time prior to burst peak to the time postpeak. For the
burst rise from 0 to 10 s, we find [’y = 1.11 £ 0.07 and
Fis gev = (0.48 £ 0.04) mly (x*/v = 49.35/51). For the burst
decline from 10 to 40 s, wefind I'; = 1.38 £ 0.08 and Fi5 kev
(0.31 = 0.03) mly (x?/v = 41.15/45). The photon index for 20—
40s (I3 = 1.4 £ 0.1, x*/v = 29.28/31) is consistent with the
10—40 s value, indicating that this value provides a reasonable
characterization for the full decline phase. The burst was also
observed by the Suzaku Wideband All-sky Monitor (WAM ;
Yamaoka et al. 2006) and found to have a similar time profile
as that from Swift, a consistent time-integrated spectral slope
(I' =154 0.3), and a fluence in the 100-700 keV band of
(8.4 & 0.8)x 1076 ergs cm™2 ( Yamaoka et al. 2005). Combin-
ing the fluence determinations from Swift and Suzaku, we find
a 15-700 keV fluence of (1.05 £ 0.08) x 107° ergs cm ™. Be-
cause the peak vF,, energy for this burst has not been measured,
the bolometric fluence could be substantially larger than the 15—
700 keV fluence. Assuming that all the prompt photons have been
accounted for, a lower limit on the isotropic equivalent energy
emitted in the host frame at z = 1.55 (Hill et al. 2005) is Ejy,
6.2 x 107 ergs. Here and throughout, we assume a cosmology
with (h, Qm, Q4) = (0.71,0.3,0.7).

The X-ray light curve in the 0.3-10.0 keV band is reason-
ably well fit (y2/v = 38.7/32) by a power-law model with «

1.6 £ 0.1. The spectrum in the same band contains 573 counts
and is well fit (xy2/v = 43.61/36) by an absorbed power law
with photon index I' = 2.3 £ 0.2, absorbing column Ny
(1.8 £0.4) x 102! cm™2, and unabsorbed flux (5.0 £ 0.5) x
10-12 ergs em™2 s~!, for the time period 5.56—-405.29 ks after
the GRB. We use the corresponding average spectral flux at 1 keV,
(6.6 & 0.9) < 1072 ply, to translate the XRT count rate to mi-
crojanskys below. The absorption is greater than the inferred
Galactic value in the source direction (Ny gy = 5 x 10°? ecm™;
Dickey & Lockman 1990) at 4.1 & significance (Ax? = 16.48,
for 1 additional degree of freedom). At redshift z = 1.55 (Hill
etal.2005), the excess columnis (7 & 4) x 10*! cm~2, allowing
for a 20% uncertainty in the Galactic column. We find no evidence
for =1 o significant emission lines in the spectrum. These fits are
consistent with the preliminary fits reported by La Parola et al.
(2005).

4. DISCUSSION
4.1. Late-Time Broadband Afterglow Modeling

After ¢ == 10 s, the broadband afterglow data are well de-
scribed by the external shock synchrotron model (Paczynski &
Rhoads 1993; Katz 1994; Waxman 1997; Wijers et al. 1997),
We do not attempt to model the slowly decaying, early optical
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Fis. 4—Data for ¢ = 700 s well fit by a synchrotron external shock model.
The optical, UV, and IR data are scaled to R band using the best-fit synchrotron
shock plus absorption model (Table 3; Ag oy = 0.72 mag; Fig. 5). All data in-
clude a 10% systematic error added in quadrature to the statistical error. The dip
near 10* s is seen in the R-band data as well as in the UVOT data and the data
from PAIRITEL (% 4.2). We include the GCN data ( Frail et al. 2005; Garimella et al.
2005; Milne et al. 2005; Nanmni et al. 2005; Poole etal. 2005; Ruyjopakam et al. 2005;
Rykoff et al. 2005; Sharapov et al. 2005; Smith et al. 2005), in addition to the data
from KAIT, PAIRITEL, Lulin, and Swift. All data are corrected for Galactic ex-
tinction (Schlegel et al. 1998).

light curve orthe achromatic (ornearly so) optical break discussed
above, nor do we fit for the BAT data or the apparent fluctuations
in the optical at¢ =~ 6000 s (Fig. 3) atthis stage. These features are
discussed below. Due to the fluctuations in the optical about the
best-fit model at ¢ ~ 10% s, we are also forced to add a 10% sys-
tematic uncertainty component in quadrature to the statistical un-
certainty of each data point, in order to obtain an acceptable fit
(*/v = 118.1/103, ¢t = 700 s). Figure 4 shows the best-fit
model, plotted over the radio, optical, UV, IR, and X-ray data at
t =700 s. In § 4.2, we describe the modeling of the host-frame
extinction by dust, which has been taken into account (Fig. 5) in
the figure so that the data in the optical, UV, and IR appear on
one common curve.

Because the optical time decay is shallow and the X-ray decay
is steep, we expect and observe the data to be well fit by a uni-
form density, interstellar medium (ISM) model. A model with
n o< R72, describing the expected density contours for a pro-
genitor star with a significant wind, would exhibit a synchrotron
cooling break frequency v, that increases in frequency with
time (Chevalier & Li 2000). This leads to shallower decays at
high versus low energy, opposite to the behavior of the ISM
model. For the constant-density model, the optical and X-ray
decay indices (agy = —0.96 £ 0.04, ax = —1.6 £ 0.1) and
the X-ray energy index ( Jx = —1.3 & 0.2) constrain the power-
law index p describing the energy distribution of synchrotron-
emitting electrons: p = 2.35 £ 0.05 (e.g., Sari et al. 1998). In the
best-fit model, the synchrotron cooling break lies between the
optical and X-ray bands during the observation. The predicted
value for the optical energy index is Fop = —0.68 £ 0.03.

The model contains four additional free parameters (e.g., Sari
et al. 1998): 1., €., €z, and n, the efficiency factor relating the
shock energy to the energy released in gamma rays, the fractions
of equipartition energy going into the electrons and magnetic field
B, and the density n, respectively. These are constrained by the
three observed radio, optical, and X-ray fluxes and by the equation
describing the time evolution of the synchrotron spectral peak
frequency v, If we assume that the peak in the synchrotron
spectrum passes through the optical band at the same time the
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Fic. 5.—(a) SED for the optical, IR, and UV data interpolated to t = 5200 s
after GRB 051111, All data are corrected for Galactic extinction (Schlegel et al.
1998). The dashed curve is a power law with (energy) index 7 = —0.68, the best-
fit value found from the synchrotron shock modeling. The other curves represent
fits of the empirical extinction models from Pei (1992) with the models labeled in
the legend and discussed in § 4.2 (b) Posterior probability for 4y and Ry, using
the Reichart (2001) model prior. The 1 and 2 o confidence contours are over-
plotted. [See the electronic edition of the Joumal for a color version of this figure.]

light curve breaks (¢ = 700 s), as might be expected if the early
optical light curve is dominated by the internal shocks, then we
derive the parameters listed in Table 3. As we describe below,
the prebreak optical light curve may also be due to external
shocks, in which case we only have an upper limit on the passage
time £, op; for the synchrotron peak through the optical bands.
Aside from g, the model parameters are sensitive to (and roughly
linearly proportional to) £, oy ( Table 3).

4.2. Optical/IR/UV Spectral Enerqy Distribution

A tight constraint can be placed on the optical absorption
considering only the observed optical / X-ray spectral flux ratio
Fy—pobs/Fy—1 kev =467 £2, at t = 2 x 104 s in the observer
frame. Here, the X-ray flux is corrected for absorption. Allowing
for the possibility that the synchrotron cooling break (v.) is be-
tween the observer-frame R band, g, obs, and 1 keV in the observer
frame, 1/ ..v» the observed optical to X-ray flux is (e.g., Galama &
Wiiers 2001)

1/2—3 —-1/2
Fu—R,(}bs o Vigev) =~ ™ Ve i lU_{]AAR”M (l)
Fi.-'—l keV VR obs VR obs :

TABLE 3
Broapeanp Fit Paramerers For Constant-Density ISM

Parameter Value

6.2 x 10°? ergs (fixed)
3.46 = 10%% cm (fixed)
1.55 (fixed)
(2.1 £ 0.3)[ty,opt/(700 )] £ 003
2.35 + 0.05
(0.03 £ 0.01)[tyy o/(700 5)]'-12 £ 005
(0.02 £ 0.01) [ty /(700 5)] 7011 £ 015
(0.8 =£ 0.5) [ty /(700 5)]"86 £ 012 ¢ =3

Note—The fitin Fig. 4 uses t,, ;, = 7005 for the passage of the
synchrotron peak frequency through the optical.
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where Ag o, is the absorption at R band in the observer frame.
The constraint on 3, derived above for the constant-density
model leads to Ag ghs < 1.35 mag. For the wind-density medium,
there cannot be a spectral break due to the rapid X-ray versus
optical light-curve decline, and we have 4 ghs 6.8 — 6.7.
This relation can only be satisfied with positive absorption if

Bopt > 1. This is just possible in the wind scenario for v, <
VR obs» IMplying p = 1.6 = 0.1 (Chevalier & Li 2000) and 4 g gps <
0.1 mag. The rest-frame extinction in the ¥ band (i.e., 5556 A),
Ay, will be a factor of a few times smaller than this, depending
on the extinction law.

Figure 5a displays extinction-law fits to the optical /IR/UV
spectral energy distribution (SED) interpolated to 5200 s. We
interpolate all data using the broken power-law fit determined
for the unfiltered KAIT and R-band Lulin data (Fig. 2). We
choose 5200 s so that little interpolation is required for the IR or
UV data. Because there is a prominent departure in the IR, optical,
and UV light-curve data from the fit curve in the time interval
5% 10°~1.2% 10* s in Figure 4 (see also Fig. 2), which can be
modeled with a single magnitude offset of ~0.6 mag from the
power-law curve, we must include a variable offset in the SED
fitting to describe the flux offset in this time interval. (Expla-
nations for this behavior are discussed below.) In addition, we
use the constraint derived above for the (unabsorbed) optical
energy index (3.

We begin by fitting the empirical Milky Way, Large Magellanic
Cloud (LMC), and Small Magellanic Cloud (SMC) extinction
curves of Pei (1992). The fits (Fig. 5a) yield rest-frame V-band
extinction values of 4y = 0.38 £ 0.15 (x*/v = 12.23/7),0.35 +
0.08 (x*/v = 5.96/7), and 0.23 & 0.07 (x*/v = 4.32/7) mag,
respectively. The excellent fit of the SMC model and the poor fit
of the Galactic extinction model point toward a weak 2175 A
dust “bump” and an increased level of far-UV extinction rela-
tive to that found in the Galaxy. In addition, we fit the data using
the general, eight-parameter family of models from Fitzpatrick
(1999), focusing on variations in 4y and the ratio of total to
selective extinction, Ry = Ay /E(B — V). In order to fold in prior
knowledge of physically realistic values for Ry while not sup-
pressing possible variations in the other parameters describing
the extinction curve (e.g., the magnitude of the dust bump,
which we marginalize over), we exploit the Reichart (2001)
prior. The best-fit extinction curve has 4y = 0.2 + 0.1 mag, in
agreement with the SMC value determined above, and Ry
2.0 + 1.0(x?/vv = 4.9/6). The model extinction at R band in the
observer frame is Agobs = 0.7 £ 0.1 mag, consistent with the
value derived above from the optical/X-ray flux ratio alone.
Finally, we note that the extinction curve of Calzetti et al. (2000)
provides a poor fit ( x2/1» = 9.42/6, with best-fit 4 = 0.24 mag,
Ry =2.0).

Standard Galactic dust has Ry = 3.1 (Sneden et al. 1978), and
the low inferred Ry (see also, e.g., Krisciunas et al. [2000] for the
appearance of such values in the SEDs of supernovae) implies a
dust grain distribution skewed toward fine grain sizes. The pos-
terior probability contours in Figure 5h show 4y < 0.45 mag
(2 o). Larger values of Ay =~ (.5 = 3 mag are possible if we
relax the constraint on (3, and allow positive values; however,
these models are inconsistent with the temporal decay observed
in the light curve and cannot produce the observed optical / X-ray
flux ratio. For the wind-density medium, which is excluded by
the rapid X-ray versus slow optical flux decay unless the early
X-ray light curve is actually dominated by low-level flaring, the
spectral slope can be as shallow as oy 0.3 (. above the
X-ray band, in conflict with the constraint derived above from
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the optical/X-ray flux ratio). But this has little effect on the in-
ferred 4y, and we find 4y < 0.5 mag (2 o).

Both the SED fits and the optical/X-ray flux ratio demand a
considerably smaller dust column than we infer from the soft
X-ray absorption (§ 3.2) or from detailed modeling of the GRB
051111 optical spectrum. The Galactic Nyy-4yrelation (Predehl
& Schmitt 1995) and the observed X-ray column imply 4
4 4+ 2 mag. (One caveat here is that XRT low-energy calibration
efforts are ongoing.)'” This indicates that the ISM exhibits a
low dust-to-gas ratio, similar to the SMC, which is ~8 times
smaller than Galactic ( Bouchet et al. 1985; Pei 1992). Another
contributing factor could be an overabundance of the light
metals (which dominate the opacity at soft X-ray wavelengths;
Morrison & McCammon 1983), as also suggested by optical
spectroscopy in the case of GRB 050401 (Watson et al. 2006).
Similar to GRB 050401, the Keck HIRES spectrum of GRB
051111 (Prochaska et al. 2005; Penprase et al. 2006; Prochaska
2006) exhibits strong absorption lines in the trace element Zn
[implying log (Ny,gs) = 21.2 £ 0.2, for solar metallicity], which
combines with the inferred light-metal column from the X-ray
data to imply a factor of 4.0#3 overabundance in the multiple-
«v elements relative to the Fe-group elements. Because of the
saturation of the Zn absorption in the Watson et al. (2006) GRB
050401 spectrum and because Zn is only a trace element and does
not contribute directly to the opacity (e.g., at X-ray wavelengths),
this possibility should be approached cautiously.

In a separate paper, we plan to study in more detail the X-ray
absorption in this burst relative to the absorption properties
determined from the optical spectroscopy. From the metal abun-
dances inferred from the GRB 051111 Keck spectrum (e.g., Si/ Fe
or Zn/Fe), we find evidence that the gas is highly depleted by dust.
There is also marginal evidence that the light-metal column
[in gas form, log (N, gas) = 21.070 1, from log (Ng;+) = 16.6%07]
may be a factor of ~10 smaller than that inferred from the X-ray
data. Itis not clearhow these column densities are to be reconciled
with the constraints imposed by the optical and X-ray SED and
the soft X-ray absorption. The Keck spectrum shows, for ex-
ample, Ng== < Ng;=, which argues against an explanation in
terms of a significant ionization of'the column. The large X-ray
column is probably not significantly due to intervening systems
[a Mg n absorber in the optical spectrum atz = 1.189 only con-
tributes log (Ny) =~ 19.5].

4.3. External Shock Origin for the Early Optical
Light Curve and GRB?

From the optical colors, we derive above a stringent constraint
on the change in the spectral slope across the break at ¢ = 700 s,
which excludes an explanation based on a passage through the
spectral bands of the synchrotron cooling break ( vielding A4
0.5; e.g., Sari et al. 1998). The most commonly invoked cause
of achromatic breaks—flux decrements due to finally viewing
the edge of the sideways-expanding GRB jet (e.g., Rhoads
1999)—is ruled out here by the mildness of the break (Aa
0.19 £ 0.04) and by the extremely slow optical fade after the
break. Another possible explanation, which grafts directly onto
the ¢ > 700 s solution discussed above, is that the density prior
to the break is increasing with radius. A decreasing density, as
for a wind medium (e.g., Rykoffetal. 2004), does not work be-
cause the flux increase due to the decreasing optical absorption

17 See http://swift.gsfc.nasa.gov/docs/swift/analysis/xrt_ digest.html.
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is overcompensated by the decrease in synchrotron flux with
radius. We would also expect to see a strong color change due
to the changing absorbing column. For the increasing-density
model, the absorbing matter close to the burst is unimportant,
and there is little expected evolution in the absorption with time.,
The prebreak decay is shallower by Aa = s/(8 + 2s), for a
density rising as #n o< R° and s = 4 £ 2. This is because the flux
between the synchrotron peak frequency and the cooling break
is proportional to the synchrotron peak frequency 1A7~12 times
the peak flux F,, (e.g., Sari et al. 1998). The frequency v, is
independent of s, while F,, o< #¥/®+%) (e.g., Chevalier & Li
2000; Sari et al. 1998). The implied increase in density from
t 2= 30to 10° sisa factor of ~5. Such a picture could potentially
describe the prompt emission via the same external shock that
later generates the afterglow. An external shock explanation for
the prompt emission is motivated superficially by the apparent
smoothness of the GRB (see, e.g., McMahon et al. 2004). Mini-
mally, the model must be able to reproduce the extremely hard
GRB spectrum, with —{3, ~ 0.3-0.5 extending to £ ~ | MeV.
During the Blandford & McKee (1976) evolution stage when
the fireball expands adiabatically, neither the synchrotron peak
frequency (vy,) nor the synchrotron cooling frequency (1) can
decrease more rapidly than =*'? and go from such a high value
at t &= 10 s to the derived values above at ¢ = 10° s. However,
prior to this, during the fireball deceleration phase when the
Lorentz factor I" is expected to be roughly constant, the cooling
frequency will decrease very rapidly, v. oc t=27*'2. Our fits of
this model, however, with an initial Lorentz factor I'y = 700
(e.g., Mészaros & Rees 1997 ) fort < t; = 10s(Fig. 6), show that
the external shocks that generate the optical flux underproduce
gamma rays by a factor of ~10. Synchrotron self-Compton
emission cannot help due to that mechanism’s inefficiency at
small €. (Sari & Esin 2001). A more careful calculation of the
expected GRB flux from the Blandford & McKee (1976) solution
(e.g., Granot et al. 1999), with modifications to the standard
synchrotron spectrum to possibly account for the harder GRB
versus optical spectrum, is beyond the scope of this paper.

4.4. Enerqgy Injection

Refreshed shocks offer a plausible and perhaps better-traveled
explanation (e.g., Nousek et al. 2006) for the flat early light curve.
Figure 6 shows the external shock model discussed above, but
with the addition of a changing shock energy E o (2 for £ < fy.
For a slow-cooling, constant-density synchrotron model between
vm and ve, the light curve drops as P34+ (Sari & Mészaros
2000), where o« = 3(1 — p)/4 is the decay index without energy
injection (e.g., Sari et al. 1998). We derive a = 0.20 &+ 0.05.
Between 60 and 700 s, the shock energy increases by ~60%. If
the energy injection is due to a changing luminosity of the long-
lasting central engine (Rees & Mészaros 2000; MacFadyen
et al. 2001; Ramirez-Ruiz 2004; Lee & Ramirez-Ruiz 2002),
the luminosity goes as t~"#*%! which may be challenging for the
progenitor models (e.g., MacFadyen et al. 2001). If instead the
central engine generated a flow with a power-law distribution of
Lorentz factors I', with the slower shells of material gradually
catching up to the shock, we find M(I") oc I'"1-6%01 (Rees &
Meészaros 1998; Sari & Mészaros 2000; Ramirez-Ruiz etal. 2001).

In the constant-density case, the optical flux is more sensitive
to the energy injection than is the X-ray flux (by a factor Aa
ald; e.g., eq. [2] in Nousek et al. [2006]). If X-ray data were
available for GRB 051111 during the energy injection episode,
we could therefore verify and possibly better test the scenario.
Long-wavelength observations are particularly important for
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Fig. 6.—Early optical and prompt gamma-ray data fit with two variations on

the external shock model: energy injection prior to ¢ = 700 s with Eg, oc ¢%2

(solid lines) and an increasing density n oc R* prior to ¢ = 700 s (dashed lines).
Due to an assumed constant initial Lorentz factor I'y = 700, all curves rise prior
to the estimated deceleration time ty = 10 s. Neither model reproduces the
strong gamma-ray flux. The best-fit power law for the prompt light-curve de-
cline (F, o ~14#0:1) s shown as a dotted line and is also scaled by a factor of
350 to match the first three optical data points. Here, we assume that the syn-
chrotron peak frequency crosses the R-band central frequency atty = 70s (e.g.,
Table 3), which is an upper limit. We include the GCN data ( Milne et al. 2005;
Rujopakarnet al. 2005}, in addition to the data from KAIT and Swift. All data are
corrected for Galactic extinction (Schlegel et al. 1998). The optical data are
shown mapped in frequency to the R band using the best-fit shock plus ab-
sorption model (Table 3; Ag,p, = 0.72 mag; Fig. 5).

testing the claims of strong energy injection episodes (Aa = 1),
inferred from the X-ray data alone (Nousek et al. 2006).

4.5. The Optical Flux as Reprocessed Prompt Emission

Similar to what was found above for the increasing-density
model, the GRB flux at 15 keV in the energy injection scenarios is
~10 times brighter than the expected flux from the external shock
(solid line in Fig. 6). There is a possible steepening ofthe light-
curve decay near ¢ =2 60 s apparent from ROTSE (Rujopakamn
etal. 2005), Super-LOTIS (Milne et al. 2005), and the first KAIT
observation ( Fig. 2). This early flux decline is too steep, even
assuming that energy injection has not yet begun to occur at this
epoch. These three data points therefore suggest that the earliest
optical flux is dominated by emission from the GRB.

The dotted curve in Figure 6 shows a power-law fit to the
gamma-ray data overplotted on the optical. The implied broad-
band slope is Fop— 0.7, consistent with the afterglow spec-
tral slope in the optical but marginally inconsistent with the
prompt gamma-ray spectral slope (§ 3.2). Ifthere is a time delay
for the reprocessing of the gamma-ray photons as has recently
been proposed ( Vestrand etal. 2006), this isa coincidence, and the
broadband slope could easily be consistent with the gamma-ray
spectral slope. In any case, for this and the rising-density model
discussed above, the synchrotron peak frequency passes through
the optical quite early (¢ = 60 s), implying a very inefficient
transfer of the shock energy to the synchrotron-emitting elec-
trons (Table 3), which may also be true for the prompt emission.

4.6. Light-Curve Variability

The optical light curve at r = 10* s (Fig. 3, inset: § 3.1) and
the optical /IR /UV light curve in the range 5 x 103-1.2 % 10*s
show evidence for residual variability at the =30% level, with
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dt/t = 0.1. There is little evidence for spectral change during
the variability. Such variability may be common and has been
seen previously for well-sampled GRB afterglows. The light
curve of GRB 021004 (Shirasaki et al. 2002) displayed several
prominent bumps ( Bersier et al. 2003; Mirabal et al. 2003; Fox
etal. 2003b). The exquisitely sampled light curve of GRB 030329
(Lipkin et al. 2004; Vanderspek et al. 2003) displayed prominent
departures from a broken power-law fade, even when the under-
lying supernova emission was subtracted away (Bersier et al.
2003).

Nakar et al. (2003) explore several possible explanations for
the variability in GRB 021004 and find that an explanation in
terms of refreshed shocks, a nonuniform (or “patchy’) GRB
jet, or variations in the external density (see also Wang & Loeb
2000; Dai & Lu 2002; Lazzati et al. 2002) are all possible.
Granot etal. (2003) carry out a similar analysis for GRB 030329
and suggest that density variations are unlikely to be responsible
for the optical variability due to the apparent passage of the syn-
chrotron cooling break through the passband (e.g., Bersier et al.
2003). Late-time variability after an apparent jet break also argues
against the patchy jet model, although that model could still de-
scribe the variability observed at earlier times.

For GRB 051111, the variability occurs during the phase
(t = 700 s) when the afterglow appears to be well described by
external shocks. We believe that this favors an explanation in
terms of density variation in the surrounding medium. Because
the X-ray data are not expected to be affected by small varia-
tions in the density, this explanation is backed up by the quality
of the X-ray fit with a single temporal power law, although the
X-ray error bars are ~30%. Recently, Guidorzi et al. (2005) argue
that density enhancements can explain an achromatic optical
light-curve bump in data taken 3 minutes after GRB 050502A.
More finely sampled data, with broad spectral coverage, will be
required to pin down the true source of this variability in GRB
afterglows.

5. CONCLUSIONS

We have presented a thorough analysis of the rich broadband
data available for Swift GRB 051111, with a focus on the early,
multiband optical data from KAIT and Lulin. The optical data
prior to ¢ = 700 s show a very flat decline, with little or no evi-
dence for a color change as compared to the data after f = 700s.
The data at t = | minute to several hours after the GRB are well
fit using a simple, modified external shock model with absorp-
tion by gas and dust. The modeling entails energy injection or a
rapidly increasing density profile with radius, prior to the break
time. At later times there are large (Z30%), possibly achromatic
modulations in the optical, IR, and UV about the best-fit model.
The modulations appear to be commeon in well-studied optical
afterglows, yet their origin remains mysterious.

The increasing-density model may allow for an external shock
explanation of both the prompt gamma-ray and later emission.
Such an increase in density might be expected if a supernova
(SN) occurred prior to the GRB, as in the “supranova” model
(Vietri & Stella 1998). However, the simultaneity of GRBs and
SNe in the nearby, well-studied cases (GRB 0602 18/SN 20064aj,
GRB 980425/SN 1998bw, GRB 031203/SN 20031w) argues
against this possibility.

On the other hand, slowly declining light curves in the X-ray
band are common and are thought to be due to shock refreshment
(e.g., Nousek et al. 2006), and the GRB 051111 observations from
KAIT show that this emission can also dominate the optical light
curve at early times. In fact, the optical light curve for this event,
which shows a rapid early decline, followed by a leveling off
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and then a moderate decline typical of those found in the past
and modeled with external shocks, appears quite similar to the
“canonical” behavior observed in the X-ray band and reported
by Nousek et al. (2006). Perhaps there is a canonical optical
afterglow behavior, too. (As a counterpoint, the early optical
behavior reported for GRB 060206 [ Monfardini et al. 2006;
Stanek et al. 2006] and GRB 060210 [Stanek et al. 2006] ap-
pears quite different from that here.)

An important feature of the GRB 051111 optical afterglow is
the lack of aturnover in the optical decay rate at early times. We
do not detect the peak in the synchrotron spectrum passing
through the optical bands. Consonant with a lower than average
X-ray flux at late times, this leads to a low value for the fraction
(assuming constant equipartition) of shock kinetic energy winding
up in the synchrotron-emitting electrons, €, = 0.3%. Such a low
value for €, is uncommon, but not unheard of, in GRBs (see, e.g.,
Panaitescu & Kumar 2002). The very low value may indicate a
wider diversity than previously suspected in the microphysical
parameters from GRB to GRB (see also Berger et al. 2003). Aside
from the low €, value, the derived external shock parameters are
comparable to those previously found.

It is important to stress that whether we find €, &~ 0.3% or
2=3% depends on the deconvolution of the early data into prompt
internal shock and afterglow external shock components. Our
favored smaller €, arises if the synchrotron peak frequency has
passed through the optical well before the break at 1 &~ 700 s, in
which case mild energy reinjection into the shock can explain
the gradually decaying light curve. To getthe larger ¢, value, the
light curve prior to ¢ ~ 700 s must be dominated by the GRB
and not by the external shocks that dominate after ¢t ~ 700 s.
Otherwise, the early light curve would be rising rather than
declining. In any case, reverberations of the prompt emission
reprocessed into optical radiation (e.g., Vestrand et al. 2006)
appear to be required to explain the earliest few optical data
points for GRB 051111. It does not appear to be necessary to
invoke reverse-shock emission (e.g., Akerlof et al. 1999; Li etal.
2003a), which is expected to produce time decays more rapid than
those observed.

The absorption at IR, optical, and UV wavelengths in the ob-
server frame is well fit by an SMC extinction curve. Little ev-
idence for the 2175 A dust “bump” and an excellent fit of the
SMC extinction profile are common features in optical GRB
afterglow spectra (e.g., Vreeswijk et al. 2004; Jakobsson et al.
2003; Savaglio & Fall 2004; Watson et al. 2006). Combined
with the soft X-ray absorption measurement, there is an implied
low dust-to-gas ratio and a possible overabundance of the light
metals relative to the Fe-group metals. This has also been ob-
served for GRB 050401 ( Watson et al. 2006). The light-metal
overabundance works against a direct association with an SMC-
like environment, because the SMC has a metallicity ~1/10 times
solar (Pei 1992).

The SED fitting also implies a low ratio of total to selective
extinction, Ry == 2. This is a clue that the absorbing medium
exhibits unusual dust properties. The work of Galama & Wijers
(2001) establishing large typical Ny/4y values has led to sus-
picions that GRBs could destroy dust out to distances R =~ 20 pc
(see also Waxmann & Draine 2000; Fruchter et al. 2001; Draine
& Hao 2002; Pemna & Lazzati 2002; Pema et al. 2003). The
small dust grains are preferentially destroyed, creating a flat (or
“gray’’) extinction curve (Galama & Wijers 2001; Savaglio &
Fall 2004; Stratta et al. 2005). A small Ry, however, suggests
small dust grains are dominant, and our SED is very curved.
These facts argue against the GRB playing a direct role in de-
fining the extinction properties. The unchanging optical color
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implies that the absorbing column is not local to the GRB (i.e.,
R = 0.1 pc) and may be associated with a nearby giant molecular
cloud or the GRB host galaxy. Time-resolved spectroscopy in the
optical and X-ray bands is of utmost importance for answering
these questions.

For GRB 051111, as for a few other Swift events for which
ground-based observers have been fortunate enough to capture
early data, there is an emerging complicated interplay between
the GRB and the subsequent shocking of the external medium,
It is critical that more long-wavelength data be taken and pub-
lished for other GRBs in order to facilitate modeling similar
to that performed above. Only with such a disentangling of the
competing emission processes can we hope to answer open
questions regarding which shock components are truly the most
important and what microphysical parameters define the shocks
and characterize the transition from internal to external shocks.

BUTLER ET AL.

. 652

N. B. gratefully acknowledges support from a Townes Fel-
lowship at the University of California Berkeley Space Sciences
Laboratory, as well as partial support from J. S. B. and A. V. F.
The work of A. V. F.’s group is supported by NASA Swifi grants
NNGO5GF35G and NNGO6GI86G. 1. S.B., J. X.P.,and H.-W. C.
are partially supported by NASA Swifi grant NNGOSGF55G.
KAITand its ongoing research were made possible by generous
donations from Sun Microsystems, Inc., the Hewlett-Packard
Company, AutoScope Corporation, Lick Observatory, the Na-
tional Science Foundation, the University of California, the Sylvia
& Jim Katzman Foundation, and the TABASGO Foundation.
This work is partly supported by grants NSC 94-2752-M-008-
001-PAE, NSC 94-2112-M-008-002, and NSC 94-2112-M-
008-019. Y. U. acknowledges support from the Japan Society
for the Promotion of Science (JSPS) through JSPS Research
Fellowships for Young Scientists.

REFERENCES

Akerlof, C., et al. 1999, Nature, 398, 400

Berger, E., Kulkami, S. R., & Frail, D. A. 2003, Apl, 590, 379

Bersier, D., et al. 2003, Apl, 584, L43

Blake, C. H., et al. 2005, Nature, 435, 181

Blandford, R. D., & McKee, C. F. 1976, Phys. Fluids, 19, 1130

Bloom, J. S, et al. 2005, GCN Circ. 4256, http:/gen.gsfe.nasa.gov/gen3/
4256.gen3

. 2006, in ASP Conf. Ser. 351, Astronomical Data Analysis Software
and Systems XV, ed. C. Gabriel et al. (San Francisco: ASP), 751

Bouchet, P, et al. 1985, A&A, 149, 330

Butler, N. 2006, ApJ, sumbitted {astro-ph/0604083)

Calzetti, D., et al. 2000, Apl, 533, 682

Chevalier, R. A., & Li, Z.-Y. 2000, Apl, 536, 195

Dai, Z. G., & Lu, T. 2002, Apl, 565, L87

Dickey, J. M., & Lockman, F. J. 1990, ARA&A, 28, 215

Draine, B. T., & Hao, L. 2002, Apl, 569, 780

Fenimore, E. E., Madras, C. D., & Nayakshin, S. 1996, ApJ, 473, 998

Filippenko, A. V., et al. 2001, in ASP Conf. Ser. 246, Small-Telescope As-
tronomy on Global Scales, ed. W. P. Chen, C. Lemme, & B. Pacynski (San
Francisco: ASP), 121

Fitzpatrick, E. L. 1999, PASP, 111, 63

Fox, D. W, et al. 2003a, Apl, 586, L5

. 2003b, Nature, 422, 284

Frail, . A, et al. 2005, GCN Crre. 4270, http://gen. gsfe.nasa gov/gen3/42 70, gen3

Fruchter, A. S., Krolik, J. H., & Rhoads, J. 8. 2001, ApJ, 563, 597

Galama, T. J., & Wijers, R. A. M. J. 2001, ApJ, 549, L209

Garimella, K., et al. 2005, GCN Cire. 4257, http:/gen.gsfe.nasa.gov/gen3/
4257 .gen3

Gehrels, N., et al. 2004, Apl, 611, 1005

Granot, J., Nakar, E., & Piran, T. 2003, Nature, 426, 138

Granot, J., Piran, T., & Sari, R. 1999, Apl, 513, 679

Guidora, C., et al. 2005, Apl, 630, L121

Hill, G., et al. 2005, GCN Circ. 4255, http:/gen.gsfo.nasa. gov/gen3/4255. gen3

Huang, F. Y., et al. 2005a, GCN Circ. 4258, http://gen.gsfe.nasa.gov/gen3/
4258.gcn3

Huang, K. Y., et al. 2005b, Nuovo Cimento C, 28, 731

Jakobsson, P, et al. 2003, A&A, 408, 941

Katz, J. I. 1994, ApJ, 422, 248

Krimm, H., et al. 2005, GCN Circ. 4260, http://gen.gsfe.nasa. gov/gen3/4260.gen3

Krisciunas, K., et al. 2000, Apl, 539, 658

Landolt, A. U. 1992, AJ, 104, 340

La Parola, V., et al. 2005, GCN Circ. 4261, http:/gen.gsfe.nasa.gov/gen3/
4261 . gen3

Lazzati, D., et al. 2002, A&A, 396, LS

Lee, W. H., & Ramirez-Ruiz, E. 2002, Apl, 577, 893

Li, W, et al. 2003a, ApJ, 586, L9

. 2003b, PASP, 115, 844

. 2005, GCN Circ. 4254, http://gen.gsfe.nasa.gov/gen3/4254.gen3

Li, W., et al. 2006, PASP, 118, 37

Lipkin, Y. M., et al. 2004, Apl, 606, 381

MacFadven, A. L, et al. 2001, Apl, 550, 410

McMahon, E., Kumar, P, & Panaitescu, A. 2004, MNRAS, 354, 915

McMahon, E., Kumar, P, & Piran, T. 2006, MNRAS, 366, 575

Meésziros, P, & Rees, M. 1. 1997, Apl, 476, 232

24

Milne, P, et al. 2005, GCN Circ. 4252, http://gen.gsfenasa. gov/gen3/4252 . gen3

Mirabal, N., et al. 2003, ApJ, 595, 935

Monfardini, A., et al. 2006, ApJ, 648, 1125

Morrison, R., & McCammon, D. 1983, Apl, 270, 119

Nakar, E., Piran, T., & Granot, J. 2003, NewA, &, 495

Nanni, D., et al. 2005, GCN Circ. 4298, http://gen.gsfo.nasa gov/gen3/
4298 gen3

Nousek, J. A, et al. 2006, AplJ, 642, 389

Paczynski, B., & Rhoads, J. 1993, Apl, 418, L5

Panaitescu, A., & Kumar, P. 2002, Apl, 571, 779

Pei, Y. C. 1992, ApJ, 395, 130

Penprase, B. E., et al. 2006, Apl, 646, 358

Perna, R., & Lazzati, D. 2002, Apl, 580, 261

Perna, R., et al. 2003, AplJ, 585, 775

Poole, T. S., et al. 2005, GCN Circ. 4263, http://gen. gsfe.nasa.gov/gen3/
4263 .gen3

Predehl, P., & Schmitt, J. H. M. M. 1995, A&A, 293, 889

Prochaska, J. X. 2006, Apl, 650, 272

Prochaska, J. X., et al. 2005, GCN Circ. 4271, http://gen.gsfe.nasa.gov/gen3/
4271.gen3

Ramirez-Ruiz, E. 2004, MNRAS, 349, 38

Ramirez-Ruiz, E., Merloni, A., & Rees, M. J. 2001, MNRAS, 324, 1147

Rees, M. J., & Meszaros, P. 1998, ApJ, 496, L1

. 2000, ApJ, 545, L73

Reichart, D. E. 2001, ApJ, 553, 235

Rhoads, J. 1999, ApJ, 525, 737

Riess, A. G., et al. 1999, AJ, 118, 2675

Rujopakam, W., et al. 2005, GCN Circ. 4247, http://gen.gsfe.nasa.gov/gen3/
4247 gen3

Rykoff, E. S., et al. 2004, ApJ, 601, 1013

. 2005, GCN Circ. 4251, http:/gen.gsfe.nasa.gov/gen3/4251 . gen3

Sakamoto, T., et al. 2005, GRB Circ. 4248, http://gen.gsfe.nasa.gov/gen3/
4248 gen3

Sari, R., & Esin, A. A. 2001, ApJ, 548, 787

Sari, R., & Meszaros, P. 2000, Apl, 535, L33

Sari, R., & Piran, T. 1999, ApJ, 520, 641

Sari, R., Piran, T., & Narayan, R. 1998, Apl, 497, L17

Savaglio, S., & Fall, S. M. 2004, ApJ, 614, 293

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, Apl, 500, 525

Sharapov, D, et al. 2005, GCN Circ. 4307, http://gen. gsfe.nasa.gov/gen3/
4307.gen3

Shirasaki, Y.,
1565.gcn3

Smith, L A., etal. 2005, GCN Circ. 4267, http://gen.gsfe.nasa.gov/gen3/4267.gen3

Sneden, C,, et al. 1978, ApJ, 223, 168

Stanek, K. Z., et al. 2006, Apl, submitted (astro-ph/0602495)

Stratta, G, et al. 2005, A&A, 441, 83

Urata, Y., et al. 2005, Nuovo Cimento C, 28, 775

Vanderspek, R.. et al. 2003, GCN Circ. 1997, http://gen.gsfo.nasa. gov/gen3/
1997.gen3

Vestrand, W. T., et al. 2004, Astron. Nachr., 325, 549

. 2005, Nature, 435, 178

. 2006, Mature, in press (astro-ph/0605472)

Vietri, M., & Stella, L. 1998, ApJ, 507, L45

et al. 2002, GCN Circ. 1565, http://gen.gsfonasa. gov/gen3/




No. 2, 2006 EARLY-TIME BROADBAND MODELING OF GRB 051111 1399

Vreeswijk, P. M., et al. 2004, A&A, 419, 927 Wijers, R. A. M., Rees, M. 1., & Mésziros, P. 1997, MNRAS, 288, L51
Wang, X., & Loeb, A. 2000, Apl, 535, 788 Wozniak, P. R., et al. 2005, Apl, 627, L13

Watson, D, et al. 2006, AplJ, 652, 1011 Yamaoka, K., et al. 2005, GCN Circ. 4299, http://gen.gsfenasa.gov/gen3/
Waxman, E. 1997, Apl, 485, L5 4299 gen3

Waxman, E., & Draine, B. T. 2000, Apl, 537, 796 . 2006, Proc. SPIE, submitted

25



THE AsTrROPHYSICAL JourNaL, 634:L25-1.28, 2007 January 1
@ 2007. The American Astronomical Society. All rights reserved. Printed in U.S. A

MULTICOLOR SHALLOW DECAY AND CHROMATIC BREAKS IN THE GRB 050319 OPTICAL AFTERGLOW
K. Y. Huang,' Y. Urata, 2 P. H. Kuo.! W. H. Ir.! K. Toka* T. Aoki,” C. W. CHEN,'! W. P. CHEN,! M. Tsocal,” H. C. Lin,}
K. Makisuima,>® H. Miro,” T. MivaTta,” Y. Nakapa,” S. Nisuiura,” K. Onpa.? Y. Qiu? T. Sovano,” T. Tamacawa,’

K. Tarusawa,” M. Tasuiro,> anp T. Yosnioka®
Received 2000 June 12; accepted 2000 November 9; published 2006 December 7

ABSTRACT

Multiwavelength observations of the optical afterglow of GRB 050319 were performed from 1.31 to 9.92 hr
after the burst. Our R-band light curves. combined with other published data, can be described by the smooth

broken power-law function, with «; = —0.84 + 0.02 to «a,

—0.48 + 0.03, 0.04 days after the gamma-ray

burst. The optical light curves are characterized by shallow decays—as was also observed in the X-rays—which
may have a similar origin, related to energy injection. However, our observations indicate that there is still a
puzzle concerning the chromatic breaks in the R-band light curve (at 0.04 days) and the X-ray light curve (at

0.004 days) that remains to be solved.
Subject heading: gamma rays: bursts
On-line material: machine-readable table

1. INTRODUCTION

The gamma-ray burst (GRB) afterglow as perceived in the
X-ray, optical, and radio wavelengths is now understood to be
the result of the collision between relativistic ejecta from the
gamma-ray bursts and the interstellar medium (ISM). A com-
parison of afterglow light curves obtained at different wave-
lengths gives us important information about the swrounding
ISM environment and the interaction processes. Such analyses
can also provide essential input for theoretical models. Re-
cently, the pace of this type of activity has quickened signif-
icantly, stimulated by the capabilities of the quick response and
accurate localization of GRBs by the Swiff satellite (Gehrels et
al. 2004). This has meant that the number of GRB optical
afterglow detections in the first several hours after a GRB by
ground-based telescopes has recently increased significantly. It
is interesting to note that the observations by Swift of the early
X-ray emissions from a number of GRBs reveal a canonical
behavior. The X-ray light curves can be divided into three
distinct power-law segments (Nousek et al. 2006). Some X-ray
and optical observations show that the evolution of both light
curves changes at the same time (Blustin et al. 2006; Rykoff
et al. 2006): however, chromatic breaks were also found in
some cases (Fan & Piran 2006: Panaitescu et al. 2006). The
nature of the afterglow early breaks in the light curves is thus
uncertain. A detailed comparison of changes in the evolution
of the optical, radio, and X-ray light curves should therefore
be very interesting. This kind of physical study demands both
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a well-coordinated observational program and careful data anal-
ysis. We use GRB 050319, which has comprehensive obser-
vational coverage in both the X-ray and optical wavelengths
and may be used as just such an example.

GRB 050319 was detected by the Burst Alert Telescope (BAT)
on board the Swiff satellite on 2005 March 19 at 09:31:18.44 UT
(Krimm et al. 2005). However, a reanalysis of the BAT data
showed two flares, indicating that GRB 050319 had already started
137 s before the trigger. The 15-350 keV fluence for the entire
burst duration of Ty, = 149.6 + 0.7 s has been estimated to be
1.6 x 107° ergs cm™>. The X-ray emission of GRB 050319 after
the burst was monitored by the Swiff X-Ray Telescope (XRT)
from 225 s to 28 days.” Two breaks in the emission curves were
found (Cusumano et al. 2006). The initial sharp decline can be
described by a power law with an index of o, = —5.53 = 0.67
to be followed by o, = —0.54 + 0.04 about 0.004 days after
the burst. The unusually flat decline in the second part might have
been caused by continuous energy injection. At about 0.313 days
after the burst, the power-law index changed to o; = —1.14 *=
0.2, which can be readily explained as a jet break or a reduction
in the energy injection (Cusumano et al. 2006; Zhang et al. 2006).

The early optical afterglow emission at 230 s was observed by
the UV/Optical Telescope (UVOT) on Swift (Mason et al. 2006)
and by two ground-based robotic telescopes, ROTSE-III (Robotic
Optical Transient Search Experiment: Quimby et al. 2006) and
RAPTOR (Rapid Telescopes for Optical Response; Wozniak et
al. 2005). The best single—power-law fit of unfiltered data from
ROTSE-II and RAPTOR indicates that = —0.854 + 0.014.
A number of optical observatories have joined the follow-up ob-
servations (Yoshioka et al. 2005: Torii 2005; Sharapov et al. 2005a,
2005b; George et al. 2006; Misra et al. 2003; Kiziloglu et al. 2005
Greco et al. 2005). The spectral measurements of the afterglow
by the Nordic Optical Telescope (NOT) indicate the redshift
z = 3.24 of this event (Jakobsson et al. 2006).

2. OBSERVATIONS AND ANALYSIS

After receiving the GRB alert message from Swiff and after
the afterglow position was reported by Quimby et al. (2006),
the Target-of-Opportunity procedures of the East-Asia GRB

1% The burst time in the article is 09:29:01 44 UT, 137 s before the BAT trigger
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Fic. 1 —Optical light curves of GRB 030319. The solid lines present the best
fit by the smgle powerlaw model (F oc t*) for the B band (o« = —0.36 = 0.06)
and the Iband (o« = —0.52 £ 0.13). The dashed line indicates the best fit by the
smooth broken power law (eq. [1]) with the Fband (o = —0.87 + 021, o, =
—049 =005, , = 0042 = 0058 days) and the R band (o; = —0.84 =
002,y = —048 = 003, 1, = 0.046 + 0.008 days). The dotted lines represent
the break times of X-ray afterglows 0.004 and 031 days after the burst. The two
breaks were not found in X-ray observations, but a mild break seems to exist in
the 7~ and R-band light curves.

Follow-up Observation Network (EAFON: Urata et al. 2005)
were immediately carried out. A series of multiband follow-
up observations were successfully performed by the 1.05 m
Schmidt telescope of the Kiso Observatory in Japan and the
Lulin One-meter Telescope (LOT) in Taiwan. Photometric B
and R images were obtained at the Kiso site with a 2K x 2K
CCD camera (Urata et al. 2005) between 0.055 and 0.326 days
after the burst. A number of parallel B, V. R, and [ images
were obtained by LOT with a PI1300 CCD camera (Kinoshita
et al. 2005) from 0.080 to 0.413 days after the burst.

The standard routine included bias subtraction and dark sub-
traction: flat-field corrections were employed with the appro-
priate calibration data needed to process the data using IRAF.
The signal-to-noise ratio was improved by combing the LOT
B-band data with median filtering. The DAOPHOT package
(Stetson 1987) was then used to perform point-spread function
(PSF) fitting for the GRB images. Four field stars were used
to create a PSF model that was applied to the optical afterglow
of each GRB image. For absolute photometric calibration, we
used calibrated data of the GRB field obtained by Henden
(2005). The photometric error and the systematic calibration
error were included in the magnitude error estimation.'*

3. RESULTS
3.1. Light Curve

Figure 1 shows the multiband light curves of the GRB 050319
afterglow. Besides our B-, V-, R-, and I-band data (Table 1), we
also included the R-band measurements from ROTSE-III
(Quimby et al. 2006), RAPTOR (Wozniak et al. 2005). and
several GRB Coordinates Network (GCN) reports (Greco et al.
20035; Kiziloglu et al. 2005; Misra et al. 2005; Sharapov et al.
2005a, 2005b). In addition, we also made use of several B- and
V-band measurements taken with the Swiff UVOT (Mason et al.
2006). The GCN R-band points were recalibrated using the GRB
050319 field stars reported by Henden (2005), so they could be

U The errors in this article were quoted for a 68% (1 o) confidence level.
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TABLE 1
GRB 050319 OpTicAL AFTERGLOW PHOTOMETRY

Days after GRB* Filter Magnitude® Site
005443 ... R 1901 = 0.08 Kiso
006023 ... ... B 2042 + 0.13 Kiso
0.08037 ... .. vV 19.75 = 0.07 Lulin
010439 ... ... I 1909 = 0.07 Lulin
027821 ................ B 2092 + 0.12 Kiso
033424 ... I 1991 = 0.09 Lulin
040097 ... V 2068 = 0.12 Lulin
041346 ... ... .. R 2020 * 0.07 Lulin

NoTe.—Table 1 1s published in its entirety in the electronic edition of the
Astrophyvsical Jowrnal. A portion 1s shown here for guudance regarding its form
and content.

* The burst time is 2005 March 19, UT 09:29:01 44.

® The magnitudes are not corrected for Galactic extinction.

plotted on the same magnitude scale. The magnitude differences
between the photometric field stars in Henden (2005) and the
USNO-A2.0 and USNO-B1.0 stars are +0.18 and —0.22 mag,
respectively. We remeasured the reference stars from Greco et
al. (2005) from the LOT R-band images and obtained the average
magnitudes and 1ms errors.

After fitting the B-. V-, R-, and -band light curves to a single—
power-law expression F oc ¢, where « is the index and ¢ is the
time after the burst, we get o = —0.56 + 0.06 (x*» = 2.90 for
p = 19) for the B band, o« = —0.65 = 0.03 (x*/r = 2.60 for »
= 27) for the ¥ band, o = —0.59 + 001 (x*r = 53 forpy =
97) for the R band, and o = —0.52 + 0.15 (x%» = 7.7 fory =
9) for the 7 band. This single-power-law fitting indicates that these
light curves, obtained with different filters, have a similar power-
law decay even though the reduced y* values are relatively large.

Since the data sets of the ¥ and R measurements are more
complete, it is possible with following expression to attempt
the fitting of the corresponding light curves with a smoothly
broken power-law function:

2"F,,
[(r”fb )—kcq + (frb) —J'rcng]('.."k) &

Flp, 1) = (1)

where 7, is the break time, o; and o, are the power-law indices
before and after #,. F, , is flux at break 7,. and k& is a smoothness
factor. For the 7 band, we obtain oy = —0.87 * 021, oy =
—0.49 + 0.05, 1, = 0.042 + 0.058 days,and k = —30 (/v =
1.48 for v = 24). For the R band, we obtain «; = —0.84 =
0.02, o, = —048 *+ 003, 7, = 0.046 = 0.008 days, and
k= —21 (*v = 2.24 for » = 90). This result implies a mild
break in both the 7~ and R-band light curves at around 0.04 days
after the occurrence of the GRB.

Taking #, = 0.04 days, we fit the data in the B and 7 bands
to a respective power law before and after the break. In this
manner, we find o, = —0.79 + 0.09 (x¥pr = 1.09 forp = 7);
a, = —0.36 = 0.05 (x¥r = 1.23 for » = 9) for the B band,
and o, = —0.52 = 0.15 (x*/v = 7.7 forr = 9) for the I band.
The best-fit parameters for the B. 7. R, and I bands are sum-
marized in Table 2. Our results show not only the clear presence
of mild breaks in the - and R-band light curves but a flattening
trend after the break. Furthermore, our R-band slope before the
break (o~ —0.84) is in agreement with the corresponding
value derived by Quimby et al. (2006) for the interval between
0.0019 and 0.05 days after the burst.

3.2. Color and Spectral Flux Distribution

Our multiwavelength observations indicate that median colors
between 0.07 and 0.35 days are F— R = 045 = 0.11, R —
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TABLE 2
Frrring ResurTs oF THE GRB 050319 LicuT CURVES

3
(days)

o
=3
a
=
2
8

—0.36

—0.49
—048
—0.52

0.09
021
0.02

0.05
0.05
0.03
0.15

0.058
0.008

S
=)
2

+ +

0042 +
0046 +

+++

NoTE.—The B- and I-band data were fitted by a respective

power-law model (Foc ™) before and after the break (7, =
0.04 days). On the other hand, the " and R data were fitted by
a smoothly broken power law (eq. [1]).

I =046 £ 0.10,and B — ¥V = 0.84 = 0.14. These values have
been corrected for foreground reddening of E(B — V) = 0.011
mag (Schlegel et al. 1998). The ¥ — R and R — [ colors so derived
are consistent with those of the typical long GRBs (Simon et al.
2001), but the B — ¥ color is slightly redder than those of the
typical long GRBs (B — V' = 0.47 = 0.17). The larger B — ¥
value may imply a certain absorption effect because the redshift
of GRB 050319 was determined to be 3.24 (Jakobsson et al. 2006).

The B, V, R. and I magnitudes have been further converted to
fiuxes using the effective wavelengths and normalizations of Fu-
kugita et al. (1995). The effect of the Galactic interstellar extinction
has been corrected. Figure 2 shows two samples of spectral energy
distribution obtained by LOT 0.13 and 0.21 days after the oc-
currence of GRB 050319. A drop in the B-band flux at about
4380 A can be clearly seen. We subsequently fitted the flux dis-
tribution of 7. R, and J bands with a powerlaw function
F(p. 1) o< p®; here F(p, 1) is the flux at frequency » with a certain
t and 3 is the spectral index. We find that 3 = —1.08 + 0.05
(x*v = 0.05 for » = 1) at 0.13 days and that § = —1.08 =
0.32 (x*» = 2.3 for » = 1) at 021 days. Our result (8 =
—1.08 with an rms error of 0.23) is consistent with the X-ray
fitting value (8 = —0.69 = 0.06) in a 3 ¢ level.

With a redshift of 3.24, the Ly« absorption feature would
shift into the B bandpass, causing reduction of the afterglow
flux in the B band. To correct for this absorption effect, we
used the formulation derived by Yoshii & Peterson (1994). in
which the optical depth is a function of the observed wave-
length and source redshift. With the computed optical depth in
the B band, and a spectral slope of 3 = —1.08, we found the
expected B-band magnitude after Lya absorption to be
21.33 + 0.05 at 0.13 days. This value compares very well with
our observed value of B = 21.26 = 0.17 at 0.13 days after
correction for Galactic extinction. The drop at the B band is
hence fully produced by the Ly« absorption, and no spectral
breaks should have taken place during our observation.

4. DISCUSSION AND SUMMARY

It is important to note that Swiff found two breaks 0.004 and
0.313 days after the burst in the X-ray afterglow observations
(Cusumano et al. 2006), but we only found a single break in
our ¥ and R light curves (see Fig. 1). In the following. since
there are more data points available for the R-band data, we
will focus on this. It is useful to remember that o«; = —0.84
and e, = —0.48 at the break time of 7, = 0.04 days.

4.1. Before the Optical Break (i < 0.04 days)

The slope «; (=—0.84) is consistent with the typical range
of @« = —0.62 to —2.3 for many well-observed GRBs. Ac-
cording to the standard afterglow model relating the power-
law index («) to the power-law index (p) of an electron spec-
trum (Zhang & Mészaros 2004: Dai & Cheng 2001), the
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FiG. 2 —Spectral energy distribution of GEB 050319 between the I, R, and
I bands 0.13 and 0.21 days after the burst (corrected for Galactic extinction).
The solid and dashed lines indicate the best fit by the power-law model
[F(r) oc v®]. where 3 = —1.08 = 0.05 for 0.13 days and 3 = —1.08 + 0.32
for 0.21 days.

corresponding value for ey = —0.84 is p = 2.1, which is in
agreement with the constant-density ISM meodel with slow
cooling in which p > 2 for », <, <7, (», is the typical fre-
quency: »,, is the optical frequency: and p, is the cooling fre-
quency). In light of the XRT observations, the first break was
likely caused by the transition from the tail end of the low-
energy prompt emission to the afterglow phase (Zhang et al.
2006). However, it is important to note that the X-ray break
at 0.004 days (where the steeper slope becomes shallow) is not
accompanied by an R-band break. At the same time, the power-
law decay slope in the X-ray (~—5.53) and that in the R band
(~—0.84) are quite different. This is an indication that the
behaviors of the X-ray afterglow and optical afterglow of the
GRB 050319 event are different, but this also suggests that the
afterglow phase already dominated the optical bands when the
optical emission was first detected.

4.2. Shallow Decay

The power-law index becomes shallow after the break
(f, = 0.04 days). Neither the jet (Rhoads 1999) nor the break
frequencies across the optical wavelength (Sari et al. 1998)
suitably explain the break we see in the GRB 050319 light
curves. As discussed before, the X-ray light curve between the
two breaks 0.004 and 0.313 days after the burst is also char-
acterized by shallow decay. Several studies indicate that such
behavior is related to continuous energy injection into the ISM
(Dai & Lu 1998a, 1998b; Zhang et al. 2006). For a long-lasting
central engine, the energy injection rate is E(f) oc 9, with
g < 1 (Zhang & Mészaros 2001). For slow cooling in the ISM,
the temporal index can be expressed as o = [2p— 6) +
(p+3)9)/4 = [(g— 1)+ (2 + ¢)B8)/2. when », < v < ». Using
this formulation. Zhang et al. (2006) obtained ¢ = 0.6 and
p = 2.4 from the X-ray observations. With o« = —0.48 and
# = —1.08 from the R-band observations, we find that ¢ =
0.72 and p = 2.12. The results not only indicate that the electron
spectrum power-law index is the same before and after the break,
but they also compare well with the results of Zhang et al. (2006).
These results indicate that the shallow decays evidenced by both
X-ray and optical afterglows could be of a similar origin, related
to a continuous energy injection mechanism.

According to the energy injection model, we would also
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expect an X-ray break at the time of the optical flattening break,
because the onset of the energy injection should also alter the
X-ray temporal index. However, such an X-ray break is not
observed, which suggests that some modifications to the in-
jection model may be needed. As mentioned in § 4.1, the X-
ray break at 0.004 days was not accompanied by a break in
the R light curve. Although a chromatic break in the X-ray
was found at 0.004 days and in the optical region at 0.04 days,
the light curves at both wavelengths indeed showed shallow
decay after the breaks, which can be explained by the energy
injection model. However, it is difficult for energy injection
from 0.004 to 0.04 days to affect only high energies. This
difficulty indicates that energy injection is an imperfect mech-
anism for explaining the shallow optical or X-ray phase as-
sociated with the GRB 050319 event.

Several models have recently been proposed to explain the
shallow decay effect. Using the multiple-subjet model (Nak-
amura 2000), Toma et al. (2006) invoked the superposition of
afterglows from many off-axis subjets. Eichler & Granot (2006)
favored a combination of the tail of prompt emission model
with the afterglow emissions observed from a viewing angle
outside the edge of the jet. These arguments hence suggest that
the multiple-subjet model and the patchy-shell model (Kumar
& Piran 2000) might provide a theoretical basis for explaining
the observed shallow decays in the X-ray and optical light
curves. It is interesting to note that in order to sustain the
shallow decay process, these models all require high gamma-
ray efficiency (75%—90%); additional mechanisms such as prior
activity (Ioka et al. 2006) and time-dependent shock generation
(Fan & Piran 2006) have also been proposed. Comprehensive
multiwavelength observations, such as those reported here, pro-
vide us with important ways to improve these models.

Finally, the second break in the X-ray emissions (~0.313 days)
has been interpreted as being due to an unusual fiat jet break (Cus-
umano et al. 2006); however, Zhang et al. (2006) provided an al-
ternate explanation, a sudden cessation of the energy injection. In
both interpretations, the corresponding break should appear in both
the X-ray and optical light curves. This effect cannot be clearly
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identified in our measurements until 0.413 days after the burst. The
lack of data for the subsequent time interval could lead to uncertainty
in the power-law fitting. We thus cannot fully exclude the existence
of a second break in the optical light curves. However, Panaitescu
etal. (2006) have studied several afterglows. They found the shallow
power-law decay evidenced by the X-ray emissions to steepen about
0.04-0.17 days after the burst, although there was no accompanying
break found in the optical range. They suggest that such chromatic
X-ray breaks may be common. The chromatic breaks (e.g.. the
shallow X-ray phase becomes steeper, with no accompanying optical
break) may be caused by differences in the X-ray and optical outtlow
(Panaitescu et al. 2006) or by changes in the typical electron energy
parameters (the so-called microphysical parameters) at the end of
energy injection (Panaitescu 2006).

In summary, our analysis of the optical multiwavelength
observations of GRB 050319 compared with the X-ray obser-
vations from Swift found the following major results:

1. The B, V. R, and  band light curves displayed unusual
shallow decays.

2. The R light curve can be described by a smooth broken
power-law function: e; ~ —0.84 becomes shallow (a, ~ —0.48)
0.04 days after the occurrence of the GRB.

3. The shallow decay observed in the X-ray and optical light
curves may have a similar origin related to energy injection.
However, our observations indicate that a major puzzle remains
concerning the chromatic breaks in the R-band light curve (at
0.04 days) and the X-ray light curve (at 0.004 days).

4. Our calculations revealed that the drop in spectral energy
distribution was fully caused by a shift in the Lye absorption
to the B bandpass at z = 3.24.
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ABSTRACT

Context. The recently discovered Apollo-type near-Earth asteroid 2005 UD has been suggested to be a fragment of (3200) Phaethon.
Aims. To test this hypothesis, we carried out photometric observations of 2005 UD using the 1-m telescope at Lulin Observatory.
Methods. Multi-color photometry was used to compare the surface properties of (3200) Phaethon and 2005 UD. Surface-color varia-
tion due to the rotation was also examined.

Results. The time-resolved differential photometry showed clear brightness variation, and the lightcurve was fitted with a rotation
period of 5.23 hours and an amplitude of 0.44 mag. Using this rotational lightcurve, we derived the surface colors of 2005 UD. The
surface of 2005 UD exhibits colors similar to those of F- and B-type asteroids, which is consistent with (3200) Phaethon. Furthermore,
the (R — I) color of 2005 UD shows variation during the rotation of the body.

Conclusions. The similarity of surface colors between (3200) Phaethon and 2005 UD observationally supports the hypothesis that
2005 UD is likely to be a fragment of (3200) Phaethon. A simple explanation for the inhomogeneity of the surface is that we see the
surface and subsurface of the precursor object. Another explanation is the topographical structure that such as a large crater causes on

this heterogeneous surface.

Key words. Minor planets, asteroids - Comets: general - Meteors, meteoroids - Techniques: photometric

1. Introduction

An Apollo-type near-Earth asteroid, (3200) Phaethon (= 1983
TB). was discovered by the InfraRed Astronomical Satellite
(IRAS) in October 1983 (Green & Kowal 1983). Although the
appearance of (3200) Phaethon is asteroidal, its orbit is highly
eccentric with e = 0.89, like those of comets. In addition, (3200)
Phaethon is a strong candidate for the Geminid meteor stream
(Whipple 1983; Gustafson 1989; Williams & Wu 1993), so it
is regarded as one of the most likely dormant cometary nuclei,
whose cometary activity is sporadic, or as extinct cometary nu-
clei whose activity has already stopped. Many attempts have
been made to detect the faint coma of this object (Cochran &
Barker 1984:; Chamberlin et al. 1996; Hsich & Jewitt 2005).
No cometary activity has been observed yet: therefore, (3200)
Phaethon seems to be one of the most peculiar and enigmatic
objects in the solar system.

On October 22, 2005, an Apollo-type, near-Earth asteroid
was discovered by the Catalina Sky Survey, and the provisional
designation of 2005 UD was given to this object (McNaught
et al. 2005). Ohtsuka et al. (2005) immediately pointed out
that 2005 UD was probably the parent body of the daytime
Sextantids meteor stream, based on the orbital similarity. Thus,
2005 UD is very likely a large member of the Phaethon-Geminid
stream complex. Furthermore, Ohtsuka et al. (2006) performed

Send offprint requests to: Kinoshita Daisuke

both forward and backward 10.000-yr numerical integrations of
the Kustaanheimo-Stiefel (K-S) regularized equation of motion
(Arakida & Fukushima 2000. 2001) for (3200) Phaethon and
2005 UD. The results of this numerical work show quite simi-
lar evolutional behaviors along with the time shift by ~ 4600-yr;
hence, they suggest that both bodies are dynamically related and
2005 UD is most likely a km-sized fragment of (3200) Phaethon.
Ohtsuka et al. (2006) also point out that fragmentation processes
are important in forming the complex meteor stream.

Very recently, Jewitt and Hsieh (2006) have reported their
analysis of the photometric observation of 2005 UD. The results
of their broadband multi-color photometry support the possible
dynamical association between 2005 UD and (3200) Phaethon.
The mass-loss rate from 2005 UD, based on the point-spread
function (PSF) fitting, is found to be very small or negligible.
They also mention that a mainbelt comet (MBC) could be a pos-
sible origin of (3200) Phaethon and 2005 UD, although testing
their idea currently does not seem to be easy.

We carried out observational studies of 2005 UD. The pri-
mary aim of our observations was to verify the dynamical re-
lationship between (3200) Phaethon and 2005 UD through the
similarity of surface physical properties. If 2005 UD exhibited
photometric properties similar to those of (3200) Phaethon, we
can confirm prior research by providing another strong piece
of evidence for their genetic relationship. Second, we tried to
detect the surface color variation of 2005 UD. Ohtsuka et al.
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(2006) concluded 2005 UD is very likely a km-order fragment
from (3200) Phaethon from the standpoint of dynamics; there-

fore, there may be non-uniformity of photometric properties if

the fresh materials are exposed elsewhere on the surface. This
sort of exposed fresh materials may create color variations dur-
ing the rotation of the body.

We briefly introduce our observations, data analysis proce-
dures, and results in Sec. 2. We give the discussion in Sec. 3 and
summarize our results in Sec. 4.

2. Observation, analysis, and results

Photometric observations of 2005 UD were carried out at Lulin
Observatory operated by the Institute of Astronomy, National
Central University in Taiwan. The Lulin Observatory sits on the
peak of Mount Lulin (120°52'25”E, 23°28"7"N. H = 2862-m)
in the central region of Taiwan. We used the Princeton Inc. CCD
(charge coupled device) camera, PI1300B, with the Cassegrain
focus (F/8.0) of the 1-m telescope to obtain imaging data. The
pixel scale of this system is 0.516 arcsec per pixel. and it is spa-
tially well-sampled at the typical seeing size of stellar FWHM
(full width at half maximum), ~ 1.5 arcsec. The number of pix-
els of the CCD is 1340 x 1300, and the resultant field-of-view is
11.5 x 11.2 arcmin. The cooling temperature of the CCD is set to
-50°C. and this is achieved by both thermoelectric cooling and
waler circulation. The filter set is based on the Bessel system.
More detailed specifications and performances of the instrument
have been reported by Kinoshita et al. (2005).

The data was acquired on six nights from 31 October to 5
November 2005. At the time of observations, the heliocentric
distance of the object ranged from 1.36 to 1.42 AU, and its geo-
centric distance ranged from 0.51 to 0.62 AU. The apparent mo-
tion of 2005 UD is relatively large and non-sidereal tracking was
used for this target. We used BVRI filters to measure the sur-
face colors of 2005 UD for taxonomic study and color variation.
To minimize the rotational effect, observations were done in R-
B-R-V-R-I-R sequences. This sequence of observation at least
secured the rotational lightcurve when the sky condition was un-
stable. The exposure time was set to 180 sec for the R-band. and
300 sec for other bands. When the sky was photometric, standard
stars from the list provided by Landolt (1992) were observed
during the night. Photometric standard stars were carefully se-
lected to cover wide ranges of airmass and colors for accurate
correction of atmospheric and instrumental signatures. The num-
ber of Landolt fields we obtain was typically 20 per night, and
this gave about 50-70 measurements of photometric standards.
The flatfield frames were obtained using the twilight sky, both in
the evening and morning.

The dark subtracting and flatfielding were applied in the
standard manner using an image-analysis software package
NOAO IRAE Then, plate constants were refined by WCSTools
(Mink 2002) for astrometric measurements. By including our
183 astrometric positions and the newly found precovery po-
sitions in 1982 and 2001, hence three oppositions until now,
Nakano (2005) improved the orbit of 2005 UD.

2.1. Differential Photometry and Rotational Lightcurve

Differential photometry was performed using R-band images.
We used Lomb’s algorithm for unevenly sampled data (Press et
al. 1992) to extract the periodicity from relative magnitudes of
2005 UD. Ten field stars are selected as references. To combine
measurements from ditferent nights, we corrected the effect of
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the heliocentric and geocentric distance of the target. The change
in the phase angle is about 0.2 degree during our observations,
so was ignored. The Lomb periodogram for 2005 UD is shown
in Fig. 1. The periodogram exhibits the maximum at a period of
2.6155 hours. Considering the lightcurve is due to the rotation
of the irregularly shaped body, double the obtained periodicity
5.2310 hours is the actual rotational period. Fig. 2 is the phase
curve assuming the periodicity of 5.2310 bf hours. Jewitt and
Hsieh (2006) utilized the phase dispersion minimization (PDM)
method to obtain the rotational period of 5.2492 hours, which is
quite close to ours.

The lower limit of the axis ratio of 2005 UD is calculated
from the amplitude of the lightcurve, assuming that the variabil-
ity comes entirely from the elongated shape of the object. The
amplitude of the lightcurve is 0.44 + 0.02 mag, which implies
the lower limit of the axis ratio of 1.50 from the relation
25 1004am,

7

(1)

where a/b is the axis ratio of primary and secondary axes, and
Am is the amplitude of the lightcurve. Assuming 2005 UD has
a weakly connected rubble-pile structure, we can set the lower
limit of the bulk density (Jewitt & Sheppard 2002; Ortiz et al.
2006). Giving the simple shape model of a Jacobi ellipsoid with
an axis ratio of a/b = 1.50, and the rotation period of 5.2310
hours. the critical density of 2005 UD is estimated as 1.5 x 10°
kg m= by referring to the table in Chandrasekhar (1969). This
lower limit implies an asteroidal picture for the bulk properties
of 2005 UD, rather than the cometary picture. The amplitude of
the lightcurve, axis ratio, and critical density agrees well with
values reported by Jewitt and Hsieh (2006).
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Fig. 1. The Lomb periodogram of 2005 UD. The highest peak corre-

sponds to the period of 2.6155 hours.

2.2. Multi-color photometry

The multi-color photometry was performed with B, V. R, and
filters. The transformation coefficients were estimated using the
“photcal” package of NOAO IRAE We defined transformation
equations as

Byg = By +Zp— kX + Cg(B— V), (2)
Vad = Vipse + Zy — k;,fX +Cy(B-V), (3)
Ryq = Rinst + Zr — kxX + Cr(V — R), (4)
Igqg = Ting +Zf_k;X+CI(V_D~ (3)
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Fig. 2. The rotational phase curve of 2005 UD assuming periodicity of
5.2310 hours is shown. The dotted curve is the simple sinusoidal fit to
the data. The fitted amplitude is 0.45 + 0.02 mag.

where Bygg, Vg Rsd. Igq are the standard magnitudes, Bi,y.
Vinses Rinst» Iinse are the instrumental magnitudes, Zg, Zy, Zg, Z;
are photometric zero points, ky, ki,. kp. k; are the first-order ex-
tinction coefticients, Cp, Cy. Cg. Cy are the color terms, and X is
the airmass. The second-order extinction coefficients are found
to be small on clear nights from our previous observations, so are
neglected for this study. The transformation coefticients obtained
on November 3, 4, and 5, 2005 are summarized in Table 1. These
values are in good agreement with those reported by Kinoshita et
al. (2005). The color conversions between the instrumental sys-
tem and the Landolt system are also performed. Fig. 3 shows an
example result of the color-color conversion. The data points are
fitted by straight lines. We used the following formulae,

(B=V) = cpy x(b—v)+2zpv. (6)
(V=R) = cy_gxX(v—r)+ zv_g. (7)
(V=I) = cy_rx(v—=10) + zv_y. (8)
(R=1) = cpyx(r—i)+ zg_j. 9)

where capital letters refer to the Landolt system and lower-case
letters refer to the instrumental system. The coefficients cp_y.
CV_R. CV_I. CR_I. 2BV~ ZV_R~ Zv_I. and zg_; are constants, and
they are listed in Table 2. These values are also consistent with

those reported by Kinoshita et al. (2005).

Table 1. The transformation coefficients on 3, 4, 5, November 2005.

03/Nov/2005  04/Nov/2005  05/Nov/2005
Zy  +2277x0.03 2285x+001 2283+0.01
kg 0.15+£0.02 0.18 £0.01 0.17 £ 0.01
Cy +0.12+0.01  +0.15+£0.01 +0.14 £0.01
Zy  +23.08+0.03 2314001 23.11+0.01
ky 0.08 £0.02 0.10 £0.01 0.09 £ 0.01
Cy -0.09+£0.01 -007x001 -0.06=+0.01
Zrp  +23.04+0.03 23.09+001 23.05+0.01
kg 0.06 +0.02 0.07 £0.01 0.08 £ 0.01
Cr -0.13£0.02 -0.11x001 -0.08+0.01
Z;  +2237+0.03 2238001 22.36+0.02
ki 0.05+0.02 0.04 £0.01 0.03 £ 0.01
C; +0.02+0.01 +0.04+0.01 +0.04+0.01
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to the data. The data were obtained on November 3, 2005.

Table 2. The coefficients of conversions between the Landolt colors and
the instrumental colors, where the numbers in parentheses are errors of
the fit.

3/Nov/2005 4/Nov,/2005 5/Nov/2005
cpy  1.270(0.006)  1.264 (0.005)  1.266 (0.004)
zp-v  -0.366 (0.005) -0.359 (0.004) -0.357 (0.003)
cy_g  0.980(0.005)  0.980(0.004)  0.978 (0.004)
- 0.047(0.002)  0.049 (0.002)  0.048(0.002)
cv—y  0.920(0.003) 0906 (0.002)  0.909 (0.003)
Tv-1 0.675(0.002)  0.676 (0.002)  0.667 (0.002)
Cro1 0.836 (0.005)  0.823 (0.005)  0.828 (0.004)
TR-1 0.591 (0.002)  0.584 (0.002)  0.577(0.002)

Using the results of the photometric calibration shown

above, we derived surface colors of 2005 UD. The photom-
etry was done using a circular aperture three times larger
than FWHM. After the atmospheric extinction correction, we
scaled individual BVRI photometric measurements to the aver-
age brightness, using the rotational phase. Then, instrumental
colors were converted into the standard colors. The mean col-
ors of 2005 UD averaged over the entire rotational lightcurve
are summarized in Table 3. These mean colors are plotted in the
(B - V.V = R) space. together with the typical colors of major
sub-groups of asteroids in Fig. 4. Similar to those of asteroids
with primordial characteristics (cf. C-type and its subclasses),
2005 UD exhibits a bluish surface. From the broadband photom-
etry, 2005 UD is most likely an F-type or B-type asteroid. Our
measurements of the mean colors of 2005 UD agree with those
of (3200) Phaethon (Skiff et al. 1996; Dundon 2005). This sim-
ilarity in surface colors between 2005 UD and (3200) Phaethon
supports the hypothesis that 2005 UD is a fragment of (3200)
Phaethon. Recently, Jewitt and Hsich (2006) has also reported
the photometric measurements of 2005 UD. Their measurements
of the mean colors of 2005 UD are consistent with ours.

Next, we checked the color variation during the rotation of
2005 UD. Figures 5-7 show the (B — V), (V — R), (R - I) col-
ors of 2005 UD at different rotational phases. In addition to our
own measurements, results from Jewitt and Hsieh (2006) are also
superimposed on the figures. In all three figures, there is no in-
consistency between this work and Jewitt and Hsieh (2006). The
(R—1I) color is not uniform, and the color variation is recognized
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in Fig. 7, where it exhibits bluer at the rotational phase of 0.9-
0.3. It is not as clear as (R — I), but possible variation is seen
also in (B — V) in Fig. 5. No clear trend is identified for (V — R).
Fig. 8 shows the scaled reflectance of 2005 UD normalized at
the V-band. The rotational phase is divided into four regions
(0.20-0.45.0.45-0.70, 0.70-0.95, 0.95-0.20), and reflectances are
shown for each of the rotational phase regions. These four re-
gions correspond to the first maximum, first minimum, second
maximum, and the second minimum of the lightcurve. For the
rotational phase between 0.45 and 0.70, the spectra of 2005 UD
are as neutral as these of the Sun (Fig. 8 B). At other rotational
phase regions, a slight decrease in reflectance is found at the I-
band (Fig. 8 A, C, D).

2005 UD —O0— ' ' ' A
1 + Phaethon +—o— 1
09 R 1
S
% o8} W ]
= T
G D
071 Cc X 1
4}%
06 | o |
03 035 04 045 05 055 06
(V-R)

Fig. 4. The mean surface colors of 2005 UD from this work in the (B-V,
V — R) two-color diagram using open squares. The result of surface
color measurements of (3200) Phaethon from Dundon (2005) is also
superimposed in the figure, using open circles. The capital letters denote
typical colors of major sub-groups of asteroids. These values are from
Dandy et al. (2003).
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Fig. 5. The (B — V) color of 2005 UD. The horizontal axis is the ro-

tational phase. In addition to our own measurements, the results from
Jewitt and Hsieh (2006) are also superimposed on the figure.
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3. Discussion

The surface color of 2005 UD differs at different rotational
phases. Such color variations are also found for (832) Karin, the
largest member of the Karin family (Sasaki et al. 2004, Yoshida
et al. 2004). The surface color heterogeneity does not seem to
be rare for relatively young fragments. In the first-order approx-
imation, the overall spectral behavior of 2005 UD is consistent
with low-albedo carbonaceous asteroids.

We divide the surface of 2005 UD into two distinct areas.
One 1s the surface of a C-type asteroid analogue with flat re-
flectance of mostly solar colors. The rotational phase between
0.45 and 0.70 corresponds to this area. The other is the surface of
an F-type asteroid analogue with slightly bluer reflectance com-
pared to the solar colors. The area other than the C-type ana-
logue surface corresponds to this area. In current understanding,
thermal metamorphism turns C-type asteroid materials into F-
type asteroid materials. The dehydration of hydrated minerals
may be the key process in this change. The surfaces of F-type
asteroids are thought to experience high temperature. The tem-
perature is high enough to dehydrate hydrated minerals, and they
form anhydrous minerals after thermal metamorphism (Rivkin et
al. 2002). The C-type analogue area is most likely to consist of
less thermally processed materials. The main issue is the coex-
istence of C- and F-type materials on a single asteroid. In this
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Table 3. The mean surface colors of 2005 UD.

B-V V—-R R-1 Ref.

2005 UD 063001 034001 030£0.01 This work

2005 UD 066002 035+£0.02 033+£002 Jewittetal 2006

(3200) Phaethon — 0.34 — Skiff et al. 1996

(3200) Phaethon 0.59+0.01 035+0.01 032+001 Dundon 2005
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Fig. 8. Scaled reflectances normalized at the V-band of 2005 UD are shown. The rotational phase is divided into four regions (0.20-0.45, 0.45-0.70,
0.70-0.95, 0.95-0.20), and scaled reflectances are calculated for each rotational phase region. Panels A, B, C and D correspond to rotational phases

of 0.20-0.45, 0.45-0.70, 0.70-0.95, and 0.95-0.20, respectively.

section, we discuss possible explanations for the surface hetero-
geneity of 2005 UD.

We assume the precursor object experienced fragmentation
at some time in the past, after which the current (3200) Phaethon
and 2005 UD were formed. If the split of the precursor object
was due to the collision of two objects, part of 2005 UD may
have come from the projectile. A simple explanation for the in-
homogeneity of 2005 UD surface is that part of 2005 UD is from
the precursor object and the rest is from the projectile. If the sur-
face composition of the precursor object and the projectile are
intrinsically different. the surface color variation of 2005 UD is
easily understood. We call this the “precursor-projectile™ model.
The difficulty with this model is that the projectile must also be a
bluish object, which is not a large population among near-Earth
asteroids.

A second explanation is the combination of the alteration and
resurfacing mechanism on the surface. It is widely accepted that

the thermal alteration (or metamorphism) and space-weathering
gradually changes the surface colors with time (ex. Sasaki et al.
2001). For asteroids of C-type and its subclasses, the thermal
alteration makes the surface bluer (Hiroi et al. 1993). In ad-
dition, seismic shaking by impact or tidal distortion by plane-
tary encounter may be mechanisms of resurfacing on I-km or
smaller sized asteroids (Saito et al. 2006), and these processes
remove some portions of the altered surface layer. This resurfac-
ing mechanism exposes the fresh materials on the surface. We
call this the “alteration-resurfacing™ model. The difficulty with
this model is that the patchy surface may not be detected from
the ground by disk-integrated photometry.

A third explanation is that we see the surface and subsurface
of the precursor object on the surface of the current 2005 UD.
The thermal history of the surface and subsurface of the precur-
sor object must be different, and the current 2005 UD exhibits
different surface properties on different sides. We call this the

34
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“surface-subsurface™ model. A part of the surface on 2005 UD
that originated on the surface of the precursor object is likely to
be covered with more anhydrous mineral. Another part of the
surface that originated in the subsurface of the precursor object
is probably covered with more hydrated mineral. The important
factor for this model is the timescale of the alteration. If the
timescale of the alteration is short enough compared to the time
elapsed from the fragmentation of the precursor, no ditference
may be detected in the degree of alteration. Thus, this model
requires that the age of 2005 UD be relatively young.

The last explanation is based on the topographical struc-
ture on the surface. A number of spacecraft explorations have
revealed the existence of large craters on the surfaces of as-
teroids. Asteroids can support craters with sizes comparable to
their diameters (Thomas 1999). The surface of an asteroid is ex-
cavated when a crater is formed so one can expect fresh ma-
terials to be exposed in the crater. We call this the “cratering-
exposition” model. Similar to the discussion for the surface-
subsurface model, the age of the crater must be less than the
timescale of the alteration of the surface. However, the forma-
tion time of 2005 UD is less restricted for this model. The age
of 2005 UD can be as old as the typical dynamical lifetime of
near-Earth asteroids.

We believe that either the surface-subsurface or cratering-
exposition model is more plausible to explain the surface hetero-
geneity of 2005 UD. To test these ideas, a combination of more
observations, theoretical work. and laboratory experiments are
essential. For observational study, spectroscopic monitoring cov-
ering the entire rotational phase is strongly encouraged. Time-
resolved polarimetric measurements are also effective.

4. Summary

An Apollo-type near-Earth asteroid 2005 UD has been consid-
ered to be associated with the daytime Sextantids meteor stream
and to be a fragment of (3200) Phaethon. To test this hypoth-
esis, we performed photometric observations of 2005 UD us-
ing the 1-m telescope at Lulin Observatory in Taiwan to test
this hypothesis. The time-resolved photometry in the R-band
showed a rotational period of 5.2310 hours. The lower limit of
the axis ratio a/b ~ 1.50 is estimated from the amplitude of the
lightcurve. The lower limit of the bulk density of 2005 UD is
estimated as 1.5 x 10° kg/m®. Results of multi-color photome-
try show a bluish surface for 2005 UD, which is consistent with
(3200) Phaethon, and this supports the hypothesis that 2005 UD
is a km-sized fragment of (3200) Phaethon. Furthermore, surface
colors of 2005 UD exhibit variations during the rotation of the
body. This surface inhomogeneity may be associated with the
fragmentation or collisional processes.
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ABSTRACT

Context. The recently discovered Apollo asteroid 2005 UD is the most likely candidate for being a large member of the Phaethon-Geminid
stream Complex (PGC).

Aims. Detecting more complex members like this should clarify the formation and evolution of the PGC.

Methods. Our backward and forward (10 000-yr) integration of the Kustaanheimo-Stiefel regularized equation of motion revealed that the
orbital evolutions of Apollo asteroids (3200) Phaethon and 2005 UD show a similar profile, time-shifting by ~4600 yr.

Results. Within the PGC, this time shift is rather large against the time-lag of 220 yr for Phaethon-Geminids and ~3900 yr between Phaethon-
Sextantids, although much smaller than that of ~19 000 yr between Phaethon-Canis Minorids.

Conclusions. This is a km-order object, hence may be a split nucleus of Phaethon. Besides, the orbital parameters of 2005 UD and the Sextantids
are in good agreement along with the time-lag of 100 yr. Therefore, the Sextantid meteor shower seems to be associated more closely with

2005 UD than Phaethon.

Key words. minor planets, asteroids — methods: numerical — meteors, meteoroids

1. Introduction

Apollo asteroid (3200) Phaethon (=1983 TB) is probably one
of the dormant or extinct cometary nuclei from the point of
view of the parent of the Geminid meteor stream (Whipple
1983; Ryabova 2001 etc.). In fact, the total mass of the Geminid
meteor stream is comparable to those of other major meteor
streams of cometary origin (Jewitt 2004). The current orbital
parameters of Phaethon are: semimajor axis (a) ~1.27 AU (as-
tronomical unit); eccentricity (e) ~ 0.89, thus perihelion dis-
tance (g) ~ .14 AU along with inclination (i) ~ 22°; however,
it has a shorter orbital period of 1.43 yr than any known short-
period comets.

Before the discovery of Phaethon in 1983, likely multi-
meteor showers, an association between the Geminids, the
Sextantids, and the Canis Minorids, had already been pointed
out by Nilsson (1964), Cook (1973). and Kresakova (1974).
After the discovery, Babadzhanov & Obrubov (1987, 1992)
simulated the long-term orbital motion of Phaethon, stably
changing with a long-period perturbation cycle of ~40 000 yr.
Then a large-amplitude g-i oscillation arises, with a period
equal to half the cycle, i.e. ~20000 yr, during which the argu-
ment of the perihelion (w) changes by ~180°. Babadzhanov &
Obrubov also found that Phaethon regularly becomes an Earth-
crosser over such a long-term history; consequently they pre-
dicted the occurrences of four meteor showers originating in

http//www edpsciences org/aa

Phaethon at four different nodal points. After all, Babadzhanov
& Obrubov (1993) successtully reconciled their theoretical me-
teor shower model with observations. These associated meteor
showers are currently observable: Geminids (shower maximum
on December 14) and (day time) Sextantids (max. Oct. 2) as
active meteor showers; Canis Minorids (max. Dec. 10) and
(day time) & Leonids (max. Oct. 57) as rather weak ones.
Therefore, the detection of such multi-meteor showers should
be strongly evident in the formation of the Phaethon-Geminid
stream Complex (hereafter, called PGC). probably formed dur-
ing Phaethon’s active cometary phase long ago. A stream com-
plex formation is considered to be dust particles, released at
near perihelion every return from a short-period comet with
stable, rather than chaotic, cyclic long-term orbital evolutions,
moving away from the comet as time goes by. Eventually, the
dust particles should be distributed in and around entire space,
drawn by such cyclic orbital changes of cometary motion under
planetary perturbations and nongravitational effects. Evidence
of the Geminid fireball activities of medieval times ( Astapovich
& Terentjeva 1968) should also support such a spatial spread
of PGC.

Although a number of attempts to obtain signs of
Phaethon’s cometary activity have been carried out, no trace
of cometary activities has been detected yet (e.g., Hsich
& Jewitt 2005; Kraemer et al. 2005). The spectral fea-
ture of Phaethon is rather bluish, i.e., classified in Tholen’s

http://dx doiorg/10.1051/0004-6361:200600022
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Table 1. Orbital parameters of (3200) Phaethon and 2005 UD (equinox J2000).

Object (3200) Phaethon 2005 UD
osculation epoch (TT) 2005 Aug. 18.0 —2581 Aug. 18.0 2005 Aug. 18.0
mean anomaly M 115281866 117204318 353233143
perihelion distance g (AU) 0.1398186 0.1534601 0.1629124
semimajor axis a (AU) 1.2713838 1.2737898 1.2747596
eccentricity e 0.8900265 0.8795248 0.8722015
argument of perihelion «w 321799112 207264364 20746774
longitude of ascending node Q 265741395 2212450 19:84550
inclination i 22217403 28232959 28774946

# of observations 1496 287

arc (oppositions) 19832005 (19) Oct. 22-Nov. 17
RMS residual 0”58 07.25
absolute mag. H 14.5 175
reference JPL this work Nakano (2005)

taxonomy of F-type, as opposed to those of typical cometary
nucler being slightly reddish in general (Tholen 1985; Luu
& Jewitt 1990; Binzel et al. 2004 etc.). The absolute
magnitude (H) and the albedo are 14.5 and 0.11 (e.g.,
Harris 1998), respectively, which is equivalent to a diame-
ter of ~5 km. Other orbital and physical data for Phaethon
are summarized on the “Near Earth Objects Dynamic Site”
(http://131.114.72.13/cgi-bin/neodys/neoibo) and
“Database of Physical and Dynamical Properties of Near-Earth
Asteroids™ (http://earn.dlr.de/nea/003200.htm).

According to the orbital study by Ohtsuka et al. (1997),
Phaethon approaches the Sun up to 27 Ry (solar radius),
te, ~0.126 AU, in the minimum-g phase ~1900 yr ago.
Considering its low albedo, the sunny-side surface should
be heated over 1000 K, at which temperature the phyllosili-
cates in Cl and CM chondrites decompose into olivine, mag-
netite and anhydrite, etc. (e.g., Nozaki et al. 2006), and the
chondritic dust particles may be destroyed (e.g.. Mann et al.
2004). Indeed, F-type asteroids, like Phaethon. are regarded as
being anhydrous and thermally metamorphosed (Hiroi et al.
1993; Rivkin et al. 2002), and the Geminid meteoroids expe-
rienced a thermal history, probably due to the Sun (Halliday
1988; Kasuga et al. 2005). Moreover, a solar thermal stress
seems to be a trigger, not only to generate a meteor-stream
complex. but also to split and disintegrate a comet such as
the 96P/Machholz-Quadrantid stream complex including the
near-sun (i.e., sunskirting) Marsden and Kracht comet groups
detected by the space-borne coronagraph, SOHO/LASCO
(Ohtsuka et al. 2003; Sekanina & Chodas 20035). Their min-
imum g reaches up to ~6 R, then their surface tempera-
ture rises at least 1.5 times higher than that of Phaethon. The
other sunskirters, Meyer and Kracht IT comet groups, along
with ¢ of 8-12 Ry (Meyer 2003; Hoffman & Marsden 2005;
Honig 2005). would also accompany their complex streams.
Therefore, the formation of the PGC may imply the existence
of some large members as a split cometary nucleus or frag-
ments among the PGC.

We have long believed our working hypothesis mentioned
above, and have been searching for large PGC members.
Finally, we found a candidate: a recently discovered Apollo as-
teroid, 2005 UD.
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2. Orbital evolution of Phaethon

In the first stage of stream-complex formation, the orbital en-
ergy (a~') of released meteoroids, fragments, and split nuclei
from the parent comet must become slightly different from
that of the parent. This results in differences in their evolu-
tional rates. The time-lags (hereafter, called Af) between or-
bital evolutions of the parent comet and released matter should
be longer with time. Therefore, a large PGC member, if there
are any, should be in orbital similarity with Phaethon, shifting
by At.

As preliminary work for a PGC survey (mentioned in
the next chapter) and for determining the At of Phaethon
with unknown potential PGC members, first of all, we
have begun with the orbital evolution of Phaethon. We per-
formed here the backward and forward numerical integra-
tion of the KS (Kustaanheimo-Stiefel) regularized equation
of motion (cf. Arakida & Fukushima 2000, 2001) over the
term of 10000 BC to 10000 AD (JDT —1931503.5 to
IDT 5373520.5), applying the 12th-order Adams method
in double precision with a step size of 0.5 day. We
have confirmed that the results of the numerical integra-
tion did not significantly change, even when we adopted
smaller step size or when we used other integration meth-
ods such as the extrapolation method. The initial orbital
data of Phaethon at osculation epoch 2005 Aug. 18.0 TT =
IDT 2453 600.5 were taken from “JPL's HORIZONS System”
(http://ssd.jpl.nasa.gov/horizons.html), as listed in
Table 1. All the major planets from Mercury through Pluto
were included as perturbing bodies, in which the mass of the
moon was added to that of the Earth, and the barycenter of
their masses was taken as Earth’s position. The coordinates of
the major planets were taken from the JPL Planetary and Lunar
Ephemeris DE408.

3. Survey
3.1. Process

We surveyed whether there are the large PGC mem-
bers or not among “the List of Apollo Minor Planets”
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Fig. 1. Orbital evolutions of (3200) Phaethon (thick line) and 2005 UD (thin line), where six graphs show: perihelion distance g in AU (upper
left); semimajor axis a in AU (upper center); eccentricity e (upper right), argument of perihelion w in degree (lower left); longitude of ascending
node Q in degree (lower center); and inclination i in degree (lower right). The abscissa of all is time in Julian Terrestrial Date (JDT).

(http://cfa-www.harvard. edu/iau/mpc.html) and lat-
est MPECs (Minor Planet electric circulars).

As of 2005 November 3, a total of 1758 Apollo asteroids
are recorded in the database, among which we directed our at-
tention to 62 Apollos with ¢ < 0.3 AU, since g of Phaethon has
never been beyond 0.26 AU in our orbital computation. We ap-
plied here the following three criteria as the retrieving engine
for our survey: the first criterion is traditional Dsy (Southworth
& Hawkins 1963), since in investigating the orbital similarity
between two bodies, e.g., comet/asteroid and meteors, we of-
ten use Dsy. Thus, we traced such a large PGC member on
the basis of the Phaethon’s orbital evolution from the integra-
tion. For each Apollo, we found the minimum Dsy between
it and Phaethon, as Phaethon’s orbit evolves. When this mini-
mum value of Dsy is below 0.15, this means that Phaethon and
the given Apollo are within the probable association range.

The second and third criteria are C; and Cy integrals for
the candidate selected by Dsy. They were derived by Moiseev
(1945) and Lidov (1961). respectively, given as:

C = (] —ez)coszi.

Cy = & (0.4 —sin®i sin’ w).

(N
(2)
These integrals describe the secular orbital variations well.
Babadzhanov & Obrubov (1987, 1992) demonstrated that
both C| and C; integrals are almost invariant in their 20 000-yr
backward integration of Phaethon’s orbit: ~0.18 and ~0.27_ re-
spectively. Therefore, C and Cy integrals should also be useful
criteria to distinguish a PGC member.

3.2. Detection of the candidate: Apollo asteroid
2005 UD

By these procedures, we finally detected a candidate large
PGC member, “Apollo asteroid 2005 UD™, recently discovered
in the Catalina sky survey on 2005 October 22 (MPEC 2005-
U22). The orbital elements at epoch 2005 Aug. 18.0

TT = JDT 2453600.5, listed along with Phaethon in
Table 1, were taken from Nakano’s (20035) solution, based on
287 positions during an arc of 2005 October 22 to November 17
(27 days) with a rms residual of 0725, H ~ 17.5 cor-
responds to a km-order size object. Among these observa-
tions, a total of 183 positions along with multi-color measure-
ments were carried out by one of the authors, D. Kinoshita,
at Lulin Observatory (1.0-m reflector f/8.0 + CCD) from
2005 October 31 to November 5, when no cometary feature
was detected. His results will be published elsewhere as a jour-
nal paper.

The current orbital parameters of 2005 UD match those
of Phaethon in 2582 BC strikingly well, thus At ~ 4600 yr.
Their Dgy is minimum at only 0.04, slightly larger com-
pared with the well-established Phaethon-Geminids associa-
tion of (1.02 (based on the data by Ohtsuka et al. 1997). The C;
and C; parameters of 2005 UD fit those of Phaethon: 0.184
and 0.267, respectively.

Subsequently, using Nakano’s data, we also integrated the
orbital motion of 2005 UD using the same method as we ap-
plied to Phaethon in order to trace both dynamical behaviors
of Phaethon and 2005 UD. The solutions of the orbital evo-
lution for both objects are represented in Fig. 1. Phaethon
and 2005 UD often closely encounter the terrestrial planets,
however, neither of the orbital parameters look chaotic, but
rather regular. It is also easy to understand that both orbital
evolutions show similar profiles along with quasi-sinusoidal
changes, shifting by At ~ 4600 yr.

4. Concluding remarks

We found that Apollo asteroid 2005 UD is the most likely can-
didate for a large member of the PGC. This is a km-order

object. hence may be a split nucleus of Phaethon. We con-
firmed Az between Phaethon and 2005 UD ~ 4600 yr,
which is rather large as against Af, being 220 yr for the
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Table 2. 2005 UD, (3200) Phaethon, and the Sextantids (Sekanina 1976) at almost the same evolutional phase.

Object Epoch M e w Q i
(TT) (AU) (2000.0)
2005 UD 1867 Aug. 18 36°615  0.16570  0.87002 2062356  2(P930  2¢°519
Phaethon  —2688 Aug. I8 3290118  (.15538  0.87800 2062759 227096 28056
Sextantids 1969 Oct. 9 380 0.172 0.816 21223 1578 301
Phaethon-Geminids association and ~3900 yr between the References

Phaethon-Sextantids (Ohtsuka et al. 1997), although much
smaller than that of ~19000 yr between the Phaethon-Canis
Minorids (Babadzhanov & Obrubov 1987). Ohtsuka et al.
(1997) simply regard At of the orbital evolutions between
Phaethon and presently observable associated meteor streams
as an indicator of the meteor stream’s age. Ohtsuka et al. also
hypothesized that the larger Af means an older age of the me-
teor stream and more dispersive spatial number density of the
meteoroid stream. Really, the hourly rates, i.e., spatial number
density of the meteoroid particles. for Geminids, Sextantids,
and Canis Minorids are 60, 20, and 2 at most, respectively
(Kresiakova 1974; Ohtsuka et al. 1997). This suggests that the
meteoroid particles are not uniformly distributed over the PGC.
Of particular interest should be the relation between 2005 UD
and the Sextantids. The orbital parameters of 2005 UD and the
Sextantids, picked out by Sekanina (1976) among the Harvard
(Havana) radio meteor orbit data, are currently in good agree-
ment. As presented in Table 2. their Az 1s only 100 yr, then Dsy
1s minimum at 0.08, while Af between the Phaethon-Harvard
Sextantids amounts to ~4700 yr, along with somewhat larger
Dsy = 0.10. Therefore, the Sextantid meteor shower seems to
be associated more closely with 2005 UD than with Phaethon,
judging from At and Dsy.

Another astronomical curiosity is to estimate the splitting
time of 2005 UD from Phaethon. Both the dynamical behav-
iors are closely related with each other. However, At does not
become much larger with time, since there is an imperceptible
difference between the two evolutional rates. Such a tendency
may cause us difficulty in estimating the splitting time on the
basis of our rather short-term orbital solution. In addition, the
semimajor axes may have small random changes (similar to
those shown in Fig. 1) as a result of perturbations from the ter-
restrial planets in the long term, and the changes in semimajor
axes could then cause changes in precession rates. This prob-
lem may be resolved by future work based on further long-term
orbital studies.
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Abstract

We present the correlation analyses of the central region of Abell S0721 by using the images
taken by one-meter telescope at Lulin Observatory (LOT), as well as galaxy sample compiled from
NASA Extragalactic Database (NED) and the ROSAT All Sky Survey (RASS) data. The correlation
analysis of galaxy distributions between the member galaxies compiled from NED and the
flux-limited galaxy samples imaged by LOT shows the distributions of galaxies in both datasets are
similar. This result assures that the galaxy sample from NED is not biased by the sample selection
for redshift measurement, and the previous dynamics analyses based on this galaxy sample are
reliable. Furthermore, the correlation analysis between the optical structure and X-ray emission
shows that two nearby X-ray clumps (of which one has been suggested as a cluster, and the other is
still without optical identification) are likely related to galaxy group separately, and these two
groups are probably merging with each other. These results provide additional evidence to support
the possibility that SO721 is under merging.

1. Introduction

Abell S0721 is a poor cluster in the Shapley Supercluster, our recent work based on galaxy
data with measured velocity from NED and survey data from ROSAT All Sky Survey (RASS) and NRAO
VLA Sky Survey (NVSS, Condon et al. 1998) catalogues together show that S0721 is probably a cluster
merger at its early stage (Ho and Chen, 2006).

To further check whether the galaxy data compiled from NED is biased by sample selection for
redshift measurement and to investigate the connection of merging and the activity of member
galaxies in detail, a 2-color photometric study is required. The photometric observations in R and
B bands were taken on 2006 March 3 by Lulin One-meter Telescope (LOT). Here we use the
images taken by LOT to carry out correlation analyses with the galaxy sample compiled from NED
and the X-ray data from RASS.

2. Data
2.1 X-ray

The X-ray images from RASS III dataset are compiled from the ROSAT data archive
(http://www.xray.mpe.mpg.de/cgi-bin/rosat/data-browser), the resolution of the images is 45"and the mean
exposure time of our target region is about 320 sec. To reduce the Galactic contaminations, only the
RASS image in the 0.5—2.4 keV band is used.
2.2 Optical

Optical images in both R and B bands were taken on 2006 March using the Lulin One-Meter
Telescope with the PI1300B CCD (Kinoshita, 2005). The field of view is 11.5'x11.2" with /8.
The limiting magnitude is about 19 in R and 20 in B with 450 and 600 seconds exposure time for R
and B, respectively.

3. Result and Discussion

To check whether the dataset of galaxies with measured redshift compiled from NED is biased
due selection effect for redshift measurement, the images of S0721 central region (11.5'x11.2") in R
and B are superposed with the contours of the member galaxy density, as shown in Fig.1. In this
figure, two groups of galaxies are clearly shown in both cases, except a little offset for the group in
the lower-right, the galaxy distribution patterns are almost consistent. As a result, this indicates
that the sample selection bias of the galaxy sample compiled from NED is insignificant, and
therefore our previous dynamics analyses based on this data sample are reliable.
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Fig. 1. The images of SO721 central region (11.5'x11.2") in R (left) and B (right) bands observed by
the LOT are superposed with the contours of surface number density of member galaxies, the contour
levels are 3, 5, 8, 10c.

For the correlation analysis between optical structure and X-ray emission, the image of S0721
central region in R is superposed with the contours of X-ray count rate density (background
corrected) in the 0.5—2.4 keV band, and the positions of four X-ray sources detected by the RASS
observation (Voges et al., 1999) are also labeled (see Fig. 2). In this figure, the distribution of
galaxies and X-ray emission are in a similar elongated structure with same alignment. As to the
X-ray clumps in this region, only one listed in the RASS Bright Source Catalogue (BSC) has been
suggested as a cluster (Zimmermann et al., 2001), which is likely related to the galaxy group in the
lower-right region. In addition, one X-ray clump listed in the RASS Faint Source Catalogue (FSC)
seems to relate to the other galaxy group in the north-east, the offset between the group and the
clump is probably caused by the velocity difference of galaxies and hot gas during its merging with
other group.
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Fig. 2. The image of S0721 central region in R band observed by the LOT is superposed with the
contours of X-ray count rate density (background subtracted). The contour levels are 3,5,7,90. The
blue asterisks represent the positions of X-ray sources listed in the RASS FSC, and asterisk+square
represents the source listed in the RASS BSC.

4. Summary

The correlation analyses in this report indicate that: 1) the galaxy sample with redshift
compiled from NED is reliable in dynamics analyses; 2) two X-ray clumps are likely related to
galaxy groups, and they are possibly merging with each other.
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Introduction: One of the important goals in the study of compositional characterization of asteroids is
to understand the relationship between asteroids and meteorites. The asteroids are classified into some
groups with similar spectral characteristics. The Japanese sample return mission, HAYABUSA, the
spacecraft explored its target, near Earth asteroid (25143) Itokawa. The taxonomic type of Itokawa is S-type,
and the spectrum of this type asteroid is similar to that of the ordinary chondrites [1]. The purpose of our
observation is to obtain the information about taxonomic type and rotational status of the candidate target of
the next asteroid sample return mission (post-HAYABUSA mission). This information is useful for mission
targets selection and helpful for raising the technical feasibility of the exploration. Our goal is to find some
primordial type asteroid, C-type and D-type, in our candidate objects. Considering several mission plans, we
chose about 300 asteroids from NEAs as the candidate objects of the post-HAYABUSA mission. As the
taxonomic types of more than 200 candidates are unknown, we have performed the colorimetric observations
in order to obtain its taxonomic type information.

Observations and Data reductions: We have observed 14 near-Earth asteroids (NEAs) during
December 2005 — December 2006, using the 1.05-m Kiso Schmidt telescope with 2kCCD in Japan, and the
Lulin One-meter Telescope with PI1300B in Taiwan. Including our previous results [2], 32 NEAs had been
observed during 2003-2006. The observational log is summarized in Table 1. We made multicolor
photometry at clear-stable nights, using broadband filter, B, V, R, and I.

Classification: We classified our objects in broad groups, C-type group, S-type group, D-type group,
and X-type group. We obtained BVRI photometry data for 21 mission candidates, and classified 19 objects in
broad groups. Out of 19 candidates, we found that 5 asteroids are classified in C-type group. Obtained
spectra of observed C-type group asteroids are shown in Figure 1.

References: [1] Abe et al. (2002) LPS XXXIII, Abstract#1666. [2] Nishihara et al. (2006) LPS XXXVII,
Abstract#2352.
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Figure 1: Obtained spectra of observed C-type group asteroids.
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Table 1: Observational log. Observatory mark L: Lulin Observatory in Taiwan, K: Kiso Observatory in Japan.

Asteroid Date Observed (observatory) Filter used
3361 Orpheus 2005/10/14(K), 2005/11/28(L) BVRI
5797 Bivoj 2005/10/24(K), 2005/12/22,24,26,28(K), 2006/2/4(K) BVRI
25143 Itokawa 2001/3/26,29,31(K) 2001/4/1(K), 2001/8/22,23,24(K), R
2003/12/1,2,3,4(K), 2004/1/19,20,21(K),
2004/4/10,11,12(K), 2006/11/24,25,28(K),
2006/12/18,19,20,21,22(L)
65679 1989UQ 2003/9/26,29,30 (K) BVRI
65803 Didymos 2003/12/1,3,4 (K), 2004/1/20 (K) BVRI
68278 2001FC7 2003/9/26,29,30 (K), 2006/2/4,5(K) BVRI
68359 20010231 2005/10/24(K) RI
85585 Mjolnir 2003/9/28,29,30 (K) BVRI
89136 2001US16 2004/4/10,11,12 (K) RVI
98943 2001CC21 2003/9/29 (K), 2003/12/2 (K) RVI
103066 1999X0141 2005/8/31 (L), 2005/9/11 (L) R
11284 Belenus 2005/10/25(K), 2005/11/25,26,27(L), 2005/11/29,30(K), BVRI
2005/12/1(K)
136618 1994CN2 2006/3/29(L) BVRI
137799 1999YB 2005/11/25,26,27 (L), 2005/11/29,30(K) BVRI
138404 2000HA24 2006/4/24,28,29(K) BVRI
141018 2001WC47 2006/11/28(K), 2006/12/18,19,20,21,22(L) BVRI
141424 2002CD 2004/4/10,11,12) (K), 2006/3/28(L) BVRI
142348 2002RX211 2005/8/29 (K), 2005/9/11 (L), 2005/11/25,26 (L), BVRI
2005/11/30(K), 2005/12/22,24,26,28(K)
2000QK25 2005/11/25,28 (L), 2005/11/29(K), 2005/12/14,28(K) BVRI
2002CE10 2003/9/26,28 (K) R
2002TD60 2006/11/24,25(K) R
2003UC20 2003/12/3,4 (K), 2005/11/26 (L), 2006/2/5(K) BVRI
2003CY18 2005/6/3 (K), 2005/9/11 (L), 2005/10/24 (K) BVRI
2003RB 2003/9/28,29,30 (K) BVRI
2003SD220 2003/12/1,2,3 (K), 2006/11/,25,28(K), 2006/12/21,22(L) BVRI
2004DK1 2004/4/11 (K) RVI
2004EW 2005/3/5(L), 2005/3/7,8(K), 2005/5/5 (L), BVRI
2006/3/28,29(L)
2005ED318 2005/6/3 (K) R
2005JU108 2005/8/29,31 (K) R
2005TF 2005/11/30(K), 2005/12/26,27,28(K), 2006/2/5(K) BVRI
2006GB 2006/4/25,27,28,29(K) BVRI
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Photometry on Variable Candidates from the Pisgah Survey
An-Le Chen / Taipei Astronomical Museum

In the Pisgah survey (Lopez-Morales & Clemens, 2004), two objects show interesting light
variations among the 20 variable candidates. PS-1-vs0038 reveals irregular light variations but was
classified by the Combined GCVS (Kholopov et al. 1998) as an "unstudied variable with rapid light
changes". The amplitude of the light variation is about 0.25 mag, which is low and one of the
characteristics of nova-like variable. The authors made observations with a time-resolution of 180s.
Thus possible rapid variations such as flickering and QPOs may be smoothed out. An observation
with better time-resolution is worth trying in order to understand its nature.

PS-6-vs0262 was classified as an EW binary. Its light curve may resemble a light curve with
reflection effect. Spectroscopy and multi-colour photometry are required to examine the possibility.

I appreciated that the telescope time was allocated for this project. Unfortunately, it was heavy
cloudy and rainy during the observing run. Perhaps, I could make a try in future, especially when

the spectrograph is ready for observers. This certainly helps the project more.

References:
Lopez-Morales, M., Clemens, J.C., 2004, PASP, 116, 22
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Photometric observations of dwarf planet and TNOs at Lulin
Observatory

Hsing-Wen Lin

Rotation periods and variability amplitudes of TNOs are important characteristics of those objects.
From now on, only a few rotation periods of Trans-Neptunian Objects were identified. Using 1m
telescope and time-series photometry, we can measure the rotational variability and get rotation
periods and variability amplitudes of TNOs. Those two information show us a path to understand
some other physical properties of TNOs, like shape, density, size.

This work collaborated with Observatorio de Sierra Nevada, Spain.

We pick out 2 target, 2005 RM43 and 2005 RR43. Both of them are TNOs and the magnitude about
20.

After 3 night observations using LOT, we got about 50 snap-shot of each target.

J00 7z20 740 7680 780 800

This is one of the LOT images of 2005 RM43. The TNO is locate at “1”” and other marks are the
positions of references.
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This one is for 2005 RR43.

The results are shown below:

a

Relative magnitude (mag.)

2.4

2.3

22

21

1.9

1.8

1.7

1.6

15

&OO

"hov_rm43. lightcurve.txt’ using' ((($1-a)-int(($1-a)/p) p)/p):2:3 ——

" using ((($1-a)-int{($1-a)/p)* p)/p):4:5

" using ((($+78)-int(($1-a)ip) p)p)+1:2:3 +--sk---!

* using ((($1:»ia}—ir1m$1—a}@.-‘gé)'p}xp}n :4:5 -
: Y

; *
N

{ P

ES
%_

3

] :
b ; 4
- ] -
oyt W % &8 8 B
- - i
1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
phase

47

B40



2.5
b ' ' “nov_rr43_ lightcurve.txt’ using ((($1-a)-int(($1-a)/p)*p}/p):2:3 i
" using ((($1-a)-int{($1-a)/p) plp):4:5
" using ((($1-a)-int{($1-a)/p) p)/p)+1:2:3 -
I " using ((($1-a)-inl{($1-ak);'p)__'_p)fp)+1:4.5 i
- - i E ST -
e { ¥ oy b
T - &
= I %
&
g 1.5 -
@
=
=
=
&g
E
@
= 1F .
o
@
o
0.5 | .
m B @ @ omH o, g o
0 1 L 1 1 1 1 1 1 L o
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

phase

Fig. a shows the phase diagram of 2005 RM43 and Fig. b for 2005 RR43. Each figure plot two
phases of variability amplitudes. References' lightcurves are shown in green and purple points.
Significantly, those two TNOs have variability and the references not. That mean the variation of
magnitude is not cause by weather condition.

Using those preliminary results, we find the Brightness variation are ~0.3 mag for 2005 RM43 and
~0.5 mag for 2005 RR43. And the rotation period of 2005 RM43 should be about 8 hours for 1
round, and for 2005 RR43 is about 10 hours.

Add the new results of 2007A LOT observations, we will publish this work on 2007 EGU meeting.
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TAOS at Lulin in 2006

S. K. King® (4 < %), C. Alcock®, T. Axelrod®, F. B. Bianco®®, Y. I. Byun®, Y. H. Chang’ (38 X %),
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M. Lehner™, C. C. Lin" (+k2 £ ), H. C. Lin' (+k % 4), J. Lissauer”, S. Marshall’, S. Mondal’,

T. C. Nihei®®, I. de Pater, P. Protopapasb, J. Rice*, M. E. Schwamb!, A. Wang® (i1 i=48),
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(98]

The regular long zipper data since 2004 was analyzed offline. Two predicted asteroid
events were simultaneously observed by two or three TAOS telescopes successfully.
Some major progresses in both hardware and software at Lulin are summarized.

A statistics of the long zipper observation is shown in Figure 1. The total observation time is
661.3 hours where 343.8 hours was conducted by three telescopes simultaneously during this
period of time (Feb. 2005 to Dec. 2006).

A preliminary analysis shows no significant occultation event (see Chen 2006).

The predicted asteroid event of (286) Iclea was observed by telescope A/B/D on 2006 February
6. The (87) Sylvia event was observed by TAOS A & B on 2006 December 18. It was found in
the Sylvia event that TYC 1947-00293-1 is really a binary system unknown before (see Figure
2 and the TAOS website for detail).

Focus encoders were installed in April to show the absolute focal position. Air conditions were
installed in April to balance the ambient temperature. Isolation transformers were installed in
June to provide better lightening protection. Both A & B got new base plate in July so that the
telescopes can response well during vibration. A new auto-focus algorithm was applied in July
so that a data acquisition in zipper mode can be started more efficiently. An independent
wireless weather station and a more precise dew point sensor were installed in December to
provide a better standard of the local weather. A new frame transfer CCD arrived in summer
and will be tested soon.

TAOS Publication in 2006 (journal article, preprint, conference proceedings, thesis)

1.

2.

Early Observations in the Taiwanese-American Occultation Survey, Alcock, C. et al., 2005,
BAAS, 37, 1154

TAOS - The Taiwanese-American Occultation Survey, Lehner, M. J. et al.,, 2006,
Astronomische Nachrichten, 327, Issue 8, 814

TNO Occultation Surveys in Taiwan, King, S.-K. et al., 2006, in the 18th Rencontres de Blois
on "Planetary Science: challenges and discoveries", in press

Search for Small Trans-Neptunian Objects by the TAOS Project, Chen, W. P. et al., 2006, in
"Near Earth Objects, Our Celestial Neighbors: Opportunity and Risk" (IAU Symposium 236),
in press (astro-ph/0611527)

Virtual Astronomical Pipelines, Dave, R. et al., 2006, in ASP Conference Series,
"Astronomical Data Analysis Software and Systems XVI", edit. Shaw, R., Hill, F., and Bell, D.,
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The Astronomical Society of the Pacific, San Francisco, in press

6. Photometric Analysis for KBO Occultation, Kim, D.-W., Master's thesis, Yonsei University,

Korea, December, 2006

7.  Probability of Stellar Occultation by Trans-Neptunian Objects, Lin, C. C. et al., 2006, Journal

of Taipei Astronomical Museum, 4, 37

Statistics of TAOS observations
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Figure 1. Statistics of TAOS observation (long zipper mode in 2005-2006) by three TAOS telescopes (figure prepared

by Andrew Wang)

Qccultation by (87) Sylvia Asteroid on 20061218
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Figure 2. The light curves of the Sylvia event from the TAOS data (left) and an observation in Taichung City by Dr. Lin,
C.-L. (right) showed that the background star TYC 1947-00293-1 is a previously unknown binary system. (figures

provided by Kiwi Zhang)
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A Study of Star Formation History of Near-by Galaxies
B 1k
CREIE G SN2

Ha images were obtained using the Lulin One-meter Telescope (LOT) and the affiliated
H-alpha narrow band filter (See Fig 1.). R-band images are also made for continuum-subtraction.
K-band images were obtained from the the Two Micron All Sky Survey (2MASS).Information on
M74 and M83 transmission curve on the H-Alpha filter is presented below.

Since the weather was not good enough during the observation time to make observation of
standard stars, calibration can not be done to normalize the optical / near-infrared images. However,
the result of comparing the arm / inter-arm counts ratio can still be achieved. Using the ‘ARD
region’ option within the Starlink GAIA package, we can define a polygon lying around each
K-band arm. We then transferred the region into the H-Alpha image and calculate the average
counts in both images. Dividing the average counts of the two images, we can obtain the ratios in
arm and inter-arm region. The result is list as Table 2. With the result, we found H-Alpha / K ratios
to be apparently higher in K-band arm than in inter-arm region, which implies that density wave
triggering dominate mostly for the star-formation in spiral galaxies.

MS83 (R-band)
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MS83(subtracted H-alpha)

Discussion:
* Some foreground stars in narrow-band images are not perfectly subtracted probably because it is

almost impossible to fit the PSF perfectly for all the stars in the images. We' re still looking for the

best method to minimize errors.
* Observation of standard stars should be made for calibration, which we can calculate the absolute

magnitude of the galaxies. Using absolute magnitude, we
can determine star-formation rate of the galaxies.
% The 2MASS images are not “deep” enough to make more accurate analysis.

It' s necessary to use better near-infrared images.
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Identification of High-Mass X-ray Binary
Huang, Kuo-Pin

X-ray binaries are composed of a normal star and a compact object. The
compact object is either neutron star or black hole. Some of the stellar wind
of the Be star will be captured by the companion star can cause the mass
transfer in the system. When the mass fed to the compact object, it will
produce X-ray. The systems will radiate characteristic infrared emission.

While the normal star is a Be star or a blue supergaint star, we call high
mass X-ray binary (HMXB). The most of HMXB are in the galactic plane,
LMC, and SMC. In these fields, HMXB are in general located in regions
with crowded star and it is very difficult to identity the true counterparts for
the HMXB via optical observations. So many optical counterpart of HMXB
are unidentified. TO find the optical counterpart is an unfinished business in
the study of HMXB.

We use the catalog of HMXBs ( Liu et al. 2000 ) to search unidentitfied
target, and select the candidate in the 2MASS data. We plot those color-
color diagram of Be star ([J]-[H] verse [H]-[Ks]) in Figl. We note that the
infrared colors for these Be stars all have values very close to zero. We use
this characteristics to search for counterparts for other unidentitied HMXB.
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Fig 1. The color-color diagram of Be star
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We select several targets to observe. The XB 19544319 is one of our target. It
is our emphasis, because it's number of candidate is five. Fig 2. show
position of our targets.

1E+04 ZE+04 JE+04 4E+04 SE+04 BE+04

Fig 2. The five green circle is candidate of XB1954+319.

We want to plot the light curve of candidates. The least variable period of
HMXB is about 17 days. So we must monitor for a long time.

During 2006 first half year, my observation time is not good. It is during
Bright day. The position of this source is in Cygnus. The LOT was maintain
in July to September, so I miss the best observation time for this target.

I get 12 day for proposal of LOT2006B. Because the weather is good for
every observation, the useful data only eight days and I can not do standard
photometry. I use differential photometric to determine the magnitude of
candidates. I plot the light curve for five candidates and reference star in Fig
3.. In the Fig 3., the button picture is the light curve of reference star, others
are candidate | to 5. The magnitude is not calibrated, so we are not sure the
variation is true. The light curve of five candidates are similar the reference,
so maybe those candidate are not variable star.

We can find disadvantage of our method, It can efficiency to identify the
optical counterpart of our source.
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LELIS at Lu-Lin in 2006
LELIS : Lu-Lin Emission Line Imaging Survey

W.-H. Sun (#773&#7), H.-Y. Mong (5:4.%), C.-C. Liu (%HF,[‘E M), K.-C. Lu (’fl% =
H.-H. Ma ([5L25#1),B.-W. Wang (= %), Y.-W. Cheng (61" | )

{12004 5 41 + 25 PR R0 7 o SIS « OIS - SR R BT
“W5m# Lu-Lin Emission Line Imaging Survey » {7 LELIS » 71 B! FEP/ETR £ Iy = {5 5f
FSQLFE Ho ~ [OII] > and [SIT] » S5 [ AVRIIH Y SERECR o RIS PTATE ﬁﬂf I"?E«J}I*Q
B SRR - ’?ﬁ?’rﬁ!jﬂ‘ﬁﬂ VETEL 5 )~ UL B S PIETRSE A o TP TET N B rl
(S A PR 1

[ﬂh AR RU 7D 400mm/F2.8 G ALVRFSPEOL 52 LT P UIFER - 25 PP 2006
» f25 PENTAX 400mm/F4.0 [ 17 10 ** 55 Wg, 5}3 R 3 A fUERLEY ﬂqu‘?ﬁ% ’
*JD Hﬁ%“%ﬁi‘iﬂ#@%iﬁ’(Robo Focus )» HE[ '~ 245 Jf[!’ﬁiiﬁl SR (AR VB
E‘Q%ﬁ == ) e iMF'EJr‘«?ZO% F R o SRR AR Jmi%ﬁﬂvﬁ'#ﬁ ﬁ‘“%‘*? “”@w
s UL AR » TR R il Lt U Tt - = i a2
IHHC‘\* e S I lu\ﬂﬁku LELIS - "at D R o 25T l%‘ fﬂﬁny«%e i
ﬁ“; A b SRS B RRIEEE > o LR SR A_E'E%E‘?EHF oo B i | H%ﬁ I*%F‘?EIJ 5P
T T S O [ DR R PR R o S I MR EIVRE s T R T
=R %71% , [tt',fi‘tﬁj;lg:ﬁ%@ VRLAE -

E'FijpY LELIS 5% 'n”?i I*I—Eﬁ%’ﬁﬁ' B O BIF > - R PENTAX Wi -
fil & ST-10XME CCD A4 » 75112 3 - 1.5 Hﬁp}ﬁlgh o PRIIF=A \’Eﬁpqé‘jul , '»31 R
L w25 R B [Fjﬁﬂjﬂ\?ﬂf/mﬁﬁ U PR SRR B ﬁgf{ﬂ\iﬁaﬁﬁlﬂ
AR g [ o = VR [ *@F‘?EUF RN El[Eﬂjn’ﬁH,|~~ «?ﬁgu LRRRRY
é{:fﬁ’&ﬁ{_ﬂjﬁ["?ﬁﬂj L ,#w?ﬁﬁu&iﬁﬁjﬂwﬁr @Ifﬁj%l T, 4 Sk S 2
o T fﬁﬁ@’?&ﬁfﬁéﬁ"@ﬂiﬁﬂ Cafi pLAPI= [ ) =

7 / ! s | — B
Figure 1. LELIS Zaf kI 24EH Y » & 5 = Figure 2. LELIS <E5R[Y = 35 Fi eV - -
Ao £ e ’?‘/FFIH kY —,E?F% I R A & 2 Ha ~ [OIII] > and [SIT]3 HPFWWV;E;HQ
JE:'—E:I U_Eg#ﬁ%% ° FFIF”L%%L% °

58



<
T

Figure 3. LELIS - R 54 3 B - Figure 4. LELIS - BhHJ5Y (5 » NGC6990 (in
BIFI TR S LS [yt I A Bt sy - 1) ®T1 H-alpha) -
NG

Figure 5. LELIS =585 (5 - M42 g1 1

Figure 6. LELIS <<t @RS (i - M42 %5+
== (in H-alpha) ° gu AR B Y (g i

2= (in [OIII]) -

59



GFTh A R
(The Follow-up Observations of Supernovae with Lulin Observatory)
Ting-Wan Chen (PR 4 #%). Ying-Tung Chen (Fg 3£ 5] ). Wing-Huen Ip (& K k&),
Li-Jin Huang (# % £%). Lin, Hung-Chin (# % £%), Chi-Sheng Lin (#h B4 ),
Hsing-Wen Lin (#k4 ). Kuo-Pin Huang (% B ##). Yi-Chen Chen ([ 24 $%)

Institute of Astronomy, National Central University, Taiwan

Supernovae are phenomena of the end stage of life on massive stars. The energy of
supernova explosion is equal to 30 hundreds million times of solar luminosity,
however, the time of explosion smaller than 1 second. In average, 415 supernovae
have been reported from 2001 to 2006. Amount of supernovae discovered increase

with year, and they provide samples for research in property of supernovae.

We choose bright supernovae to follow-up observe, because after the maximum
brightness, the magnitude decay about 0.1 every day. In average, one bright
supernovae appeared every 1~2 month. To obtain BVRI light curves, we need long
days (about 30 to 50 days) to observe, but not many time in one night. For this reason,

we are very appreciate that LOT users and assistants assist us in observe supernovae.

We used the one-meter telescope (LOT) at Lulin to carry out follow-up
observations of several supernovae in nearby galaxies. One interesting target which
we have made detailed observations was SN 2006jc in UGC 4904. SN 2006jc was
discovered on 10/09/2006. Rather unexpectedly. Spectra of SN 2006jc changed type
from Ib (CBET 666) to Ia, because its spectrum appeared Si line (CBET 674).
However. the Fred Lawrence Whipple Observatory take spectrum of SN 2006jc on
17th Oct (see figure 1). The spectrum 1s similar to type Ic supernova SN 1999c¢q.
Finally it becomes a type Ib supernova, and represent a new class of former

classification (Foley et al. , 2006).

We collected BVRI bands data from 10/13/2006 to 11/29/2006 (see figure 2). Note
that the B-band magnitude of SN 2006jc was brighter than the other bands. We
compare light curves of SN 2006jc with SN 19941 (see figure 3). We discover that the

V. R, and I-band light curves are similar to each other. But the B-band light curves of
SN 2006jc and SN 19941 are very different.
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Fig. 1 Spectrum of SN 2006jc from FLWO

From:http://cfa-www.harvard.edw/cfa/oir/

Research/supernova/spectra/sn06jc_comp.gif
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Fig. 3 are B.V.R and I light curves of SN 2006jc (red color) in comparison with SN 19941 (green

color). Moreover, we compare with type Ia supernova 2002er (blue color). The data of SN 19941 are
obtained from Richmond et al. (1996), and SN 2002er from G. Pignata et al. (2004). Note that the times

of the maximum brightness are aligned in these figures.

The sample of Type Ib and Ic supernovae are not many, and therefore we want to use
LOT to observe more data. We can understand their physical properties of supernovae

themselves, and what kinds of galactic environments around progenitors.
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Transmission Curve Investigation for Bessell
Filters (2006)

Ting-Chang Yang, Hung-Chin Lin
Version: 0.2
Date: 2006/11/21

1 Motivation

Recently, we purchased four Bessell filters from Costom Scientific Company. The daimeter of
each filter is about 50mm to fit our need in the RC16 telescope optics system. We asked Thin Film
Techonology Center, NCU, for the help of measuring the transmission curve of the four Bessell B,
V, R, I band filters. To make a confirmation for the test results from the manufacturer, and know
about more for the filters, like the uniformity of the filters.

2 Measurement

The filters had been sent to the Thin Film Technology Center in 11/10, 2006. The instrument
“Hitachi U-3501 spectrometer” was chosen for the measurements (Fig. 1) !. The specs of the
instrument are listed in Tab. 1 below. There are two dectors and two illumators equipped in
the instrument for the measurement of different wavelength ranges. Thus, when switching the
detectors or illumators, sometimes, there might show “edge” features in the transmission curves of
the measured results. Usually, the “edges” appear near the wavelengthes around 350 nimn and 850
nm in the transmission curves.

1The instruments could be found in the webpage of Thin Film Technology Center, NCU: http://www.ncu.edu.tw/
“tftc/lnk/service/service-meas.html.

Table 1: Specialities of Hitachi U-3501 Spectrometer
Monochromator  Single or Double Monochromator
Wavelength Range  176-3300nm (UV-VIS-NIR)
Sampling Interval  0.01 nm
Functions  Transmittance, Absorbance, Reflectance at 5° Angle of Incidence
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Figure 1: The overview of Hitachi U-3501 spectrometer (left), and the sample holder in the spectrometer (right).

3 Results

The transmission curve diagram offered by the manufacturer is shown in Fig. 2. Because the
manufacturer just offers the testing results in graphic form, we can only approximately derive the
wavelengthes where the maximum transmission rates occur (ATmay ) and the corresponding maximun
transmission rates (T ay). The evaluated values are shown in Tab. 2.

The area we chose for the measurements from the filters are in the position of the central region
(noted as c). and other four corners near the filter edges. These are shown in Fig. 3. (left).

The measured results are shown. (Fig. 4 represented the transmittance near the central regions
of the filters). In Fig. 5, the transmission ratio differences between different regions of the filters
are shown in the diagrams. The wavelengthes with largest transmission ratio (At,__ ) are put in the
center of x-axes. Not all the filters reveal hightest transmission ratio near the central region. And
there are some difference between different regions of the filters. The difference could reach up to
2 % (B filter). But there are many reasons to cause this kind of results. The calibration of the
instruments, the intrinsic properities of the filters, and the man-made mistakes are all the possible
factors which will affect the measurement result.

Fig. 6 is for the comparison to the manufacturer results. We can see that the trends are quite
similiar in B, V, and R filter results, but there are larger bias left in the I band filter result. This
maybe also caused by the problem of calibration for the instrument, different properites of the
instrument or different conditions from the manufacturer’s laboratory.

Table 2: Atmax and Tmax of the Sample Filters
Manufacturer Measurement Difference
/\Tmax Tmax A'I'ma)( Tmax A/\Tmax ATmax
B 427 nm 71 % 428 nm 70.322 % 1 nm -0.68 %
\% 514 nm 88 % 517 nm 87.474 % 3 nm -0.52 %
R

|

Filter

505 nm  79% 594 nm 80.658 % -1 nm 1.66 %
815nm 87 % 784 nm 934289% -31nm 643 %
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Photometric BVRI Filters

Bessell Prescription
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Figure 2: Transmission Curves Provided by the Manufacturer

Figure 3: Left: The marked positions of the testing filter samples, there are five regions to be measured. Right: Before
the measurement, the sample should be put on the holder in the stage.
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Figure 4: Transmission Curves of Filters (Central Region).
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Spectrometer on LOT
Wen-Shan Hsiao, Hung-Chin Lin, Wen-Ping Chen

A duplicate Gunma Compact Spectrograph (GCS) has been installed to Lulin One-meter
Telescope at the end of 2006. Two kinds of resolution are provided: low- (300gr./mm) and
intermediate-resolution (1200gr./mm). Lulin Compact Spectrograph (LCS) is equipped with AP-8
CCD, and a SBIG ST-8 CCD is used to serve as slit viewer, with FOV about 5x7 arcminute.
Orientation of slit is currently fixed along the north-south direction. The complete setup of
equipment is shown in Fig. 1, and the view of slit monitor is shown Fig. 2. FeArNe lamp is used for
wavelength calibration (Fig. 3).

/ | | ‘4 - --.#;_‘_ . 1

Fig. 1 LOT equipped with spectrograph. "
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Fig. 2: NGC3242 seen in the slit monitor.

NOAO/IRAF V2.11EXPORT kawakita@futago Wed 17:06:18 07-Nov-2001
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Fig. 3: Spectrum of comparison lamp.
Both dome flat and twilight flat were applied to the object, in order to examine if the

results processed with these two flats are consistent. Fig. 4 and Fig. 5 are response images
( could be thought as normalized flat ) of dome flat and twilight flat.
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Fig. 4. Response image of dome flat.

i bt | bt | Fa i

Fig. 5: Response image of twilight flat.

We took low-dispersion spectrum of Eskimo nebula (NGC2392) for the following
analysis. The bright source in the center of Fig. 6 is Eskimo nebula (Vmag=10.11). We
combined 2 spectra of 300-seconds and 600-seconds exposure time (with autoguiding) to
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yield a better SNR spectrum. The spectrum was then bias- and dark-subtracted, and it was
calibrated individually with dome flat and twilight flat. Wavelength calibration was applied
with FeArNe standard lamp. The wavelength coverage is from 3900 to 7700 angstrom
(about 3.7A/pix). System sensitivity as a function of wavelength was computed from

standard star HD 19445, and then we applied this result to calibrate flux of Eskimo nebula.
The final results are shown in Fig. 7 and Fig. 8.

Fig. 6: Slit viewer image of Eskimo nebula (upper one), and calibrated spectra (lower-left is
calibrated with dome flat, and lower-right is calibrated with twilight flat).
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NOAD/IRAF VR.12EYPORT wehsiao®aquila.astro.ncu.edu.tw Sat 15:48:12 17-Ma
[ngc2392-ged.ms[*.1,1]]: NGC2392 300. ap:1 beam:1l
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Fig. 7: Spectrum of Eskimo nebula, calibrated with dome flat.

NOAD/IRAF V2.12EXPORT wshsaiao®aquila.astro.neu.edu.tw Sat 17:22:50 17-Ma
[eskimo.cd.ms[*.1,1]]: NGC2392 300. ap:1 beam:l
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Fig. 8: Spectrum of Eskimo nebula, calibrated with twilight flat.

Many emission features, such as H, [Ol] (5011 & 4958 A), H 8, Mgl (4700 A), could
be identified from these low-dispersion spectra, though the intensity of some lines between
these two spectra is a little bit different. The more obvious difference is the continuum at
wavelength shorter than 5000 angstrom, which could be because of the slight difference of

response images between dome flat and twilight flat.

Our preliminary results of the spectrograph mounted on LOT indicate that LCS serves
well for the studies about line-identification and spectral-type classification. Further
examinations would be done to test the behaviors of standard lamp pointing toward

76



different directions, to test quality of dome flat, and to get a better idea of the performance
of LCS.

Below shows more spectra taken with LCS at low dispersion.

NOAO/IRAF V2Z_12RYPORT wshaiaoBaquila.astroncu.edutw Sat 22:59:23 17-NMa
[ngeiz42ed.ms[*.1,1]]: NGC3242 300. ap:1 beam:1
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Spectrum of NGC 3242, a planetary nebula. V band magnitude is 7.0 (SIMBAD), and
exposure time is 300 seconds.

NOAD/IRAF V2.12EXPORT wshsiao@aquila.nstroncu.edutw Sat 23:20:19 17-Ma
[betel-1cd.ms[*.1,1]]: HD39801 2. ap:1 beam:1
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Spectrum of Betelgeuse, a M-type pulsating star. V band magnitude is 0.58 (SIMBAD).
Exposure time is 2 seconds.
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Tsa1, C. C., C. H. Lohand Y. T. Yeh (1987). Analysis of earthquake risk in Taiwan based
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2006/01~2007/02 LOT $hi= S8 %]|%

IANCU/LOT Observing Time 2006A (January/2006 — May/2006)

No. Project PI1
1 |A multi-wavelength study of the merger candidate-ACO S0721 =
2 [Monitored the unusual comet 73P/Schwassmann-Wachmann 3-C EAES
3 |Supernovae Search and Follow-up Observation = [l
4 |Photometric Observation of Asteroids with Comet-Like Orbit i
5 |Atest of star formation theories in galaxies from near-infrared and Ha imaging |EJ .35
6 |Target of Opportunity of GRBs and XRFs follow-up observation 7 48]
7 |A Deep Search for Transiting Exoplanets and Variable Stars in NGC 2099(M F“ﬁf'ﬁi;’
37)
8 |Photometry on Variable Candidates from the Pisgah Survey L
9 |UBYV photometry on galactic open clusters with poor age and distance Bﬁ&ﬁ}%&
determination: Formation and evolution of high galactic latitude open clusters
10 |The photometric study of the candidate of binaries in Bipolar planetary K. (’F“I
nebulae- M4-18 and NGC 3242
11 |Ground based observation of asteroid sample return mission target Masanao Abe
12 |Time-resolved photometry for superhumpers PP L
S ks REL
14 |NTU Center for Information and Electronics Technologies Advanced ! iﬁiifé
Communication Systems and Technologies Laboratory
15 |Precession of Splitted Cometary Nucleus---Proving Internal Structure of the [ i
Comet 73P/Schwassmann
16 |Galactic structure from apparent luminosity function i IR
17 |The Photometry of selected eight open clusters with log(age)=8-9, NGC 1528 [ﬁl 25
and NGC 1708
18 |Image reconstruction of double Stars and central part of M42 by speckle R
masking method
19 |Wholr-Earth Telescope Determination of Whita Dwarf Convertive Parameters |[fi ¥ 5
20 |The Ha Survey of bright galaxies in galactic cluster Abell 1213 REst
21 |Identification of the Optical Counterparts of high-mass X-ray binaries f{, AR
IANCU/LOT Observing Time 2006B (September/2006— February/2007)
No. Project PI1
1 [Shake-Down Observations and Calibration of the New Spectrograph Wen-Ping Chen
2 |A Deep Search for Transiting Exoplanets and Variable Stars in NGC 7245 SR
3 |The UBVRI Photometry of Open Clusters with age = 100M yrs Hsich-Hai Fu
4 |[Webcam CCD Speckle Observations of Binary Stars Hsieh-Hai Fu
5 |Photometric Observations of Asteroids with Comet-Like Orbit Kinoshita
Daisuke
6 |Low Resolution Spectroscopy of (3200) Phaethon during Commissioning Kinoshita
Phase of Lulin Compact Spectrograph Daisuke
7 |Supernova follow-up Observations [ 25k
8 |Supernovae Search Ying-Tung Chen
9 |Target of Opportunity of GRBs follow-up observation Wing-Huen IP
10 |Photometry Observation of 73P/SW-C & -B and Halley-like Comet Lin, Zhong yi
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177P/Barnard 2

11 |Photometry and Dynamics Characteristics of Selected Open Clusters RN

2 B~ FUH EST

13 |NTU Center for Information and Electronics Technologies %f}’»i@
Advanced Communication Systems and Technologies Laboratory

14 |Ground based observation of asteroid sample return mission target Masanao Abe

15 |The Photometric study of the Candidates of Binaries in the Nuclei of Bipolar |k, (ﬁ
planetary nebulae I —M 4-18

16 |Calibration Program of Lulin Compact Spectrograph (LCS) I :Abasictest |EJ _—&(ﬁ
and observational parameters for the instrument of LCS

17 |Triggered Star Formation at High Galactic Latitude e

18 |A study of rotational variability in 2003 UB313 and other large Wing-Huen IP
Trans-Neptunian Objects

19 (Identify of the high-mass x-ray binary ik

20 |A Test of Star Formation Theories [@f J1E

21 |3 B ENAIREY = (44 The Feasibility Study of a Transit Survey Network |17 24|
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"t b
NCU/LULIN LOT/1m OBSERVING PROPOSAL
Semester: 2007B

%% Observing time is allocated on a 6-month basis, March-August (A), and September-February
(B).

% The proposal, either in Chinese or English, should be sent to the Time Allocation Committee,
preferably via email at tac_lulin@astro.ncu.edu.tw, or via post to Graduate Institute of
Astronomy, National Central University, 300 Jungda Road, Chung-Li 32054 Taiwan. Inquiries
regarding observing requests or instrumentation can be directed to the same email contact.

% If time is granted, please fill out the Lulin Lodging Request Form before the observing run
(http://www.lulin.ncu.edu.tw/TAC/LulinApplication.htm).

< At times a time-honored event may require interruption of an ongoing project. The observer
will be notified, and consulted for service observations if a mutual agreement can be reached.

1. Title of the Proposed Observing Program

2. Abstract (limited to 200 words)

3. Category
[ ISolar System [ |Exoplanets [ IStars Star Formation [ JCompact Objects
[ Interstellar Medium [ |Nearby Galaxies [ JAGN [ ]Cosmology

[ |Cluster of Galaxies [ |Gravitational Lenses [ |Large Scale Structure [ |Distant Galaxies
[ ]Others

4. Principal Investigator

Name:
Institute:
Address:
E-mail:
Phone/Fax:

5. Co-Investigators

Name / Institute Name / Institute Name / Institute

113



6. Link to Thesis Work

[_|This observing program is linked to a PhD thesis
[_|This observing program is linked to a master thesis

Name of the student(s):

7. Time Request

Instrument Number of | Moon Phase | Preferred Acceptable Remarks
(LCI/LCS) Nights (D/G/B) | Date Date (Hi or Lo-Res for LCS)

Total requested number of nights:
Minimum acceptable number of nights:

8. Scheduling Constraints

9. Instrument Requirements

10. Observing Experiences

11. Backup Program in Poor Weather Conditions

12. Publications related to LOT usage

13. Status of Previous Observations if LOT observing time has been allocated to P.I. before

14. Target List

Object | RA (2000.0) | Dec (2000.0) | Magnitude | Angular Size | Exposure | Remarks

114



15. Scientific and Technical Justifications (limited to two additional A4 pages, including figures)
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