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ABSTRACT

Aims. This paper is a continuation of the first paper in this series, where we presented an extended study of the dust environment of
a sample of short-period comets and their dynamical history. On this occasion, we focus on comets 81P/Wild 2 and 103P/Hartley 2,
which are of special interest as targets of the spacecraft missions Stardust and EPOXI.

Methods. As in the previous study, we used two sets of observational data: a set of images, acquired at Sierra Nevada and Lulin obser-
vatories, and the A fp data as a function of the heliocentric distance provided by the amateur astronomical association Cometas-Obs.
The dust environment of comets (dust loss rate, ejection velocities, and size distribution of the particles) was derived from our Monte
Carlo dust tail code. To determine their dynamical history we used the numerical integrator Mercury 6.2 to ascertain the time spent
by these objects in the Jupiter family Comet region.

Results. From the dust analysis, we conclude that both 81P/Wild 2 and 103P/Hartley 2 are dusty comets, with an annual dust produc-
tion rate of 2.8 x 10° kg yr~!' and (0.4—1.5) x 10° kg yr~!, respectively. From the dynamical analysis, we determined their time spent
in the Jupiter family Comet region as ~40 yr in the case of 81P/Wild 2 and ~1000 yr for comet 103P/Hartley 2. These results imply
that 81P/Wild 2 is the youngest and the most active comet of the eleven short-period comets studied so far, which tends to favor the
correlation between the time spent in JECs region and the comet activity previously discussed.

Key words. methods: observational — methods: numerical — comets: individual: 81P/Wild 2 — comets: individual: 103P/Hartley 2 —

comets: general

1. Introduction

Cometary science has been revolutionized by in situ mis-
sions over the last several decades. It will continue to de-
velop and transform with the arrival of Rosetta Spacecraft
at Comet 67P/Churyumov-Gerasimenko. Unfortunately, only a
few comets have been studied by spacecraft missions. In this pa-
per we focus on comets §1P/Wild 2 and 103P/Hartley 2. Both
comets have been the subject of extensive studies in past years
and were the targets of the Stardust and EPOXI missions.

Comet nucleus 81P/Wild 2 (hereafter 81P) has been deter-
mined as a triaxial ellipsoid having radii of (1.65%2.00x2.75) +
0.05 km by Duxbury et al. (2004). The surface shows an ancient
terrain composed of cohesive porous materials, probably as a
consequence of a mixture of fine dust and volatiles when the
comet was formed. It also shows the presence of large-impact
craters, implying that the cohesive nature of the surface is old,
since it was present before the comet entered the inner part of the
solar system (Brownlee et al. 2004). Sekanina (2003) established
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its current orbit as a consequence of a close encounter with
Jupiter in 1974, when its perihelion and aphelion distances de-
creased from 5.0 to 1.5 AU and from 24.7 to 5.2 AU respec-
tively. Comet 103P/Hartley 2 (hereafter 103P), has a small nu-
cleus with a bilobed shape and a diameter in the range of 0.69
to 2.33 km (A’Hearn et al. 2011). It is considered to be a hy-
peractive comet, with large-grain production with velocities of
several to tens of meters per second (Harmon et al. 2011; Kelley
et al. 2013; Boissier et al. 2014). Its orbit period is 6.47 yr, with
current perihelion and aphelion distances of ¢ = 1.05 AU and
0 =5.88 AU.

In this paper we study these comets in the same way as
in Pozuelos et al. (2014, hereafter Paper I). Thus, we use our
Monte Carlo dust tail code (e.g., Moreno 2009), which allows
us to obtain the dust parameters: i.e., dust loss rate, ejection ve-
locities and the size distribution of particles, and the emission
pattern. For anisotropic emission, we introduce active area re-
gions, along with the rotational parameters of the nucleus: rota-
tion period and orientation of the spin axis defined by the angles
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Fig. 1. Representative images of the observations obtained using a CCD camera at 1.52 m telescope at the Observatorio de Sierra Nevada in
Granada, Spain. Right panel corresponds to 81P/Wild 2 on April 9, 2010. Isophote levels in solar disk units (SDU) are: 0.25 x 10713, 0.77 x 10713,
2.20 x 10713, Left panel corresponds with comet 103P/Hartley 2 on August 4, 2010. Isophote levels are: 0.20 x 10713, 0.40 x 10713, 1.10 x 10713,
In both cases the directions of celestial north and east are given. The vertical bars correspond to 2 x 10* km in the sky.

I (obliquity) and ¢ (argument of the subsolar meridian at perihe-
lion) (e.g., Sekanina 1981). In the second part of our study we
analyze the dynamical history of these comets. To perform this
task we use the numerical integrator developed by Chambers
(1999), which has been used before by other authors, such as
Hsieh et al. (2012a,b) and Lacerda (2013). From this analysis
we studied the last 15 Myr of these comets, and we obtained the
time spent by them in the region of the Jupiter family Comets
(JFCs). Both dust environment and dynamical studies allowed
us to determine how active these comets are as a function of
the time spent as JFCs. We based our studies on two different
kinds of observational data: direct imaging in Johnson R fil-
ter from ground-based telescopes, most of them obtained at the
1.52-m Sierra Nevada Observatory (Spain), and some of them
at the 1-m telescope of Lulin Observatory (Taiwan) (Lin et al.
2012). The second block of observational data corresponds to
Afp measurements provided by the amateur astronomical as-
sociation Cometas-Obs. These observations almost completely
cover the orbital path when the comets are active.

The observations and the data reduction are explained in
Sect. 2; the model is described in Sect. 3 ; the dust analysis, and
comparison with others currently available are given in Sect. 4;
the dynamical study appears in Sect. 5; and finally the summary
and conclusions are given in Sect. 6.

2. Observations and data reduction

Most of the images of 81P and 103P were taken at the 1.52 m
telescope at the Sierra Nevada Observatory (OSN) in Granada,
Spain. We used a 1024 x 1024 pixel CCD camera with a
R Johnson filter. For comet 81P, we also used observations ac-
quired at the 1 m telescope at Lulin Observatory in Taiwan, using
a 1340x 1300 pixel CCD with an Ashi R broadband filter. Table 1
shows the log of the observations. Additional details for the ob-
servations at Lulin Observatory are given in Lin et al. (2012)
and the references therein. Several images of the comets were
taken in order to improve the signal-to-noise ratio. A median
stack was obtained from available images. The individual im-
ages from each night were bias-subtracted and flat-fielded using
standard techniques. To perform the flux calibration, we used
the USNO-B1.0 star catalog (Monet et al. 2003), so that each
image we acquired was calibrated to mag arcsec~> and then con-
verted to solar disk units (SDU). We rotated each image to the
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(N, M) system (Finson & Probstein 1968), where M is the pro-
jected Sun-comet radius vector, and N is perpendicular to M in
the opposite half plane with respect to the nucleus velocity vec-
tor. The images were finally rebinned so that the physical dimen-
sions were small enough to be analyzed with our Monte Carlo
dust tail code. Representative reduced images of 81P and 103P
are displayed in Fig. 1.

The second block of our observational data are the Afp
(A’Hearn et al. 1984) measurements carried out by the am-
ateur astronomical association Cometas-Obs'. These observa-
tions cover most of the orbital arc where the comets are active.
They are given as a function of the heliocentric distance and are
always referred to as an aperture of p = 10* km projected on the
sky at each observation date. The calibration was made using the
star catalogs CMC-14 and USNO A2.0. To make a direct com-
parison, we computed the A fp with p = 10* km from the OSN
and Lulin image observations (see Table 1).

It is important to note that some of the observational data cor-
respond to times where the phase angle is close to zero degree.
We corrected for the backscattering enhancement (Kolokolova
et al. 2004) by the expression:

B00-0)

Afpr=10"725" X Afp, (1
where S is the linear phase coefficient, for which we assumed 8 =
0.03 mag deg™', based on the studies by Meech & Jewitt (1987)
for several comets. The correction is applied when @ < 30°.
More details are given in Sect. 3 of Paper 1. This backscattering
effect becomes especially important for comet 81P. In Fig. 2 we
observe a clear increase in A fp for small phase angles and see
how these data are corrected after application of Eq. (1). Despite
this clear correlation between A fp and «, there are authors who
attributed this enhancement to an outburst experienced by the
comet after perihelion passage. We discuss this in Sect. 4.

3. Monte Carlo dust tail model

As in Paper I, to fit the observational data described in the
previous section, we used our Monte Carlo dust tail code (see
e.g., Moreno 2009). This code allowed us to generate syn-
thetic images that can be directly compared with the obser-
vations, from which we can derive the synthetic Afp curves.

I See http://www.astrosurf.com/cometas-obs/
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Table 1. Log of the observations.

. i ! A Resolution Phase Position  Afp (o = 10*km) 2

Comet Observation date (AU) (AU) (kmpixel’) angle () angle (°) (cm) Telescope
(a) 2010 Jan. 16.81 -1.639 1.080 808.4 354 292.6 566+ 113 Lulin
(b) 2010 Apr. 9.06 1.660 0.674 899.5 10.1 262.3 351+70 OSN
(c) 2010 Apr. 21.06 1.695 0.694 926.2 4.7 208.7 272 +54 OSN

81P/Wild 2 (d) 2010 May 15.96 1.789  0.822 1097.2 14.0 125.2 236 +47 OSN
(e) 2010 Jun. 3.93 1.875  0.992 1323.9 21.0 116.7 258 +51 OSN
(f) 2010 Jul. 6.89 2.046  1.404 1873.7 26.8 110.3 139 +27 OSN
(g) 2010 Aug. 21.85 2302 2.119 2827.9 25.9 103.7 148 +£29 OSN
(a) 2010 Jul. 12.14 -1.744 0916 641.2 29.0 228.5 9+1 OSN

103P/Hartley 2 (b) 2010 Aug. 4.11 -1.541 0.666 444 .4 29.4 210.7 16+3 OSN
(c) 2010 Sept. 6.04 -1.274 0.352 469.7 354 179.6 24 +4 OSN
(d) 2010 Nov. 3.16 1.061  0.150 400.3 58.7 282.4 65+ 13 OSN

Notes. () Negative values correspond to pre-perihelion, positive values to post-perihelion dates. ® The A fp values for phase angle <30° have been

corrected according to the Eq. (2) (see text).

This code was successfully used in previous works to deter-
mine the dust properties of some short-period comets such as
29P/Schwassmann-Wachmann 1 and 22P/Kopff (Moreno 2009;
Moreno et al. 2012), as well as some Main-belt comets: P/2010
R2 (La Sagra), P/2012 T1 (PANSTARRS), and P/2013 P5
(PANSTARRS; Moreno et al. 2011, 2013, 2014). This code
is also called the Granada model in Fulle et al. (2010) where
the authors describe the dust environment of the Rosetta target
67P/Churyumov-Gerasimenko. The model computes the trajec-
tory of a large number of particles when they are ejected from
the nucleus surface and are submitted to the solar gravity and
radiation pressure force, describing a Keplerian orbit around
the Sun. Considered to be spherically shaped, the particles are
characterized by the 8 parameter, which is the ratio of the ra-
diation pressure force to the gravity force. For those particles
B = Cp:Qpr/(pad), where Cpr = 1.19 X 1073 kg m~2, O is the
radiation pressure coefficient, p the particle density, assumed as
p = 1000 kg m~3, and d the particle diameter.

To compute the geometric albedo p, and Q,, we used the
Mie theory to describe the interaction of the electromagnetic
field with spherical particles, assuming a refractive index of
m = 1.88 + 0.71i that is typical of carbonaceous spheres at red
wavelengths (Edoh 1983). This gives p, = 0.04 for r > 1 um at
most of the phase angles, and O, ~ 1 (Burns et al. 1979).

In the model, the trajectories and positions of the particles in
the N, M plane and their contribution to the tail brightness are
computed. The free parameters dust loss rate, ejection velocities,
size distribution of the particles, and the dust ejection pattern,
which can be either isotropic or anisotropic. In cases where an
anisotropic outgassing is obtained, the emission is parametrized
by a rotating nucleus with active areas on the surface. The ro-
tation state is parametrized by two angles: the obliquity I of
the orbit plane to the equator and the argument ¢ of the sub-
solar meridian at perihelion (Sekanina 1981). The size distri-
bution of the particles is defined by the maximum and mini-
mum SiZes Fmax, 'min, and the index ¢ of the power law function
n(r) o r°, which describes the size distribution. For simplicity
Fmin has been set to 1 um in all calculations. For large sets of
comets, § has been concluded to be in the range of —4.2 and —3.0
(e.g., Jockers 1997). The terminal velocity is parametrized as
u(t, B) = v1(t) X B where v} (¢) is determined during the modeling
process, and the index vy is a constant assumed as y = 1/2, which
is the value commonly accepted for hydrodynamical drag from
sublimating ices (e.g., Moreno et al. 2011; Licandro et al. 2013).

Owing to the large number of parameters that are used in the
model, the solution is not unique and it is possible to find an al-
ternative set of parameters to fit the observational data. However,
the range of possible solutions is considerably reduced when
the available observations cover most of the orbital arc of the
comets. For this reason, we combined direct imaging observa-
tions and a large number of A fp measurements given by differ-
ent observers in different locations, such as those provided by
the association Cometas-Obs.

4. Dust analysis

In Paper I, we determined three categories according to the
amount of dust emitted: (i) weakly active: 115P, 157P and Rinner
with an annual production rate of Ty < 1 x 108 kg yr™!; (ii) mod-
erately active: 30P, 123P, and 185P where the annual production
rate is Tg = 1 —3 x 10% kg yr™!; and (iii) highly active: 78P, 22P,
and 118P with an annual production rate of Ty > 8x 108 kg yr~!.
For three of those targets, an anisotropic ejection pattern was ob-
tained: 30P, 115P, and 157P. The general method used to fit the
observations and obtain the dust parameters is a trial-and-error
procedure, starting with the simplest scenario, where we con-
sider an isotropic ejection outgassing model, with ry,;, = 1 pum,
rmax = 1 cm, 6 = =3.5, and both v{(¢) and dM/d¢ monotoni-
cally symmetric evolution with respect to perihelion. Once we
reproduced the tail intensity in the optocenter, we started to vary
the parameters and their dependence on the heliocentric distance
to obtain the best possible fit. When the observations cannot be
reproduced by isotropic emission, we set active areas on the sur-
faces, i.e., an anisotropic emission pattern, and repeat different
combinations of the dust parameters until an acceptable result is
obtained.

4.1. 81P/Wild 2

The comet 81P has an effective nucleus of Ry = 2.00 km
(Sekanina et al. 2004) and a bulk density of p = 600 kg m™>
reported by Davidsson & Gutierrez (2004). Our observational
data for comet 81P are six direct images post-perihelion pas-
sage at OSN 1.52 m telescope and ~300 Afp measurements
by Cometas-Obs, which cover from ~-2.15 to ~2.45 AU. In
addition, we benefited from observations carried out in the
1 m Lulin telescope by Z.-Y. Lin. From these observations we
selected one pre-perihelion image (January 16.81, 2010) and
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Fig. 2. 81P/Wild 2 A fp measurements by Cometas-Obs. Upper panel:
original data and phase angle as a function of heliocentric distance.
Lower panel: original A fp data and corrected A fp data by Eq. (1) (see
text).

5 Afp measurements pre- and post-perihelion (see Table 1). The
complete set of Afp data as a function of the heliocentric dis-
tance is shown in Fig. 4, where all the data have been corrected
from backscattering enhancement using Eq. (1).

We observed two enhancements in the measurements that
were not related to low a values. We considered them as small
outbursts suffered by the comet. The first one occurred on
October 29 (2009), when the comet was at r, ~ 1.949 AU in-
bound, where the maximum value of Afp was ~782 cm. To
our knowledge, this outburst has not been reported previously.
In our dust characterization we concluded that the event dura-
tion was ~40 h, and the comet emitted mgp; ~ 9.2 X 10® kg of
dust, reaching a peak dust production rate of 1190 kg s~!, re-
turning to normal activity on November 13. However we only
have a limited number of sample observations for this period, so
this result must be read with caution. The second outburst was
first identified by Bertini et al. (2012). This second event took
place post-perihelion, August 5 (2010), at ~2.215 AU outbound,
with a maximum value of Afp ~ 380 cm. Our dust analysis es-
timated this event as three times less intense than the first one,
mop1t ~ 3.0 x 108 kg with a duration of ~55 h and a peak dust
production rate of 450 kg s™'. During both outbursts, I and II,
the maximum particle size was 3 cm.

Overall, without taking the outburst events into account, we
concluded that the comet reached its maximum level of activity
at r, ~ 1.64 AU inbound, that is ~40 days before perihelion,
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Fig. 3. Best-fit modeled parameters to the dust environment of 81P/Wild
2 Afp data and images (Figs. 4 and 5). All parameters are given as a
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the panels are a) dust production rate [kg s b) ejection velocities of
1-cm particles [m s™']; ¢) maximum size of particles [cm]; d) power
index of the size distribution, 8. The solid red line corresponds to pre-
perihelion and the dashed blue line to post-perihelion.

with a dust production rate of 900 kg s~'. The comet emission
pattern is found to be anisotropic at 35%, with active areas lo-
cated on the surface between +45° to —30°. From the anisotropic
model we derived the rotational angles as I = (50 + 5)° and
¢ = (300 + 20)°. Figure 3 we display the evolution of the dust
parameters as a function of heliocentric distance, and in Figs. 4
and 5 we present the comparison of the model with the observa-
tional data, which are remarkably similar. From the dust analy-
sis, we determined that the total dust production rate of 81P was
1.1 x 10'° kg during the 3.8 yr covered by the study, that is, an
annual dust production rate of Ty = 2.8 x 10° kg yr! and an
average dust mass lost rate of 87.5 kg s~'. The contribution to
the annual interplanetary dust replacement, established by Grun
etal. (1985) as 2.9 x 10'! kg yr™!, is ~0.96%.

4.2. 103P/Hartley 2

The observational data of comet 103P consist of four direct im-
ages obtained at the 1.52 m OSN telescope, three pre-perihelion
and one post-perihelion (see Table 1), and ~430 A fp measure-
ments carried out by Cometas-Obs, covering pre- and post-
perihelion branches in the orbit, from ~—2.00 to ~2.60 AU. The
observations have been corrected by Eq. (1) for the data hav-
ing @ < 30° as in the case of §1P, but in this case there is not a
strong dependence between « and any enhancements in the mea-
surements. This comet has been subjected to an extensive study
as a consequence of its encounter with the Deep Impact space-
craft in the framework of the EPOXI mission (see e.g., A’Hearn
et al. 2011; Meech et al. 2011). For most of those studies it was
considered as a hyperactive comet with an emission of large par-
ticles (see e.g., Harmon et al. 2011; Kelley et al. 2013; Boissier
et al. 2014).The mean radius (radius of a sphere of equivalent
volume) is calculated by Thomas et al. (2013b) as 0.580 + 0.018
km, but the bulk density is not determined well, since it is in the
range of p = 140-520 kg m~> (A’Hearn et al. 2011; Richardson
& Bowling 2014; Thomas et al. 2013b). Consequently, the es-

cape velocity of particles is in the range of veee = 3.6—-6.9 cms™!.
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Fig. 4. Comparison of observed and modeled Afp data as a function
of heliocentric distance. Parameter Afp versus heliocentric distance.
The A fp measurements have been corrected using Eq. (1). Black dots:
Afp data from Cometas-Obs. Green triangles: Afp data derived from
OSN images. Blue diamonds: A fp data from Lulin observatory images.
The observations labeled (a) to (g) correspond to the A fp derived from
images (a) to (g) in Fig. 5. The outbursts I (inbound) and II (outbound)
described in the text are marked with arrows. All the A fp values refer
to p = 10* km.

Thus, for our purposes, we assume the maximum value of the
bulk density as p = 520 kg m~3, which corresponds to the up-
per limit of escape velocity. To perform the dust characterization
we introduce two models, which agree with the observations.
The first one is based on previous knowledge, i.e., large particle
emission and high dust production rate (hyperactivity).The sec-
ond one tries to reproduce the observations without the emission
of large particles and with moderate dust production rate.

Model I or hyperactive model. In this case we consider the
results derived from the EPOXI mission and other authors, such
as Harmon et al. (2011), where a large size of particles were ob-
tained, with sizes in the range of ~20 cm and larger. To try to re-
produce these results, we fixed the maximum size of particles to
r = 20 cm around perihelion, where the comet reaches its max-
imum dust production rate. This model has a gentle increase in
the dust parameters toward perihelion, where a strong increase
occurs, peaking at ~1.20 AU post-perihelion. This behavior is
also seen in the A fp measurements (Fig. 8). The maximum dust
production rate is found to be 600 kg s~!, and the ejection veloc-
ity of 1-cm size particles reaches ~14 m s~!. The total dust mass
ejected during the 3.79 yr span in this study is 5.9 x 10° kg, so
the annual dust production rate is Ty = 1.5 x 10° kg yr~!. This
model represents an annual contribution of 0.51% to interplane-
tary dust. Figure 6 we show the evolution of the dust parameters
as a function of the heliocentric distance, and in Figs. 8 and 9 we
show the comparison between the available observations and the
model.

Model II or standard model. In this case, the maximum par-
ticle size was not forced to 20 cm, but is a free parameter that
can have any possible value. It reaches 3 cm at perihelion. As in
Model I the peak of the dust parameter occurs after perihelion
at ~1.20 AU, where the dust production rate is 160 kg s~! and
the ejection velocity for 1 cm particles is ~7 m s~!. In this case
the total dust emitted by the comet was 1.7 x 10° kg, and the
annual dust production rate was Tq = 4.5 x 10® kg yr~'. The
contribution to the interplanetary dust per year represents 0.15%
of the total. The evolution along the heliocentric distance of the

dust parameters is displayed in Fig. 7, and the comparison of the
observations to the model are shown in Figs. 8 and 10.

In both cases, Models I and 11, the emissions have been found
to be isotropic.

4.3. Discussion

The dust characterization of 81P shows the peak of activ-
ity around ~40 days pre-perihelion. In previous studies of
this comet during the perihelion passages in 1990, 1997, and
2004, the comet showed the peak of activity a few weeks pre-
perihelion due to a seasonal effect. Sekanina (2003) studied this
behavior when the comet activity reached its maximum value
three weeks before perihelion with a post-perihelion fading. To
explain this behavior, the author proposed that the spin axis is
not quite normal to the orbital plane. In addition, Farnham &
Schleicher (2005) attribute this conduct to a strong seasonal ef-
fect with at least one source region moving from summer to win-
ter speedily. Analogous results of this behavior have also been
obtained in independent studies by other authors (e.g., Hanner
& Hayward 2003; Hadamcik & Levasseur-Regourd 2009).

In the analysis carried out by Bertini et al. (2012), the au-
thors identified an enhancement of A fp measurements ~60 days
post-perihelion. The authors also noticed that during that period
there was a minimum phase angle, and they corrected the effect
by reducing all A(@)fp values to @ = 0°, and using A(0)fp as
reference. After the authors applied the correction, the enhance-
ment on A fp measurements was still evident, which led them
to consider it as an outburst event. In our case, Cometas-Obs
also reported this enhancement in the Afp measurements, but
in contrast to Bertini et al. (2012), the enhancement completely
disappeared after correction (using Eq. (1), see Fig. 2), so we
concluded that the comet started to fade after the pre-perihelion
peak.

During the Stardust flyby on 2 January 2004 (at r, =
1.855 AU post-perihelion), Green et al. (2004) used the Dust
Flux Monitor Instrument (DFMI) to obtain a cumulative mass
distribution index & (where the number of particles of mass m
or larger is given by the power law N(m) o m~) in the coma
ranges from 0.3 to 1.1, where ¢ = 0.75 + 0.05 was found to be
the best fit for the data. From this cumulative mass distribution
index we can conclude that the power index of the differential
size distribution is § = —3¢ — 1. Thus, ¢ is in the range of —1.9
to —4.3, with the best match to the data being 6 = —3.25 + 1.25.
This value perfectly agrees with the one derived from our model
at the same heliocentric distance.

The rotational parameters derived from the model agree with
the ones proposed by Sekanina et al. (2004), who concluded
that I = 55° and ¢ = 150°. The equivalent solution for ¢ is
180° + ¢ = 330, Sekanina (1981), which is close of our value.
Belton et al. (2013a) established a relationship between mini-
outbursts suffered by the comet 9P/Temple 1 and pits (large pop-
ulation of quasi-circular depression) on the surface of the comet,
reported by the encounter of Stardust-NExT spacecraft and Deep
Impact mission (see e.g., Veverka et al. 2013; A’Hearn et al.
2005; Thomas et al. 2013a). The authors argue that ~96% of
these features were due to mini-outbursts, while ~4% had their
origin in other processes, such as collisions with asteroidal mate-
rial and cryo-volcanism. From this relationship, the authors pro-
pose that the pits observed on the surface of §1P are also due to
outburst events. In our model, we have identified two outbursts,
one inbound and the other outbound, both more intense than the
mini-outbursts studied by Belton et al. (2013a), which were in
the range of 6-30 x 10* kg. However, Brownlee et al. (2004),
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Kirk et al. (2005) and Basilevsky & Keller (2006, 2007) con-
sidered the origin of pits in the context of impact phenomena.
Therefore, the relationship between outbursts and pits are not
clear in the case of 81P, and more studies would be desirable
to determine how often the outbursts occur in this comet, and if
they are the cause of pits on the surface.

The comet 81P has been found to be the most active one
in the whole sample of short-period comets studied in Paper |
and in this paper, with an annual dust production rate of T4 =
2.8 x 10° kg yr!.

Our study of the 103P offers two solutions to fitting the ob-
servation: Model I, where the comet is found to be hyperactive,
and Model Il where we proposed a standard dust behavior. In
Model I we imposed large size particles (up to rpu = 20 cm)
and we concluded that the annual dust production rate is Ty =
1.5 x 10° kg yr~!, with a dust production rate of 300-550 kg s~
during perihelion and Deep Impact spacecraft closet approach.
In contrast, in Model II our solution also agrees with the observa-
tions but with a maximum particle size of r.x = 3 cm, where the
annual dust production rate is Ty = 4.5x 10 kg yr~!. During the
perihelion and Deep Impact encounter, the dust mass loss rate
was in the range of 120—140 kg s~!. Thus, the range of the dust
production rate obtained by our study is 120-550 kg s~! dur-
ing perihelion passage and spacecraft encounter. Harmon et al.
(2011) established a value of 300 kg s~! roughly in the same pe-
riod, while Boissier et al. (2014) inferred a much wider range
of 830-2700 kg s~! based on their two models under various
assumptions, such as the dust composition, size distribution,
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Fig. 5. Isophote field comparison between ob-
servations and model. The black contours cor-
respond to the observations and the red ones to
the model. The dates and the SDU levels are
a) Jan. 16.81, 2010. Levels are 0.80 x 10713,
2.00 x 10713, and 5.00 x 107> SDU; b) Apr.
9.06, 2010. Levels are 0.25 x 10713, 0.77 x

‘ 10713, and 2.20 x 10713 SDU; ¢) Apr. 21.06,
2010. Levels are 0.25x 10713, 0.77 x 10713, and
2.20 x 10713 SDU; d) May 15.96, 2010. Levels
are 0.10x 10713, 0.25x 10713, 0.77 x 1073, and
2.20 x 10713 SDU; e) Jun. 3.93, 2010. Levels
are 0.10x 10713, 0.25x 107"3,0.77 x 1073, and
2.20%x107"3 SDU; f) Jul. 6.89, 2010. Levels are
0.08 x 10713,0.25 x 10713, and 0.77 x 10713
SDU; g) Aug. 21.85, 2010. Levels are 0.25 x
10713, 0.77 x 10713, and 2.20 x 10~!3 SDU. See
log of the observations in Table 1.
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Fig.6. As Fig. 3 but for comet 103P/Hartley 2. Corresponding to
Model 1. This model fits the observations displayed in Figs. 9 and 8,
where it is represented by the red line.

and grain velocities. The authors attributed the uncertainty of
their values to the uncertainties in the size distribution cut-off
and kinematics. The total dust emitted by 103P for the whole
orbit during 2010 perihelion passage, has been found to be
in the range of 1-4 x 10° kg in previous studies (see e.g.,
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Fig.7. As in Fig. 3 but for comet 103P/Hartley 2. Corresponding to
Model I1. This model fits the observations displayed in Figs. 10 and 8
where it is represented by the blue line.

Lisse et al. 2009; Bauer et al. 2011; Thomas et al. 2013b;
Knight & Schleicher 2013). These values agree with the range
of 1.7-5.9 x 10° kg derived from our models, which cover most
of the time in which the comet is active.

The very complex rotational state of the nucleus was studied
in detail in Belton et al. (2013b). In Belton (2013) the authors
described the active areas migration over the lobes of the nucleus
following the Sun; thus, the strong activity shown by this comet
is correlated with the rotation of the nucleus. Two faint dust jets
seem to have had their origin in those active areas (see e.g., Lara
et al. 2011; Mueller et al. 2013; Tozzi et al. 2013). Thanks to
this correlation between active areas and rotation of the nucleus,
the comet has an isotropic pattern of time-averaged outgassing
from its nuclear surface. This fact led Groussin et al. (2004),
Lisse et al. (2009), and Knight & Schleicher (2013) to report
the comet as a highly active nucleus with ~100% of the surface
area active. These results agree with the isotropic dust emission
pattern derived from our Models I and II.

Another important point is the nature of the large chunks,
observed during the EPOXI flyby and inferred from radar obser-
vations (see e.g., A’Hearn et al. 2011; Harmon et al. 2011), and
the real size of them. Knight & Schleicher (2013) deduced that
those chunks are large dust grains (up to 20 cm) because of the
lack of interaction between the radiation pressure and the dust
jets observed. However, Kelley et al. (2013) propose two models:
(1) the icy case, where the particles have an albedo of 0.67, p =
0.1 g cm™3, and the size of particles are in the range of 1-20 cm;
(2) the dusty case, with an albedo of 0.049,p =03 g cm™3, and
the particle sizes in the range of 10—210 cm. The authors con-
cluded that the icy model is more likely. However, these models
may not reflect the true nature of the particles, although they did
produce useful information on the limits of particle size and the
fact that a coma of both icy and dusty particles is possible.

To explain the relatively short life times of those large
chunks, Tozzi et al. (2013) established that they need to have
some impurities such as silicates embedded in them, and inferred
the presence of grains which might have lot of organics. Finally,
Boissier et al. (2014) present two models based on crys-
talline/amorphous (of ratio of 1) silicate particles with a grain
density of p = 0.5 g cm™>, where the maximum size of the
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Fig.8. Comparison between observational data and the models pro-
posed for the comet 103P/Hartley 2. A fp measurements have been cor-
rected using Eq. (1). Black dots are the data from Cometas-Obs, and
green triangles marked from (a) to (d) are the observations at OSN tele-
scope. The red line corresponds to Model I or Hyperactive model, which
fits the observations in Fig. 9. The blue line is the Model II or Standard
model, and its fits with observations can be checked in Fig. 10. All the
Afp values are referred to p = 10* km.

particles was obtained depending on the escaping gas: (1) amax =
1 m, to HO; (2) dmax = 2.4 m, to CO,. Therefore, the true
nature and the size of the large chunks observed are not com-
pletely accurate and are still under study. The presence of the
large particles in the coma of this comet was already inferred in
Epifani et al. (2001) during the observations of 1 January 1998
using the ISOCAM. The authors deduced that the dust produc-
tion rate at perihelion ranged from 10 kg s~! to 100 kg s™!. The
peak of the dust production rate and the ejection velocities of
the particles occurred two weeks after perihelion, with a rapid
decrease just before it. However, the authors attributed this be-
havior to the instability of the model outputs around perihelion,
showing unrealistically large variations in the power index of
the size distribution. The best fitting power law was found to be
0 = —3.2 £ 0.1 by the authors. In the 2010 perihelion passage,
the power index of the size distribution derived from our mod-
els take values from —3.45 to —3.25, which are bit higher than
the values assumed/derived by other authors, such as Bauer et al.
(2011) of —4.0, Kelley et al. (2013) in the range of —6.6 to —4.7,
and Boissier et al. (2014) of —3.5.

It is important to note that in general, when the power index
is =3 < ¢ < —4, the dust mass depends on the largest particles,
while the brightness in the tail depends on the smallest grains,
so that it is always difficult to determine the large particle popu-
lation in the tail (Fulle 2004). For this reason, the mass found in
the models should be considered as lower limits of the total dust
emitted (see Paper I). In the case of 103P, Model I is closer to a
real solution than Model I1, which represents a lower limit in the
dust production.

As a result of the particle velocities obtained in Paper I, the
characterization of 22P/Kopff in Moreno et al. (2012), the re-
sult presented by Fulle et al. (2010) to comet 67P/Churyumov-
Gerasimenko, and this study, we found a definite relationship
between the ejection velocities and the heliocentric distance.
For example, for r = 1 cm particles, we found a power law
given by v = A X r B, where A and B parameters were given
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Fig. 9. Isophote field comparison between obser-
vations and Model I or Hyperactive model. The
black contours correspond to the observations
and the red ones to the model. The dates and
the SDU levels are a) Jul. 12.14, 2010. Levels
are 0.30 x 10714, 0.55 x 107", and 1.20 x 101
SDU; b) Aug. 4.11, 2010. Levels are 0.20x 10713,
0.40 x 1073, and 1.10x 107'* SDU; ¢) Sep. 6.04,
2010. Levels are 0.15 x 1073, 0.40 x 10~'3, and
1.10x 1073 SDU: d) Nov. 3.16, 2010. Levels are
0.55x10713,1.25%107"3,4.00 x 10~'3 SDU. See

by A = 7.067 m®*!/s and B = 1.998. Thus, the ejection velocity
law is roughly inversely proportional to ~rl21. This agrees with
the results from hydrodynamical inner coma models by Crifo
& Rodionov (1997) and disagrees with the r;’ ! dependence by
Whipple (1951). The result of the fit is displayed in Fig. 11,
where in addition to the 11 comets studied between Paper I and
this study, we add the ejection velocity of 1 cm particles of the
comet 67P/Churyumov-Gerasimenko, obtained by Fulle et al.
(2010). In that figure, one can see that 81P at ~2.0 AU and 22P at
rh > 2.5 AU have deviated from this trend. In the case of 81P, this
behavior it is due to the outburst I characterized in Sect. 4.1, and
for 22P it comes from the strong dust ejection anisotropies at the
large heliocentric distances identified by Moreno et al. (2012).

5. Dynamical history analysis

To obtain the dynamical evolution of the two comets studied
in this paper, we followed the same procedure as described
in Paper I, which is based on previous studies by Levison &
Duncan (1994). We used version 6.2 of Mercury’s numerical in-
tegrator developed by Chambers (1999). We generated 99 clones
having 20 dispersion in three of the orbital elements: semima-
jor axis, a, inclination, i, and eccentricity, e, where o is the un-
certainty in the corresponding parameter as given in the JPL
Horizons online solar system data’. The orbital parameters and

2 See ssd.pjl.nasa.gov/?horizons
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log of the observations in Table 1.

the o values are given in Table A.1. The 99 clones plus the real
object give a total of 100 massless particles to perform the sta-
tistical study. The Sun and the eight planets are considered to be
massive bodies. To control the close encounters of the massless
particles with the massive bodies, we used the hybrid algorithm
that combines a symplectic algorithm with a Burlisch-Stoer in-
tegrator (see Chambers 1999). The initial time step was eight
days, and the clones were removed when their heliocentric dis-
tance was >1000 AU.

We performed backward integrations of 15 Myr. The non-
gravitational forces were neglected according to the same argu-
ments posed by Lacerda (2013), where the change rate of the
semimajor axis, da/dt, is produced by a non-gravitational ac-
celeration, T, created by single sublimation jet tangential to the
comet’s orbit and affecting its motion during the life time of sub-
limation, fgp:

da 2Va’T @)
dt ~ GM,
de U4
T=—x% 3
de Npye ®)
dMg\™'
Isub = Mipye X (d_l‘d) : “4)

Therefore, the total deviation of the semimajor axis D would be
da
D = - X s ®)
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Fig. 10. As in Fig. 9 but for Model II or standard
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Fig. 11. Ejection velocities of 1 cm particles versus the heliocentric dis-
tance for all comets in the sample plus the result obtained by Fulle et al.
(2010) in the study of comet 67P/Churyumov-Gerasimenko. The com-
plete set of comets are: 22P/Kopff, 30P/Reinmuth 1, 67P/Churyumov-
Gerasimenko, 78P/Gehrels 2, 81P/Wild 2, 103P/Hartley 2 (Model I and
Model II), 115P/Maury, 118P/Shoemaker-Levy 4, 123P/West-Hartley,
157P/Tritton, 185P/Petriew, and P/2011 W2 (Rinner). The color code
is given in the legend. The solid black line is the best fit found for that
distribution: v = A x r; %, with A = 7.067 m®*!/s and B = 1.998.

model.

In these equations, dMy/dt is the dust mass loss rate, V the or-
bital velocity, a the semimajor axis, G the gravitational constant,
M, the Sun mass, vq is the dust velocity, and i, the mass of
the nucleus. In Paper I, we estimated the highest deviation of
the semimajor axis for the complete sample of comets as D =
0.32 AU. We found DS]P =0.24 AU, D]03p Model I = 0.24 AU,
and Dgsp model 1 = 0.21 AU. These values are in the same range
as those found in Paper I and in Lacerda (2013). For further de-
tails we refer the readers to Sect. 5 of Paper I.

5.1. Discussion

In Paper I, we concluded that after the 15 Myr backward integra-
tion, just 12 of the initial 900 massless particles survived, which
means ~98.7% were ejected form the solar system and ~1.3%
remained in it. This result agrees with Levison & Duncan (1994),
where the authors concluded that ~1.5% endured in the solar
system after integration. Thus, in Paper I, eleven of the twelve re-
maining particles were in Transneptunian region, while one was
in Centaur region (see Fig. 10 in Paper I). In this study, just 3
three clones of the initial 200 particles remained in the solar sys-
tem after the 15 Myr integration, which is ~1.5%. These clones
were 81P/clon34 and 81P/clon94, which are in Transneptunian
region, and 103P/clon57 in Centaur region. Therefore, this re-
sult agrees with the one obtained in Paper I, and with Levison &
Duncan (1994).
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Fig. 12. 81P/Wild 2 backward in time orbital evolution during 1 Myr.
Left panel: fraction of surviving clones (%) versus time from now
(Myr). The colors represent the regions visited by the test particles
(red: Jupiter family region; cyan: Centaur; blue: Transneptunian; yel-
low: Halley type). The resolution is 2 X 10* yr. Right bottom panel:
the % of surviving clones versus time from now (Myr), where N = 100
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Fig. 13. 81P/wild 2 last 100 yr. fraction of surviving clones (%) versus
time from now (yr). The colors represent the regions visited by the test
particles (red: Jupiter family region; cyan: Centaur). The dashed line
marks the bars with a confidence level equal or larger than 90% of the
clones in the Jupiter family region. The resolution is 3 yr, and the num-
ber of the initial test particles is N = 100.

After the analysis of the 15 Myr integration in Paper I, to ob-
tain a general view of the regions visited by comets, we focused
on the first 1 Myr of backward integration in the orbital evolu-
tion, where ~20% of the massless particles still remained in the
solar system. We inferred that all of them have a Centaur and
Transneptunian past, while the Halley Type region was the most
unlikely source for those comets, as expected. This is consistent
for the other comets, 81P and 103P, under study in this paper
(see Figs. 12 and B.1).

After that, to obtain the time spent by each comet in the
JFCs region, we displayed the last 5000 yr using a 100 yr
temporal resolution. We found that all targets were relatively
young in the JFCs region, with ages between 100 < t <
4000 years. The youngest comets of the sample were 22P/Kopff
(~100 yr), 78P/Gehrels 2 (~500 yr), and 118P/Shoemaker-Levy
4 (~600 yr). On the other hand, the oldest comet was 123P with
~3 x 10? yr. In this study, following the same steps, we have in-
ferred that 81P is ~40 yr, while 103P is ~1000 yr (see Figs. 13
and B.2). The result for 81P agrees with the current knowledge
about it: Sekanina & Yeomans (1985) described a very close en-
counter with Jupiter in 1974, and, as result of that approach, the
comet was inserted in the inner regions of the solar system.

Finally, in Paper I we related the annual dust production rate
for each comet (7y) within the time spent in the JFCs region. We
concluded that the most active comets in our sample were also
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Fig. 14. Annual dust production rate of our targets obtained in the
dust analysis (see Sect. 4) versus the time in the JFCs region with a
90% C.L. derived from dynamical studies (see Sect. 5). Red circles
are the results derived from Pozuelos et al. (2014); yellow circle is
the comet 22P/Koppf, where dust analysis was carried out in Moreno
et al. (2012); violet circles are the results of the comets 81P/Wild 2 and
103P/Hartley 2, studied in this work. The comets with arrows mean the
T4 given for them are lower limits (see text in Paper I).

the youngest ones, i.e., 22P, 78P, and 118P. Here we added the
results obtained for 81P and 103P. We found that 81P is both the
youngest and the most active comet in the whole sample. This
result is displayed in Fig. 14, where the 11 comets under study
are shown.

6. Summary and conclusions

To increase the number of comets analyzed in Paper I, in
this work we extended the study to comets 81P/Wild 2 and
103P/Hartley 2, which are of special interest as targets of the
spacecraft missions Stardust and EPOXI. We presented optical
images of those comets and A fp values as a function of the he-
liocentric distance provided by the amateur astronomical asso-
ciation Cometas-Obs. To fit the observational data, we used our
Monte Carlo dust tail code (see e.g., Moreno 2009), from which
we derived the dust parameters as a function of the heliocentric
distance: dust loss rate, ejection velocities of particles, the size
distribution, and the overall emission pattern.
The main results are as follows.

— Comet 81P/Wild 2 was found to be the most active in the
whole sample of eleven comets, with an annual dust produc-
tion rate of Ty = 2.8 x 10? kg yr~!. Its emission pattern was
established as anisotropic with active areas located from 45°
to —30° on the surface. The rotational parameters, / and ¢,
were found to be I = (55 + 5)° and ¢ = (300 + 20)°. In ad-
dition, we found two small outbursts suffered by the comet,
one inbound and one outbound, where the total dust emit-
ted was mgp; ~ 9.2 x 10% kg and mg,yr ~ 3.0 x 108 kg,
respectively.

— In the case of the comet 103P/Hartley 2, we proposed two
models: Model I or the hyperactive model, where according
to previous knowledge of this comet (see e.g., A’Hearn et al.
2011; Meech et al. 2011; Harmon et al. 2011), we forced
the maximum size of particles to be in the range of ry.x =
20 cm. The dust production rate of this model was obtained
as Tq = 1.7 x 10° kg yr~'. Model II or the standard model
was carried out without the restriction in the maximum size
of the particles. In that case, the result in the annual dust
production rate was Ty = 4.5 x 10% kg yr~!. The ejection of
comet 103P, in both models, was found to be isotropic.
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— For both comets, the power index of the size distribution, J,
was found to be in the range —4 < § — 3 <. In this range,
the brightness and mass are decoupled, so the mass depends
on the largest ejected grains, while the brightness depends

on the micrometer-size grains. For this reason, the dust pro- -
duction rate in our models should be regarded as lower lim- RS
its. In the case of 103P, the presence of large chunks from E Z
the EPOXI mission and radar observations were found in £% 6~
the tail. While the true nature of these chunks is still un- = S22z
der study, the size of them is estimated as ~20 cm. Thus, in ~ :’g Q
our study, Model I seems to be more realistic than Model 1, 8z g %’_
which should be considered as a lower limit for this comet. 2 % © g
— We concluded that the best match to the dust ejection veloc- 2= i
ity law is v ry 1998 which agrees with v o e 2 obtained by Qé' g, § Lo -
Crifo & Rodionov (1997) from hydrodynamical models of 3 ‘§ L e
the inner cometary comae, for intermediate-sized particles. EE é %0
%DE = &8 oo —
- . o O <
The second block of our study concerned determination of the = R Vs
. . = »n
dynamical evolution of the targets over the past 15 Myr. We used _ )
the numerical integrator developed by Chambers (1999). As in b= < Z
Paper I, the statistical study for each comet was implemented ST g
using 100 test massless particles: 1 real particle plus 99 clones 3 .
with 20 dispersion in the orbital parameters a, e, and i. In these =
integrations, the Sun and the eight planets were considered to & | 22
be massive bodies, and close encounters between them and test EREIRERES 85 (2%
. . e . 2 D9 20 [ ===
particles were permitted. Therefore, from the initial 200 mass- gl L1 2> x x x
less particles, we removed those that were beyond 1000 AU at 3 é hnes g glnnw
any time during the integration. The main results were: L5 TTT 3
2 3]
[
— The analysis showed that ~1.5% of the massless particles - ©
remained in the solar system after the 15 Myr integration, £ E A
. 2 v e B~
and the most likely sources of them were the Centaur and S aT E e o o
T . . . . E ElY <Y A -E=R=]
ransneptunian regions. This result agrees with Paper I and Z ol o 25 |="=
with the studies of Levison & Duncan (1994). o ET T 58| XN
— We were able to deduce, with 90% confidence level, how B = g ==
long these targets spent as members of the JFCs: §1P ~40 yr &= &
and 103P ~1000 yr. Thus, 81P was found to be the youngest RIS o~ X
target in the whole sample of short-period comets studied f g g - 5, —
between Paper I and this study. == < E =
58|& 2= S
| <5 585|220 &
In Fig. 14 we added the results from Paper I and the ones ob- - g &0 ® =t 2
tained from this work for the comets 81P and 103P. In that fig- 8|8 o E =
ure, we plotted the annual dust production rate [kg yr~'] (see Z E © 82 ) ﬁg : £
Table 3 in this work, and Table 4 in Paper I) versus the time — HEJ g & : = Ao 8
spent by the comets in the JFCs region with a 90% confidence b= g 3 " &
level obtained in the dynamical analysis. From this figure, we @ =S| & @ &= Z
concluded that 81P is both the youngest and the most active 3 I3 e < 2 | o S
. . .. . = =S = =} _g M| SS90 >
comet. Therefore, the relationship between activity and the time B § § g 3 3 S |38 = g
spent in JECs, still seems to be evident. Despite the general trend ° SASIEERS ol S = Q
. . . 20 | 2 20 -Vl 5
in our sample of comets, this result should be taken with cau- 8 >3 2 8 =
tion, because two exceptions to this trend were found in Paper I, & SEE O & ~s| &
157P/Tritton and 123P/West-Hartley. To establish firmer conclu- = 5 g ol g b S5 €
. .. . . . ~
sions about the cometary activity and the dynamical evolution, it = E |& S& = z 33 §
would be desirable to perform more studies on other short-period g O |x==] & g == =
= Q =) [9\le\ o
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Table A.1. Orbital parameters of the short-period comets under study.

Comet et ato ito node peri M

- (AU) ) @) ) )
81P 0.537354323.45011496 3.238287
JPLKI03/7 +5¢.8 de8 206 136.10661 41.69284 171.41550
103P 0.695145  3.47276 13.61716
IPL 183 tle6 tles 105 219.76266 118.19548 353.71670

Appendix A: Orbital parameters of comets
81P/Wild 2 and 103P/Hartley 2

In Table A.1 we show the orbital elements of the comets used
during the dynamical studies in Sect. 5. They are extracted from
JPL Horizons online solar system data’.

Appendix B: Dynamical analysis of comet
103P/Hartley 2

In Figs. B.1 and B.2, we show the dynamical analysis of the
comet 103P/Hartley 2 described in Sect. 5. We present the frac-
tion of the surviving clones versus time from now on different
time scales. In both cases, the colored bars correspond to differ-
ent regions visited by test particles: red to Jupiter family; cyan
to Centaur; yellow to Haley type; blue to Transneptunian. The
number of the initial test particles is N = 100.

103P/Hartley 2

6 “
4 I Il
! ||I||‘

-0.

.8 -0.6 0.4
Time From Now (Myr)

B JFCs
[ Centaur

Il Transneptunian
I Halley Type

100
80}
60}
40
20}

% of Surviving Clones

~-1.0 —08 —06 —0.4 —02 0.0
Time From Now (Myr)

Fracction of Surviving Clones (%)

Fig. B.1. As in Fig. 12, but for comet 103P/Hartley 2.

9
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Fig.B.2. As in Fig. 13, but for the comet 103P/Hartley 2. The total
plotted time is 5 x 10°yr, with a resolution of 100 yr.

3 See ssd.pjl.nasa.gov/?horizons
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ABSTRACT

The Taiwanese—American Occultation Survey project is designed for the detection of stellar occultations by small-
size Kuiper Belt Objects, and it has monitored selected fields along the ecliptic plane by using four telescopes with a
3 deg? field of view on the sky since 2005. We have analyzed data accumulated during 2005-2012 to detect variable
stars. Sixteen fields with observations of more than 100 epochs were examined. We recovered 85 variables among
a total of 158 known variable stars in these 16 fields. Most of the unrecovered variables are located in the fields
observed less frequently. We also detected 58 variable stars which are not listed in the International Variable Star
Index of the American Association of Variable Star Observers. These variable stars are classified as 3 RR Lyrae, 4
Cepheid, 1 § Scuti, 5 Mira, 15 semi-regular, and 27 eclipsing binaries based on the periodicity and the profile of

the light curves.

Key words: stars: variables: Cepheids — stars: variables: delta Scuti — stars: variables: general

Online-only material: color figures, machine-readable and VO tables

1. INTRODUCTION

Variable stars are important tools for studying not only
stellar structure and evolution, but also galactic astronomy.
Stars such as Cepheid and RR Lyrae are used as standard
candles to measure distances, and supernovae can be used to
estimate star formation rates as well as distance indicators.
Because of the importance of variability in the universe, several
large-scale surveys, such as the All Sky Automated Survey
(ASAS; Pojmanski et al. 2005), the Northern Sky Variability
Survey (NSVS; Wozniak et al. 2004), the Catalina Real-Time
Transient Survey (Drake et al. 2009), and the Panoramic Survey
Telescope and Rapid Response System (Kaiser et al. 2010), are
dedicated to explore the variable sky in recent years, and they
have discovered many variable sources. Also, many surveys
whose primary purposes are specified to other scientific goals
such as gravitational lensing events, gamma-ray burst detection,
and celestial censuses of the universe, have also discovered
numerous variable stars as byproducts, such as the Optical
Gravitational Lensing Experiment (OGLE; Cieslinski et al.
2003; Wray et al. 2004), the Massive Compact Halo Object
(Alcock et al. 1995, 1998), the Robotic Optical Transient
Search Experiment (ROTSE; Akerlof et al. 2000; Yesilyaprak
et al. 2012), and the Sloan Digital Sky Survey (SDSS; Sesar
et al. 2007). The large-scale deep surveys have provided a
more complete census of variable stars. Meanwhile, the bright
variable stars discovered in shallower surveys, such as ASAS
and NSVS help us obtain more detailed information on stellar
variability.

<16>

The Taiwanese—American Occultation Survey (TAOS) is a
project whose aim is to search for stellar occultation by Kuiper
Belt Objects (KBOs) at a distance of Neptune’s orbit or beyond
(Alcock et al. 2003; Lehner et al. 2009; Zhang et al. 2013).
For that purpose, TAOS telescopes have monitored thousands
of bright stars with a wide field of view since 2005. The data
set, accumulated for a period of 7 yr, contains information on
the variability of bright stars in the TAOS fields.

This is the third paper of the series of the TAOS stellar
variability studies, following the detection of low-amplitude §
Scuti stars (Kim et al. 2010) and the detection of 15 variable stars
in TAOS field 151 (Mondal et al. 2010). We report the detection
of 58 new variable stars in 16 TAOS fields which have been
observed most frequently among 167 TAOS fields in addition
to the previously examined field 151.

2. OBSERVATIONS AND DATA REDUCTION

The TAOS telescope system consists of four 50 cm telescopes,
each equipped with a 2 k x 2 k CCD camera, yielding a
field of view of about 3 deg?, with the plate scale of about
3 arcsec pixel~!'. All TAOS telescopes observe the same field
simultaneously during an observing run for KBO event search.
Each run begins with a set of ‘“stare-mode” images, which
are standard images with exposure times of 1 s, followed
by 90 minutes of observations collected in “zipper-mode”
observation, which is a special CCD readout mode to yield
a time resolution of 5 Hz in photometry. A complete run ends
with another set of stare-mode images after the zipper-mode
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Figure 1. Top panel: TAOS catalog R magnitude vs. calibrated magnitude on two different nights. The vertical axis represents the difference between observed and
cataloged magnitudes. Black crosses and red points indicate two different nights. Standard deviations against the linear fittings are 0.72 and 0.19 for respective nights.
Middle panel: catalog magnitudes vs. standard deviations of the light curves of 2752 stars in Field 060. Black and red points correspond to before and after removing
poor images, respectively. Bottom panel: number of detected stars vs. photometric error. The photometric error is defined as the median value of the absolute difference
between the catalog and calibrated magnitudes of stars in 1251 epochs of images of Field 060 with telescope B. Dashed lines represent the thresholds and images
located in the lower right part of the panel meet the criteria.

(A color version of this figure is available in the online journal.)

Table 1
Log of Observations
Field® Field Center (J2000) Number of Epochs (Good/All)® Nstar® Thresholdd
R.A. (hms) Decl. (d ms) Total Tel A Tel B Tel C Tel D Nstar Err

F043 +02 55 54.00 +15 03 30.00 138/191 72/155 112/176 73/119 80/105 914 821-826 0.13-0.16
F049 +04 06 24.70 +18 35 20.00 158/217 85/158 134/197 23/128 50/102 1461 1255-1277 0.16-0.21
F054 +07 58 50.70 +22 04 40.00 737/933 288/712 610/870 370/634 356/437 2284 1902-1929 0.12-0.17
F060 +04 48 00.00 +20 46 20.00 993/1251 451/917 846/1181 489/813 408/558 2718 2260-2331 0.11-0.15
Fo61 +09 16 43.30 +19 39 00.00 271/353 164/263 225/328 31/193 163/207 1203 1020-1027 0.13-0.18
F074 +11 00 11.30 +08 33 00.00 358/393 209/290 286/371 182/228 189/248 917 739-752 0.16-0.20
FO81 +14 57 06.00 —1506 00.00 203/298 96/257 176/287 0/144 129/187 1635 1407-1444 0.14-0.20
F095 +14 00 00.00 —11 12 00.00 120/156 88/133 98/145 25/80 78/99 1143 1018-1034 0.18-0.24
F133 +00 30 00.00 +01 03 59.00 352/411 168/339 293/390 1547230 187/238 830 678-690 0.12-0.22
Fl146 +16 55 22.70 +03 24 20.00 190/321 143/292 165/315 0/109 109/221 3162 2684-2819 0.17-0.42
F005 +21 30 00.00 —16 00 00.00 94/158 52/127 79/157 32/55 56/116 1574 1420-1437 0.16-0.23
F088 +113022.00 +04 38 10.00 86/117 51/100 77/115 3/43 52/75 688 590-597 0.16 -0.22
F099 +16 00 06.00 —19 02 20.00 77/115 40/110 61/109 0/47 42/67 2949 2497-2562 0.16-0.22
F135 +20 32 08.00 +00 24 50.00 46/107 31/96 40/106 4/14 32/87 3522 3420-3561 0.29-0.39
F158 +18 53 44.00 —17 23 00.00 65/102 44/94 60/100 21/37 39/67 19795 18943-20336 0.15-0.24
F167 +17 14 49.30 —18 14 30.00 94/136 47/125 76/129 8/52 59/83 14319 12921-14051 0.15-0.23
Notes.

2 TAOS field number.

b Number of epochs of observations after/before removing poor images. Total: combined all telescopes, and Tel A-D: each telescope.

¢ Number of stars detected in more than 40 epochs of images.

d Criteria used to select good images. Nstar is the threshold of the number of detected stars. Err is the threshold of the photometric errors. Values are minimum and
maximum numbers of four telescopes.

<17>
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Table 2
Typical Photometric Error for Each Telescope
Mag =9 Mag = 10 Mag = 11 Mag = 12 Mag = 13 Mag = 14 Mag = 15
Tel A 0.03 £+ 0.01 0.03 +0.01 0.03 £ 0.01 0.04 £+ 0.01 0.06 £ 0.01 0.11 £0.02 0.20 £ 0.02
Tel B 0.03 £0.01 0.03 £+ 0.01 0.03 £0.01 0.04 £0.01 0.05 £ 0.01 0.10 £0.01 0.18 £ 0.02
Tel C 0.02 £ 0.01 0.02 £+ 0.01 0.02 £ 0.01 0.03 £0.01 0.05 £ 0.01 0.11 £0.02 0.21 £0.03
Tel D 0.02 £0.01 0.02 £ 0.01 0.02 £ 0.01 0.03 £0.01 0.04 £ 0.01 0.08 £0.02 0.16 £ 0.02
Table 3
Limiting TAOS R Magnitude
Field Tel A Tel B Tel C Tel D Comb. Field Tel A Tel B Tel C Tel D Comb.
F005 14.70 14.91 14.76 14.90 14.95 F0O88 14.80 14.64 14.52 14.98 14.73
F043 15.03 14.96 15.02 15.17 15.12 F095 14.75 14.76 14.58 14.76 14.84
F049 14.90 14.95 14.75 14.76 14.69 F099 14.75 14.81 NA 14.91 14.81
F054 15.01 15.01 14.90 15.15 14.89 F133 14.70 14.45 14.62 14.90 14.86
F060 15.06 15.11 14.97 15.11 15.06 F135 14.55 14.75 14.60 14.56 14.69
F061 14.95 14.88 14.85 15.15 15.06 F146 14.66 14.91 NA 14.90 14.80
F074 14.80 14.81 14.56 14.96 14.95 F158 14.75 14.85 14.80 14.80 14.95
FO81 14.85 15.01 NA 15.12 15.02 F167 14.75 14.85 14.65 14.84 14.85
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Figure 2. Upper panel: TAOS R magnitude vs. photometric error determined ) .
by the median photometric error values for stars observed by each telescope C|>'* ‘ I I I I
(thick lines: black—Tel. A, red—Tel. B, green—Tel. C, and blue—Tel. D) 8 10 12 14 16

and in different fields (gray lines). Dashed vertical lines represent the limiting
magnitudes of 14.7 and 15.1 for Field 135 and 43, respectively. Lower panel:
TAOS R magnitude vs. ratio of stars detected in more than 95% of frames for
each field (gray lines) and with different telescopes (thick lines: black—Tel. A,
red—Tel. B, green—Tel. C, and blue—Tel. D). A short dashed horizontal line
shows the 97% threshold to determine the limiting magnitude.

(A color version of this figure is available in the online journal.)

observing is finished (see Lehner et al. 2009, for more details).
The purpose of the stare-mode observation is to provide required
information for the photometric analysis pipeline of the zipper-
mode data. Across the sky, 167 TAOS fields were selected along
the ecliptic plane to have a higher star density but to avoid
stars brighter than eighth magnitude. Some fields have been
observed more frequently than others. For frequently observed
fields, the accumulated stare-mode data can be used for variable
star studies. Among the 167 fields, 16 fields with more than 100
epochs of observations were selected for variable star detection

<18>

Averaged TAOS R magnitude

Figure 3. Magnitude vs. J-index diagram for Field 060 derived from a pair of
telescope B light curves and combined light curves of the other three telescopes.
The red line indicates the threshold to select candidates. Blue crosses, green
squares, and red points indicate SD-selected candidates, J-selected candidates,
and variables, respectively.

(A color version of this figure is available in the online journal.)

in this study. Table 1 shows the field IDs and pointing centers
of these fields.

Photometry was done for stars with TAOS catalog R mag-
nitudes brighter than 15.5 by the TAOS photometry pipeline
(Zhang et al. 2009). The TAOS catalog was compiled from Ty-
cho2, UCAC3, CMC14, Two Micron All Sky Survey (2MASS),
GSC2.3, and SDSS7. In the TAOS catalog, the astrometry was
based on UCAC3, and the R magnitude was based on GSC2.3
F magnitude. For the stars are not in GSC2.3 but are shown in
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Table 4
Numbers of Candidates and Variable Stars

Field Epochs® Stars® Candidates® Number of Detected VSs Number of Known VSs

Total New Known Candidates® All
F054 737 2284 30 10 6 4 4 6
F060 993 2718 39 15 12 3 3 4
Subtotal 5002 69(1.4%)4 25(36%)° 18(72%)* 7(70%)# 7(70%)# 10
F043 138 914 13 5 0 5 6 7
F049 158 1461 27 6 0 6 7 8
Fo61 271 1203 20 6 1 5 6 6
F074 358 917 21 3 2 1 1 1
FO81 203 1635 26 13 7 6 7 7
F095 120 1143 29 1 0 1 2 2
F133 352 830 6 1 0 1 1 1
F146 190 3162 24 8 3 5 6 6
Subtotal 11,265 166(1.5%)4 43(26%)° 13(30%)f 30(79%)* 36(95%)8 38
F005 94 1574 27 6 3 3 3 4
F088 86 688 14 1 0 1 1 2
F099 77 2949 24 3 1 2 5 5
F135 46 3522 57 4 0 4 9 11
F158 65 19,795 254 22 13 9 20 23
F167 94 14,319 205 39 10 29 52 65
Subtotal 42,847 591(1.4%)9 75(13%)° 27(36%)" 48(44%)% 90(82%)# 110
Total 59,114 816(1.4%)4 143(18%)° 58(41%)F 85(54%)8 133(84%)% 158
Notes.

2 Number of epoch with good images.

b Number of stars detected in more than 40 epochs of images.

¢ Number of stars of known variables selected as candidates.

9 Percentages of candidates against stars.

¢ Percentages of detected variables against candidates.

f Percentages of newly detected variables against all detected variables.

2 Percentages of known variables detected and selected as candidates against all of the known variables.

other catalogs, so a linear transformation was used to convert
the different photometric systems to GSC2.3 F magnitude.

2.1. Data Selection

Since not all TAOS data were collected under photometric
conditions, only the stare images with good photometric quality
were used in this study. The accuracy of the photometry greatly
depends on the sky condition and the magnitudes of stars. The
relation between observed and cataloged magnitudes of stars
in Field 060 for photometric and non-photometric nights are
shown in the top panel of Figure 1 as an example. This shows
the large variation of data quality in TAOS observations.

We selected images with good photometric quality based on
the number of detected stars (Ny,,) and photometric error (Err)
of each of the images. The photometric error was defined by the
median value of the differences between observed and cataloged
magnitudes of detected stars in each image. The threshold of
Ngiar for each field is set to be 90% of the maximum number of
detectable stars for the field. After removing the poor images
which did not meet the threshold of N, the threshold of the
Err for each field is set to be 1.50 above the median value of the
Err of remaining images. The middle panel shows the standard
deviations (SDs) of light curves of 2752 stars'! in Field 060
before and after removing poor quality images which did not
meet the thresholds. The bottom panel in Figure 1 shows Ny,
versus Err diagram for all 1251 epochs of images of Field 060.

11" Stars detected in two or more epochs after removing poor quality images.

<19>

Only the images at the lower right quadrant are good images.
Table 1 shows the numbers of epochs for each field used in this
analysis, along with the numbers of stars detected in more than
40 epochs and the values of the thresholds to select images with
good photometric quality.

Among 14,967 images obtained with four telescopes for 16
fields, 6156 images are removed as poor images. The ratio
of the rejected images over the total images is 0.4, however,
percentages of rejected images are greatly different between
telescopes and fields with the range from 18% for Field 54 with
telescope A to 100% for Fields 81, 146, and 99 with telescope C,
as listed in Table 1. Telescopes B and D with total rejection ratios
of ~0.3 provided better photometric quality than telescopes A
and C with ratios of ~0.5.

After removing the poor images, we estimated the typical
photometric error of different magnitude stars and the limiting
magnitude of each telescope in each field. The typical photomet-
ric error for each magnitude was estimated from median values
of SD of the light curves for stars in the respective magnitude
bin. The bins were set using a moving window with a 0.1 mag
step and a width changing from 1 mag to 0.2 mag. The window
width is adjusted so that the number of stars is similar in each
bin. The typical photometric error for stars brighter than 12 mag
is nearly constant (around 0.02-0.03 mag). The error gradually
increases for fainter stars and is 0.15-0.20 mag for stars around
15 mag. Table 2 lists the typical photometric error for different
magnitude stars of each telescope derived by combining the data
from all 16 fields. The upper panel of Figure 2 shows the typical
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Figure 4. Comparison of the results of the period analysis derived from the PDM method (upper) and DFT method (lower). Left panels show the period—theta
diagrams. Right panels show phase-folded light curves. Gray and black points represent phased and phase-averaged light curves, respectively. The strongest signal of
the spectrogram from the DFT method is at a half period of that derived from the PDM method.

(A color version of this figure is available in the online journal.)

Table 5
List of Known Variable Stars in 16 TAOS Fields
Object ID Catalog TAOS

TAOS ID USNO-B1.0 Star Name Vmag Period Amp Type N? PpEr? Pppm® Amp®

(mag) (days) (mag) (days) (days) (mag)
005.00009  0738-0814213  ASAS J212837—1609.0 9.89  18.167191 0.06 MISC 94 NA NA 0.06
005.00396  0743-0843803  ASASJ213301—1541.8  12.97 0.082903 0.45 BCEP/DSCT 94  0.076540  0.08290296 0.4
005.00688  0743-0842507 NSVS 17219709 14.21 0.543961 0.88 RRAB 94 0.544095 0.5441166 0.85
005.01435  0743-0842018 SEKBO 102605.334 14.90 0.651650 0.7 RRAB 84 0.6528 0.6527767 0.5
043.00001  1046-0029951 NSV 15603 7.55 7.64 0.09 NA 138 <0.1
043.00005  1046-0030524  ASAS J025652+1436.6 870  56.996444 0.3 MISC 138 57.4 57.67 0.3
043.00027  1053-0031020 BR Ari 10.36 60.51 0.12 RS 138 72.8192 76.7 0.1
043.00051  1056-0039561  ASAS J025521+1539.4 11.00 33.998 0.21 RS/ESD 138 33.61 33.84 0.15
043.00097  1056-0040215  ASAS J025822+1540.3 11.53  0.6424174 0.54 RRAB 138 0.642422  0.6424209 0.5
043.00275  1050-0030082  ASAS J025239+1504.3 1321 0.5921955 0.77 RRAB 138 0.59221 0.5921378 0.8

Notes.
2 Number of epoch.

b Period derived from period analysis. NA means the object was not detected as a variable candidate. Blank means no detection of meaningful period.
¢ When there is no TAOS period, the amplitude was derived using the catalog period.

(This table is available in its entirety in machine-readable and Virtual Observatory (VO) forms in the online journal. A portion is shown here for guidance regarding
its form and content.)
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Table 6
List of Previously Uncataloged Variable Stars in 16 TAOS Fields
TAOS ID USNO B1.0 R.A. decl. Rmag N? Pppr? Pppm? Amp Type
(J2000) (mag) (days) (days) (mag)
005.00921 0746-0813891 323.1635 —15.32215 14.24 94 0.319876 0.3198652 0.7 RR/OC
005.00955 0747-0803979 323.0227 —15.24368 14.28 94 0.81275 0.8127761 0.6 oC
005.01788 0744-0835997 322.456 —15.55384 15.24 93 146.1 144.9 1.5 Pul
054.00125 1114-0164679 119.4484 21.41544 11.149 737 1.4377000 2.875253 0.1 D
054.00435 1119-0172489 119.6793 21.94714 12.85 737 0.579488 1.1607276 0.1 oC
054.00780 1116-0171489 120.4895 21.69124 13.61 737 0.221623 0.4432462 0.6 SD
054.00850 1117-0174408 119.5247 21.7437 13.74 737 0.3349867 0.5015099 0.7 SD
054.00916 1116-0171086 120.0515 21.65149 13.84 737 0.1919673 0.3839438 0.3 oC
054.01481 1127-0182109 119.1762 22.7095 14.51 736 0.1585343 0.3170605 0.3 OC/RR
060.00072 1103-0056893 72.23601 20.35759 10.321 993 0.088421 0.08121988 0.08 Dsct
060.00177 1108-0058270 71.9698 20.88583 11.48 993 30.9375 30.9646316 0.15 sPul
060.00217 1111-0059960 71.98213 21.11767 11.85 993 9.528166 9.525339 0.05 sPul
060.00567 1109-0058272 71.63566 20.98915 13.06 992 0.6852657 1.37050885 0.2 SD/D
060.00764 1112-0063905 72.57811 21.24817 13.45 993 0.31915 0.6382921 0.8 SD
060.01019 1112-0061624 71.38461 21.25024 13.88 993 0.316524 0.6330263 1.0 SD
060.01029 1106-0057084 71.84878 20.69625 13.89 992 0.42078 0.8414859 0.3 SD
060.01041 1111-0060463 72.27741 21.13705 13.91 993 0.2864 0.5728208 0.8 SD
060.01202 1105-0057706 71.82675 20.57948 14.06 993 0.37801 0.5482275 0.5 SD
060.01274 1108-0058098 71.85808 20.82781 14.14 993 0.1619275 0.3238403 0.3 oC
060.01276 1109-0059167 72.20344 20.91905 14.14 993 0.56089 0.7179834 1.2 SD
060.01402 1102-0058053 72.605 20.29844 14.26 993 NA NA 1.2 L
061.00059 094-0169752 139.11 19.42362 10.731 271 13.94081 13.93424 0.2 sPul
074.00482 0993-0203912 165.0271 9.353473 13.99 358 0.15389 0.3077757 0.9 OC/SD
074.00745 0990-0201678 165.1016 9.003732 14.65 344 0.164840 0.3296808 0.9 oC
081.00149 0742-0306311 223.6492 —15.74792 11.745 203 12.114496 24.240000 0.2 sPul
081.00176 0746-0298147 223.6174 —15.33418 12.000 203 0.3211346 0.3211347 0.2 RR/ELV/SD
081.00549 0744-0305168 224.6273 —15.56192 13.48 203 0.326064 0.4914476 0.5 oC
081.00940 0750-0296700 224.9408 —14.9714 14.31 203 0.8968033 0.8967631 1.0 RR
081.01046 0742-0307291 224.3807 —15.76408 14.5 203 0.3092092 0.3092088 0.5 RR/OC
081.01141 0754-0295316 224.6334 —14.55273 14.65 203 0.4250575 0.2980352 0.7 RR/OC
081.01361 0749-0294838 224.8522 —15.02932 14.9 203 0.2262797 0.3688668 0.7 OC/SD
099.01571 0711-0315802 239.1581 —18.8471 14.27 77 0.891406 0.8913761 1.2 RR
146.00892 0929-0363399 253.9785 2.905618 13.5 190 0.38848 0.5591467 0.4 oC
146.01273 0931-0317033 253.3615 3.115102 13.95 190 0.258539 0.4106175 0.5 OoC
146.02326 0931-0319136 254.319 3.199092 14.75 190 2.45306 4.906567 1.0 SD
158.00443 0733-0714833 282.6194 —16.61553 11.18 65 268 NA 3.5 M
158.02632 0726-0983803 283.7697 —17.30579 12.91 65 116 117 1.2 Pul
158.03010 0727-0968975 282.7519 —17.21255 13.04 65 204 206 1.6 Pul
158.03355 0729-0943936 284.0212 —17.02446 13.14 65 0.215452 0.3543472 1.3 SD
158.03980 0728-0954550 282.7732 —17.16336 13.33 65 109.6 110.7 2.5 SR
158.05344 0725-0972933 282.8104 —17.47347 13.63 65 206.0 211.9 4.0 M
158.09398 0720-0976942 282.7024 —17.96888 14.23 63 124 NA 3.0 M
158.13567 0723-1005240 283.9894 —17.66208 14.648 65 440 NA 4.0 M
158.15838 $3033323113189° 284.1404 —17.04979 14.820 65 NA NA 2.0 L
158.16292 0733-0714737 282.6152 —16.61804 14.85 64 268 520 2.5 Pul
158.19884 0728-0962875 283.1613 —17.11101 15.08 65 160 NA 2.3 Pul
158.25535 0727-0998000 284.2059 —17.27155 15.37 56 197.65 189.5 3.2 M
158.26931 0728-0954528 282.7720 —17.16582 15.44 60 220.7 223.5 2.2 Pul
167.01061 0720-0489483 258.2018 —17.91735 12.44 94 54.5 55.5 1.2 Pul
167.01256 0715-0381754 258.9583 —18.47618 12.58 94 80 80 0.8 Pul
167.01546 0721-0513564 259.408 —17.86621 12.76 94 309 307 1.3 Pul
167.02306 0724-0501771 258.1829 —17.58355 13.15 94 143 143 1.5 Pul
167.02540 0724-0511622 259.2946 —17.53316 13.24 94 720 NA 1.2 L
167.03494 0715-0375925 258.4826 —18.46945 13.57 94 0.233304 0.3781340 0.45 oC
167.05343 0714-0382994 259.1773 —18.53733 14.02 94 124.3 128.6 2.0 Pul
167.06867 0719-0490902 258.9099 —18.07264 14.293 94 0.795055 0.7950784 0.6 RR
167.06874 0713-0372495 258.0081 —18.64727 14.298 94 0.194626 0.2455117 0.8 oC
167.12874 0712-0373746 258.7981 —18.47818 15 94 0.56082 0.4174338 1.0 OC/SD
Notes.

% N: number of observed epochs. Pprr and Pppym: period derived from DFT and PDM analysis.
b Gsc2.2.1.
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Figure 5. Phase-folded light curves of 11 unrecovered known variable stars with cataloged periods in fields with more than 100 good epochs.

photometric error as a function of magnitude. The thick lines are
the errors of each telescope, and the thin gray lines are the errors
for each field. The photometric error is larger for mag 7 and 8
stars because of the limited number of very bright stars and the
occasional saturation. Some of the fields have much higher er-
rors then others, because the thresholds to select “good” images
are set for each field, respectively, as listed in Table 1.

The limiting magnitude was defined by magnitude where
the star detection ratio is less than 97% in the corresponding
magnitude bin. The bins were set using a moving window with
a width of 0.1 mag and a 0.05 mag step over the range of
14-15.5 mag. The limiting magnitude for each field ranges
from 14.7 mag for Field 135 to 15.1 mag for Field 43. The
lower panel of Figure 2 shows the detection ratio as a function
of magnitude. The fluctuations between 10 mag and 14 mag are
due to stars near the edges of the frames, which were sometimes
omitted from the photometry. The thick lines are the ratios for
each telescope, and the thin gray lines are the ratios for each
field. Table 3 lists limiting magnitudes for each telescope for
each field.

Among these fields, several stars in Field 054 were ob-
served with the Tenagra Telescope to confirm their variabil-
ity. Also, Field 060 was independently analyzed by Ngeow
et al. (2010).

3. PERIOD ANALYSIS AND RESULTS
3.1. Candidate Variables

We used J-indices (Stetson 1996), which is derived from the
I-index (Welch & Stetson 1993), as the criteria to select

<22>

candidates of variable stars. We used 1/0 as the weights to
calculate the index, where o is the error in the magnitude.
For each star, four or fewer light curves were generated
synchronously from different telescopes. For each individual
light curve, a J-index was calculated by pairing the light curve
with a light curve generated by combining the light curves of
the two or three other telescopes. Thus, for each star, we have
three or four J-indices in most cases, depending on the number
of telescopes that are used to collect data on that star. We set
limits of 0.10 or 5S¢ above the median J value for stars brighter
than 12 mag, and 30 above the median J value in a 0.3 mag bin
for stars fainter than 12 mag. Stars were selected as candidates
if two or more J indices are identified as candidates. The SDs
of light curves were also tested as the selection criteria, but in
the end, we determined that this was not a good method to use,
given that many light curves exhibit large variances due to moon
phase and image distortion from telescope tracking errors.

Figure 3 shows a magnitude versus J-index diagram for
telescope B in field 60. The red line indicates the threshold
to select candidates. Blue crosses, green squares, and red points
indicate SD-selected candidate, J-selected candidate, known
and newly detected variable stars, respectively. As the figure
shows, many of SD-selected candidates have small J-indices.
Furthermore some J-selected candidates and variable stars are
not selected as candidates, thus only the J-indices are used for
the candidate’s selection. There are some J-selected candidates
below the red line, which are selected from J-index values of
other light curve pairs. Table 4 shows the number of variable
star candidates along with the numbers of epochs and stars for
each field.
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Figure 6. Phase-folded light curves of 18 known variable stars recovered from TAOS data with periods newly determined or improved by our analysis. Green and
black points represent light curves folded by cataloged period and TAOS period, respectively.

(A color version of this figure is available in the online journal.)

3.2. Period Analysis

Both the Period Dispersion Minimization (PDM; Stellingw-
erf 1978) and the discrete Fourier transform (DFT; Deeming
1975) methods were used to search for periodicities of can-
didate variables. The PDM method computes the variance of
phase-folded light curves against trial periods to find a period
which minimizes the variance. The DFT method computes the
Fourier power over an ensemble of frequencies and finds signif-
icant periodicities even for unevenly sampled data. PDM has an
advantage over the Fourier methods when the light curves are
non-sinusoidal. When a periodogram shows signals stronger
than 100 above the background noise, we checked the peri-
odogram and phase-folded light curve of the star by eyes. We
obtained consistent results from two methods for most of the
single-peaked pulsating stars, though the DFT method tends to
give us aliases for eclipsing binaries. Figure 4 shows an exam-
ple of the results of the period analysis for an eclipsing binary
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derived from a PDM method and a DFT method. In such case,
only the PDM method gives us the right period.

3.3. Previously Known Variables

We searched the International Variable Star Index (VSX) of
the American Association of Variable Stare Observers (AAVSO)
for known variable stars in our fields on VizieR Search Page.'?
The VSX database is populated with the General Catalog of
Variable Stars (GCVS; Kholopov et al. 1998) including the
New catalog of suspected variable stars (NSV catalog; Kukarkin
et al. 1982), and the published catalogs from sky surveys,
NSVS (Wozniak et al. 2004), ASAS-III (Pojmanski et al. 2005),
OGLE-II (Wozniak et al. 2002), ROTSE-I (Akerlof et al. 2000),
and variables reported in the Information Bulletin on Variable
Stars. We found in total 158 variable stars from the VSX
database matched with the TAOS star catalogs for the 16 fields.

12 http://vizier.u-strasbg.fr/viz-bin/VizieR ?-source=B %2Fvsx
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Figure 7. Phase-folded light curves of 12 known variable stars recovered from TAOS data, whose periods by our analysis are different from cataloged ones. Green
and black points represent light curves folded by cataloged period and TAOS period, respectively.

(A color version of this figure is available in the online journal.)

Table 5 lists the period derived from TAOS data for the known
variables along with cataloged magnitude, period, amplitude and
type. Numbers of known variables, known variables selected
as candidates, and recovered from our analysis in each field
are summarized in Columns 7-9 of Table 4 with detection
rates.

A total of 48 known variables are listed in TAOS master
catalog of the ten fields with more than 100 epochs of good
observations. An additional nine variable stars in the TAOS
catalog have no photometric data since they are located at the
edge of the fields. Among the 48 stars with enough observation
points, we recovered 37 of them. Among the remaining 11 stars,
five stars are not identified as candidates. The other six stars
are identified as candidates, but we did not detect any strong
periodicity in the light curves for these stars.

Figure 5 shows phase-folded light curves of the 11 unrecov-
ered stars. Of the five stars not identified as candidates, TAOS
054.00015, TAOS 054.00064, and TAOS 060.00097 are § Sct
stars with amplitudes between 0.003 and 0.007 mag, which
are much smaller than the accuracy of our photometry. TAOS
043.01145 is an RRAB star with brightness close to the detec-
tion limit. This object did not meet the criteria to be a candidate
variable, because its J-index was calculated for only a single
pair of light curves. Its period, however, was recovered by our

<24>

period analysis with both methods. TAOS 049.00138 is a flare
star; whose phase-folded TAOS light curve with its known pe-
riod did not show a clear profile.

Among the six stars which were identified as candidates but
for which we did not obtain likely periods, TAOS 049.00044 is a
8 Sct star with small amplitude of 0.009 mag. TAOS 061.00041
is an ASAS variable with a classification of MISC. Its cataloged
period of 1.0 day should be a false periodicity. The other four
stars, TAOS 043.00001, TAOS 081.00181, TAOS 095.00047,
and TAOS 146.00043, are variables with classifications of MISC
or SR and their phase-folded TAOS light curves with known
periods did not show clear profiles.

The recovery rate of known variables in the 6 fields with less
than 100 epoch good observations is worse than that of the more
observed 10 fields due to an insufficient number of data points.
Most of the unrecovered variable stars are either semi-regular
variable stars with long periods or without period determination,
or their brightnesses are close to our detection limit. For a
few cases, we could not find the same flux change listed in
the catalog. For example, TAOS 005.00009 and 088.00014 are
ASAS variable stars with amplitudes of 0.06 and 0.07 mag,
respectively. Though the accuracy of our photometry is better
than 0.06 mag, the phase-folded light curves with the known
periods do not show clear features.
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Figure 8. Phase-folded light curves of 12 newly discovered eclipsing variable stars. Gray and black points represent phased and phase-averaged light curves,

respectively. Blue points are observations by Tenagra Telescope.
(A color version of this figure is available in the online journal.)

In total, we recovered 85 variable stars from 158 known vari-
ables. Among them, we detected uncataloged periods for seven
stars (TAOS 060.00798, TAOS 146.00058, TAOS 167.00379,
TAOS 167.01577, TAOS 167.02541, TAOS 167.06578, and
TAOS 167.08186). TAOS 060.00798 is a flare star with
three reported recurrences of flare events within a month
by Kim et al. (2009). The other six stars are semi-regulars
or long-period variables (LPVs). We obtained more precise
periods for 11 stars (TAOS 005.00688, TAOS 049.00078,
TAOS 060.00035, TAOS 061.00127, TAOS 099.00090, TAOS
133.00303, TAOS 167.00004, TAOS 167.00149, TAOS
167.00319, TAOS 167.04913, and TAOS 167.05275). We
also detected different periods from cataloged ones for 12
stars (TAOS 049.00056, TAOS 054.00009, TAOS 060.00119,
TAOS 146.00064, TAOS 158.00269, TAOS 167.00261, TAOS
167.00709, TAOS 167.01306, TAOS 167.02511, TAOS
167.08817, TAOS 167.09100, and TAOS 167.12880). Figures 6
and 7 show the phase-folded light curves of known variable
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stars recovered from TAOS data by our analysis with new or
improved periods.

3.4. Newly Detected Variables

Among 616 uncataloged candidates in the 16 TAOS fields,
we found 55 variable stars with determined periods, and three
variable stars without periodicity. The selected candidates which
are not variable stars show variable flux mainly because they
showed either a 1 day period due to a changing distortion of
images related to telescope pointing, or a monthly period due to
moon phase. Other candidates did not show significant periods
due to insufficient numbers of data points or the phase-folded
light curves did not show meaningful profiles. Table 6 lists the
detected 58 variable stars with their TAOS IDs, USNO B1.0
catalog IDs, coordinates, R magnitudes, numbers of epochs,
periods derived from DFT and PDM methods, amplitudes of
variability, and the variable classifications based on the shape
of light curves, periods, and amplitudes.
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Figure 9. Phase-folded light curves of 15 newly discovered eclipsing variable stars. Gray and black points represent phased and phase-averaged light curves,

respectively. Blue points are observations by Tenagra Telescope.
(A color version of this figure is available in the online journal.)

3.4.1. Eclipsing Binaries

The largest group of the uncataloged variables consists of 27
eclipsing binaries. Among them, only four stars have periods
longer than 1 day. Others are systems with periods less than
1 day. We classified one star as a detached binary, 11 stars as
semi-detached binaries, 13 stars as overcontact binaries, and
one star as an ellipsoidal variable based on their orbital periods
and light curve shapes. Detached binaries (D) are traditionally
referred to as Algol-type systems, whose light curves are
characterized near constant brightness outside of eclipse, and
unequal primary and secondary minima. Semi-detached binaries
(SD) are represented by Beta Lyrae-type systems (EB), whose
light curves are smooth with the primary eclipse much deeper
than the secondary minimum. Their periods are usually longer
than 0.4 days. W UMa systems are typical representatives of
contact binaries (OC), which generally consist of main-sequence
stars of nearly the same spectral type, mostly from around
middle F to early G. The W UMa systems typically have periods
between 0.25 and 1.2 days. Ellipsoidal variations are caused by
the significant distortion of stellar surfaces. The phased light
curves of the newly detected eclipsing variable stars are shown
in Figures 8 and 9. Because of the limitation on the photometry
accuracy of TAOS data, the ingress and egress points of the
eclipses and out-of-eclipse regions are not pronounced, and
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some of stars classified as SD might be OC binaries, and vice
versa.

3.4.2. Short- and Intermediate-period Pulsating
Stars (8 Sct, RR Lyr, and Cepheid)

We classified 11 stars as short- and intermediate-period
pulsating stars with periods shorter than 100 days. Among them,
one is a § Scuti, three are RRab variables, nine are RRc or other
short-period pulsating stars (though five of them might be W
UMa binaries with twice the periods), and four are possible
Cepheids. § Scuti, RR Lyrae, and Cepheids are pulsating
stars located in the instability strip of the Hertzsprung—Russell
(H-R) diagram. § Scuti stars are main-sequence or sub-giant
stars with spectral types ranging of A2 to F2 in the lower part of
the strip. Their period and amplitude ranges are 0.02-0.3 days
and 0.0003-0.9 mag. RR Lyrae stars are horizontal branch
giant stars with spectral types of A-F, and they have period
and amplitude ranges of 0.2—1.1 days and 0.2-2 mag. There are
three subclasses, RRab, RRc, and RRd. Cepheids are supergiants
pulsating with periods between one and 100 days and amplitudes
of 0.1-2 mag. Figure 10 shows the phased light curves of the 11
short-period pulsating stars. In some cases, we might classify
an overcontact binary to be RR Lyr, or vice versa. Figure 11
shows phased light curves of the 5 variables with dubious
classifications.
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Figure 10. Phase-folded light curves of 11 newly discovered short- and intermediate-period pulsating variable stars. Gray and black points represent phased and

phase-averaged light curves, respectively.

3.4.3. Long-period Variables (Mira, SR, and L)

The remaining 20 new variable stars are LPV stars. Among
them, five are Mira stars and the others are semi-regular variable
stars or stars for which we did not find likely periods. Mira
stars are large amplitude variable stars (more than 2 mag) with
long periods between 100 and 1000 days. They are located on
the asymptotic giant branch of the H-R diagram. Semi-regular
variables are red giants or supergiants with long periods that can
range from 30 to 1000 days and amplitudes between 0.1 and 2
mag. Figures 12 and 13 show the phased light curves of the 17
long-period pulsating stars and the light curves of three LPVs,
respectively.

3.5. Color—Color Diagrams

Figure 14 shows color—color diagrams of known and newly
detected TAOS variable stars along with the loci of dwarfs
and giants taken from Bessell & Brett (1988) and Johnson
(1966) for reference. Optical colors are derived from Tycho
BT—VT and SDSS B—V for B—V, TychoV — TAOSR and
SDSS V—R for V—R, and TychoB — TAOSR, GSC Bj—R, and
SDSS B—R for B—R. SDSS BV R are calculated from SDSS
ugri using the transformation equations in Lupton (2005).
Infrared colors are derived from 2MASS J, H, and K. Blue
and red points represent LPVs and short-period pulsating stars,
respectively. Green points represent eclipsing binaries. Filled
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points are newly detected variable stars, and open points
are known objects. The location and classification of each
previously uncataloged variable are consistent with those of
known variables in the color—color diagram. Locations of LPV's
and short-period variables are well separated in the color
diagram, while short-period pulsating stars (Cepheid, RR Lyrae,
and § Scuti) and eclipsing binaries are overlapped. Some stars
are off the main group due to uncertainty in 2MASS JHK
photometry or photometry at different epochs.

3.6. Detection Rates

We divided the 16 fields into three groups depending on the
frequency of observations. The most frequently observed fields
are Fields 54 and 60 with more than 700 epoch observations.
Eight fields are moderately observed with 120-358 epoch
observations. The other six fields are with fewer than 100 epoch
observations.

As listed in Table 4, the rates of stars selected as candidate
variables are almost the same (1.4%—1.5%) for all of the three
groups, although the rates of individual fields scatter are between
0.7% and 2.5%. On the other hand, the ratios of the stars
identified as variables against the selected candidates decrease
from 36% to 13% as the frequency of observations decreases.

The recovery rate of a known variable star for the least
observed group is significantly lower than those of the other
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Figure 11. Phase-folded light curves of five variables with dubious classifications. Gray and black points represent phased and phase-averaged light curves, respectively.

groups. There is, however, no significant difference between
the recovery rates of known variable stars for the two better
observed groups; 70% for fields 54 and 60 and 79% for fields
with 120-358 epochs. This is mainly due to the photometric
accuracy of the TAOS data. For example, three unrecovered
variables in fields 54 and 60 are § Stc stars with small amplitudes
of 0.003-0.007 mag.

The ratio of newly detected variables over the known recov-
ered variables for the most observed group (72%) is significantly
higher than others. On the other hands, the ratios for the other
two groups are 30% for the group with 120-358 epochs and 36%
for the group with less than 100 epochs. They are similar in spite
of far fewer observations for the later group. Among 27 newly
detected variables in the least observed group, 23 variables are
detected in the very crowded fields 158 and 167 located in the
galactic plane. This may be due to better spatial resolution of
TAOS than ASAS, which is one of the main sources of bright
variables.

3.7. Comparison with the ASAS Survey

Among several large-scale surveys of variable stars, the data
of ASAS is most similar to the TAOS data. The numbers of
observations for stars are distributed between 46 and 1716 with
a median value of 221, and the limiting magnitude is about
15 mag. The photometric error of TAOS data is better than that
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of ASAS data for stars brighter than 14 mag and comparable for
stars fainter than 14 mag.

The ratio of eclipsing binaries among newly discovered
variables is 27/58, which is much higher than the ratio of 20/158
for known variables. It is also high in comparison with other
surveys. For example, the rate of eclipsing binaries is about 1/5
in ASAS Variable Stars in the Southern Hemisphere (Pojmanski
et al. 2006) and 1/4 in GCVS (Samus et al. 2009). The cause of
the higher rate in our result is that there were 14 eclipsing
binaries among 18 new variables in Fields 54 and 60. The
frequent observations for the two fields enabled the detection of
narrow eclipses and the distinction between eclipsing binaries
and RR or DSCT stars. If we exclude the 18 variables, the ratio
of eclipsing binaries becomes 13/54, which is consistent with
the ratios of GCVS or ASAS variables. Among 14 new eclipsing
binaries in the two fields, 13 stars are fainter than 13 mag, which
is close to the detection limit of ASAS variables. Only 4155 stars
among 50,122 ASAS variables are fainter than 13 mag.

Eight of the 16 fields analyzed in this paper are relatively
close to the galactic plane (|b| < 30), and the other eight
fields are located at higher galactic latitudes (|b| > 30). The
ratios of eclipsing binaries, RR Lyrae and § Sct stars, and LPV
stars detected by our analysis at lower and higher latitudes are
29/11, 22/19, and 56/6, respectively. Despite the small size
of our sample, they are consistent with the ratios of ASAS
variables, which are 7841/3258, 2753 /1908, and 19,980/3285,
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Figure 12. Phase-folded light curves of 17 newly discovered long-period pulsating variable stars. Gray and black points represent phased and phase-averaged light
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Figure 13. Phase-folded light curves of three LPVs without periods detected. Gray and black points represent phased and phase-averaged light curves, respectively.

respectively. The higher ratio of our LPVs is due to the 12
LPVs detected in Field 158, which is one of the least observed
fields. The sparse observation over a long period is the cause of
preferentially detection of LPVs.

4. SUMMARY

With 59,114 stars in the 16 TAOS fields, 816 variable star can-
didates were selected. We detected 58 previously uncataloged
variable stars among the candidates. Among the 158 known
variable stars in these fields, 133 stars were selected as can-
didates and 85 of them were recovered by our analysis with
determined periods. We determined new or improved periods
for 23 of 85 detected known variables. The light curves, peri-
ods, amplitudes, and classification, if available, of previously
uncataloged variable stars are presented in this paper. About

14
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half of the detected variable stars are eclipsing binaries, and the
others are pulsation stars such as Cepheids, RR Lyrae stars, &
Scuti, Mira, semi-regular variables, or other LPVs.

We compared variables detected in TAOS data with variables
found by ASAS, which is one of the main sources of bright
variables. With better photometry accuracy of TAOS, most of
our newly detected variables which are undetected as variables
by ASAS are fainter than 13 mag. Because of the better spatial
resolution of TAOS than ASAS, we detected 23 new variables in
field 158 and 160 which are the most crowded fields among the
16 analyzed fields. Since the fields are two of the least observed
fields, LPVs were preferentially detected in these fields. That
is the reason for the higher detection ratio of LPVs for lower
galactic latitude fields. Excluding these LPVs, our detection
ratios of various types and space distributions of variable stars
are consistent with those of ASAS variables.
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diamonds—CEP; red: points—RR or DTSC, squares—short-period pulsating stars). Green and orange symbols represent eclipsing binaries and RS CVn stars.
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Figure 14. Color—color diagrams of known and recovered variable stars. The loci of dwarfs (solid lines) and giants (dashes lines) are taken from Bessell & Brett
(1988) and Johnson (1966). Filled points are newly detected variable stars, and open points are known objects. Blue and red symbols represent long-period variables
and short-period pulsating stars, respectively (blue or light blue: circles—SR, triangles—L, squares—M, crosses—MISC; violet: circles—DSCT, triangle—RR,

(A color version of this figure is available in the online journal.)

Table 7
TAOS Photometry Catalog

B-V

ISHIOKA ET AL.

TAOS ID

MID

Median TAOS A TAOS B TAOS C TAOS D oA op oc op
(mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)
TAOS005.00396 54625.8166956 12.7515 12.752 12.782 12.726 0.033 0.022 0.029
TAOS005.00396 54626.7904381 12.8592 12.835 12.884 0.025 0.016
TAOS005.00396 54636.7718667 12.8507 12.848 12.853 0.026 0.018
TAOS005.00396 54647.7365192 13.0180 13.046 13.018 12.975 0.019 0.029 0.024
TAOS005.00396 54647.7993311 12.8780 12915 12.878 12.857 0.030 0.021 0.015

(This table is available in its entirety in machine-readable and Virtual Observatory (VO) forms in the online journal. A portion is shown here for guidance regarding

its form and content.)

We will begin a program to monitor the TAOS fields which
have not been observed frequently enough to find variable stars,
using a few minutes between the last run and twilight on each
night. As mentioned above, many variables fainter than 13 mag
are likely undetected by ASAS. The TAOS monitoring program
will obtain useful data to detect more new variable stars, as well
as for the known, though not well-observed, variable stars in

15

these fields. In addition, we will soon analyze the 7 yr of zipper-
mode data in order to search for stellar variability on timescales
faster than 90 minutes, such as § Scuti stars (Kim et al. 2010)
and flare stars.
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APPENDIX
THE DATA OF VARIABLE STARS

The TAOS photometry of variable stars listed in Tables 5
and 6 is presented in Table 7, available online.
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ABSTRACT

We present multi-wavelength observations of a typical long duration GRB 120326A at z = 1.798, including rapid
observations using a Submillimeter Array (SMA) and a comprehensive monitoring in the X-ray and optical. The
SMA observation provided the fastest detection to date among seven submillimeter afterglows at 230 GHz. The
prompt spectral analysis, using Swift and Suzaku, yielded a spectral peak energy of E* 107.8?155"33 keV and

peak —
an equivalent isotropic energy of Eig, as 3.181%?2 x 1072 erg. The temporal evolution and spectral properties in
the optical were consistent with the standard forward shock synchrotron with jet collimation (6269 % 0216). The
forward shock modeling, using a two-dimensional relativistic hydrodynamic jet simulation, was also determined
by the reasonable burst explosion and the synchrotron radiation parameters for the optical afterglow. The X-ray
light curve showed no apparent jet break and the temporal decay index relation between the X-ray and optical
(o — ax 1.45 £ 0.10) indicated different radiation processes in each of them. Introducing synchrotron
self-inverse Compton radiation from reverse shock is a possible solution, and the detection and slow decay of the
afterglow in submillimeter supports that this is a plausible idea. The observed temporal evolution and spectral
properties, as well as forward shock modeling parameters, enabled us to determine reasonable functions to describe
the afterglow properties. Because half of the events share similar properties in the X-ray and optical as the current
event, GRB 120326A will be a benchmark with further rapid follow-ups, using submillimeter instruments such as

an SMA and the Atacama Large Millimeter/submillimeter Array.

Key words: gamma-ray burst: individual (120326a) — radiation mechanisms: non-thermal

Online-only material: color figures

1. INTRODUCTION

Gamma-ray bursts (GRBs) are among the most powerful
explosions in the universe and are observationally characterized
by intense short flashes primarily in a high-energy band (so-
called prompt emission) and long-lived afterglows observed
from X-ray to radio wavelengths. The GRB afterglow is believed
to involve a relativistically expanding fireball (e.g., Meszaros &
Rees 1997). Interstellar matter (ISM) influences the fireball shell
after it has been collected and considerable energy is transferred
from the shell to the ISM. The energy transfer is caused by two
shocks: a forward shock propagating into the ISM and a reverse
shock propagating into the shell. It is also believed that the
forward shock produces long-lived afterglows and the reverse
shock generates short-lived bright optical flashes (e.g., Akerlof
et al. 1999) and/or intense radio afterglows (e.g., Kulkarni et al.
1999).

A number of afterglows have been densely monitored in X-ray
and optical bands since the launch of the Swift satellite (Gehrels
et al. 2004), and a significant number of afterglows showed the
different temporal evolutions in X-ray and optical bands. These
results indicated that the simple forward shock model cannot
explain their behavior altogether and additional processes are
required (e.g., Panaitescu et al. 2006; Huang et al. 2007; Urata

<32>

et al. 2007; Li et al. 2012). Inverse Compton scattering and/or
reverse shocks may play an important role in solving the
problem. Panaitescu & Vestrand (2011) suggested local inverse
Compton scattering to describe the X-ray band’s faster decay
compared with that of the optical. Kobayashi et al. (2007)
introduced a synchrotron self-inverse Compton radiation from a
reverse shock to explain the X-ray flare and its early afterglows.
Thus, confirming the existence of reverse shocks at particularly
longer wavelengths and ascertaining their typical occurrence
conditions is critical. Because the expected lifetime of reverse
shocks at longer wavelengths is substantially longer than the
lifetime of those at optical wavelengths, decoding radiations into
forward and reverse shock components is possible. In addition,
numerous rapid optical follow-ups are missing the reverse shock
components; however, several successful detections at optical
wavelengths have been made.

The possible reason for the missing reverse shock component
could be that the typical reverse shock synchrotron frequency
is far below the optical band. Submillimeter observations are
the key elements used to catch reverse shock and to under-
stand the emission mechanism of GRB afterglows. Searching
for reverse shock emission in the submillimeter wavelength
would test this possibility. These submillimeter observations
also provide clean measurements of source intensity, unaffected
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by scintillation and extinction. However, no systematic submil-
limeter observational studies in the early afterglow phase exist.
This has remained the case in reverse shock studies for some
time. One of the main reasons for this is the absence of ded-
icated submillimeter telescopes and strategic follow-ups with
rapid response which involve employing open-use telescopes
for these challenging observations. In addition, it is nearly im-
possible to have rapid (several hours after the burst) follow-ups
with current open-use telescopes which require manual prepa-
ration of the observational scripts. In addition to this technical
problem, the sensitivities of current submillimeter telescopes,
except for the Atacama Large Millimeter/submillimeter Array
(ALMA), are not good enough to detect the number of after-
glows in the submillimeter band (e.g., de Ugarte Postigo et al.
2012). Hence, rapid careful target selections are required to
conduct effective submillimeter follow-up observations using
open-use resources.

GRB 120326A was detected and localized using Swift (Siegel
et al. 2012). The Suzaku/Wide-band All-Sky Monitor (Suzaku/
WAM) and the Fermi Gamma-ray Burst Monitor (Fermi/GBM)
also detected this burst, and quick-look spectral analyses were
reported (Iwakiri et al. 2012; Collazzi 2012). The optical
afterglow was discovered by Klotz et al. (2012) and observed
at the early stage by using several telescopes. The optical
afterglow also exhibited remarkable rebrightening (Walker et al.
2012). The afterglow at submillimeter and radio bands was
also detected using an Submillimeter Array (SMA; Urata et al.
2012), the Combined Array for Research in Millimeter-wave
Astronomy (Perley et al. 2012), and the Expanded Very Large
Array (Laskar et al. 2012). The SMA observation provided the
fastest afterglow detection (about 4.6 x 10* s after the burst)
among seven submillimeter afterglows at 230 GHz, which are
mostly detected about 1 x 103 s (~1 day) after the bursts.
Although numerous follow-ups in various wavelengths have
been conducted, submillimeter afterglow monitoring from the
earlier phase (<1 x 10° s) is still rare and essential to understand
the puzzle of afterglow radiation. The redshift was determined to
be z = 1.798, according to a series of metal absorption features
(Tello et al. 2012). We used f(¢,v) v to express the
afterglow properties.

2. OBSERVATIONS

The Swift Burst Alert Telescope (Swift/BAT) triggered and
located GRB 120326A at 01:20:29 (Ty) UT on 2012 March
26. Swift immediately slewed to the burst and the X-Ray
Telescope (XRT) initiated follow-up observations at 59.5 s after
the burst. The X-ray afterglow was identified and localized at
R.A. = 18"15m36347, decl. = +69°15'3770, with an uncertainty
of 471. The X-ray afterglow was observed using the XRT until
~5 x 10° s. UVOT also obtained images by using the White
filter starting 67 s after the burst and no counterpart in the band
was observed.

The Suzaku/WAM also triggered the burst at 01:20:31.9
(T + 2.9 s) UT on 2012 March 26. The WAM (Yamaoka et al.
2009) is a lateral shield of the Hard X-ray Detector (Takahashi
et al. 2007) on board the Suzaku satellite (Mitsuda et al. 2007)
and is a powerful GRB spectrometer covering an energy range of
50-5000 keV to determine prompt spectral energy peaks, Epeax
(e.g., Ohno et al. 2008; Tashiro et al. 2007; Urata et al. 2009).
As shown in Figure 1, the prompt X-ray and y-ray light curves
observed using the Swift/BAT and Suzaku/WAM exhibited a
single fast rise and exponential decay structure.
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Figure 1. Prompt y -ray light curves observed by Swift/BAT and Suzaku/WAM.
The trigger time of Swift/BAT is used as Tp.
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We performed the optical afterglow observations using the
Lulin 1 m telescope (LOT; Huang et al. 2005) and the LOAO
robotic 1 m telescope (Han et al. 2005; Lee et al. 2010) within
the framework of the EAFON (Urata et al. 2003). Four color
observations were made with LOT on the night of March 26. The
LOAQ data were obtained in the R-band filter from 2013 March
26 to April 2. The afterglow was also observed with Camera
for Quasars in the Early Universe (Park et al. 2012; Kim et al.
2011; Lim et al. 2013) on the 2.1 m Otto-Struve Telescope of the
McDonald observatory, Texas, USA. The data were obtained in
g, 1,1, z, and Y filters, starting at 2013 March 26, 10:09:22 (UT)
and continued until April 2. The logs for both observations are
summarized in Table 1.

We also triggered the submillimeter continuum follow-up
observations by using the seven 6 m antennas of SMA (Ho
et al. 2004). The first continuum observation at 230 GHz
(with an 8 GHz bandwidth) was conducted at 10:15:05 on
2012 March 26, about 4.6 x 10* s after the BAT trigger. As
Urata et al. (2012) reported, the submillimeter counterpart was
observed at the location of the X-ray and optical afterglow.
The continuous monitoring using the SMA was also performed
at the same frequency setting on March 27, 29, 31, and April
6 and 11. Table 2 summarizes the scientific observations that
were conducted for four nights, because of weather conditions
and antenna reconfiguration. Figure 2 shows submillimeter light
curves of all the GRB afterglows detected at the 230 GHz to
date. Among all seven events, we successfully detected the
earliest submillimeter afterglow on GRB 120326A. A possible
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Table 1 Table 1
Log of Optical Observations (Continued)
Instruments T-Toy Filter Exposure Flux Density Instruments T—To Filter Exposure Flux Density
(s) (s) (mJy) (s) (s) (mJy)

CQUEAN 35818 g 120 (5.031 £1.114) x 1072 CQUEAN 209979 i 120 (5.834 £ 0.089) x 1072
CQUEAN 36428 g 120 (5.843 £+ 0.364) x 1072 CQUEAN 210100 i 120 (6.346 £+ 0.102) x 1072
LOT 62495 g 300 (2.751 £ 0.130) x 1072 CQUEAN 210222 i 120 (6.188 £0.103) x 1072
LOT 66550 g 300 (2.781 £ 0.132) x 1072 CQUEAN 286927 i 120 (4.194 £ 0.069) x 1072
CQUEAN 118878 g 120 (1.549 4+ 0.072) x 1072 CQUEAN 287048 i 120 (4.292 £ 0.099) x 1072
CQUEAN 203667 g 120 (9.670 & 1.290) x 103 CQUEAN 287169 i 120 (4.360 £+ 0.071) x 1072
CQUEAN 203788 g 120 (7.200 £ 1.310) x 1073 CQUEAN 287313 i 120 (4.186 £ 0.063) x 1072
CQUEAN 203909 g 120 (9.820 £ 1.150) x 1073 CQUEAN 295903 i 120 (4.150 £ 0.235) x 1072
CQUEAN 210775 g 120 (8.840 £ 2.050) x 103 CQUEAN 296025 i 120 (5.662 £ 0.943) x 1072
CQUEAN 210896 g 120 (9.580 =+ 2.540) x 1073 CQUEAN 380844 i 180 (2.118 £ 0.036) x 1072
CQUEAN 211018 g 120 (1.460 &+ 0.271) x 1072 CQUEAN 381025 i 180 (2.092 £ 0.038) x 1072
CQUEAN 291923 g 120 x 5 (5.800 £ 1.330) x 1073 CQUEAN 381206 i 180 (2.278 £+ 0.036) x 1072
CQUEAN 382503 g 300 x 3 (2.600 £ 0.320) x 1073 CQUEAN 465783 i 300 (1.256 £ 0.056) x 1072
CQUEAN 468068 g 300 x 3 (1.550 £ 0.420) x 1073 CQUEAN 466084 i 300 (1.178 £ 0.060) x 102
LOAO 119527 R 300 (7.517 £ 0.848) x 1072 CQUEAN 466386 i 300 (1.390 £ 0.057) x 1072
LOAO 119845 R 300 (6.792 £ 0.654) x 1072 CQUEAN 553652 i 300 (7.760 £ 0.280) x 1073
LOAO 120163 R 300 (8.395 £ 0.596) x 1072 CQUEAN 553954 i 300 (8.820 + 0.280) x 10~3
LOAO 120532 R 300 (1.019 £ 0.055) x 107! CQUEAN 554255 i 300 (8.200 £ 0.270) x 1073
LOAO 120882 R 300 (1.096 £ 0.059) x 107! CQUEAN 648922 i 300 x 6 (4.880 £ 0.290) x 1073
LOAO 121197 R 300 (8.395 £ 0.596) x 1072 CQUEAN 32416 z 300 (9.325 £ 0.016) x 107!
LOAO 206539 R 300 (4.787 £ 0.579) x 1072 CQUEAN 33766 z 300 (9.250 £ 0.021) x 107!
LOAO 206865 R 300 (4.365 4 0.633) x 1072 CQUEAN 35023 z 300 (9.018 £ 0.073) x 107!
LOAO 207181 R 300 (5.105 £ 0.740) x 1072 LOT 65534 z 300 (5.278 £ 0.088) x 107!
LOAO 207498 R 300 (3.565 £ 0.373) x 1072 LOT 69604 Z 300 (4.358 £0.085) x 107!
LOAO 301087 R 900 (2.148 +0.242) x 1072 CQUEAN 118015 z 300 (3.025 £ 0.006) x 107!
LOAO 300315 R 900 (2.128 £ 0.275) x 1072 CQUEAN 203042 z 120 (1.639 £ 0.020) x 107!
LOAO 303167 R 1200 (2.884 4 0.349) x 1072 CQUEAN 203163 z 120 (1.970 £ 0.032) x 107!
LOAO 589749 R 2700 (5.750 4 0.880) x 1073 CQUEAN 203285 Z 120 (1.660 £ 0.024) x 107!
CQUEAN 31732 r 300 (1.734 £ 0.022) x 107! CQUEAN 210347 z 120 (1.744 £0.018) x 10!
CQUEAN 33129 r 300 (1.636 & 0.008) x 10~} CQUEAN 210468 z 120 (1.650 £ 0.018) x 107!
CQUEAN 34399 r 300 (1.510 £ 0.027) x 107! CQUEAN 210589 z 120 (1.744 £ 0.019) x 107!
CQUEAN 36739 r 300 (1.478 £0.010) x 107! CQUEAN 287478 z 120 (1.113 £ 0.017) x 107!
LOT 63503 r 300 (8.434 +0.177) x 1072 CQUEAN 287600 z 120 (1.112 £ 0.017) x 107!
LOT 67564 r 300 (8.591 £0.165) x 1072 CQUEAN 287721 z 120 (1.147 £ 0.016) x 107!
CQUEAN 117385 r 300 (4.955 £ 0.036) x 1072 CQUEAN 380256 z 120 (5.236 £+ 0.079) x 1072
CQUEAN 202218 r 120 (1.812 4+ 0.207) x 1072 CQUEAN 380438 z 120 (5.696 £ 0.083) x 102
CQUEAN 202340 r 120 (2.526 +0.175) x 1072 CQUEAN 380619 z 120 (5.524 £ 0.078) x 1072
CQUEAN 202461 r 120 (2.544 4+ 0.141) x 1072 CQUEAN 464838 z 180 (2.944 £ 0.141) x 1072
CQUEAN 209219 r 120 (2.586 & 0.236) x 1072 CQUEAN 465140 z 180 (2.680 £ 0.103) x 1072
CQUEAN 209633 r 120 (2720 £0.116) x 1072 CQUEAN 465441 z 180 (2.204 £0.100) x 1072
CQUEAN 209754 r 120 (2.496 + 0.119) x 1072 CQUEAN 554653 z 300 (1.784 £ 0.060) x 1072
CQUEAN 286528 r 120 (1.715 £ 0.075) x 1072 CQUEAN 554955 z 300 (2.248 £0.062) x 1072
CQUEAN 286650 r 120 (1.712 £ 0.067) x 1072 CQUEAN 555256 Z 300 (2.120 £ 0.064) x 1072
CQUEAN 286771 r 120 (1.603 £ 0.065) x 1072 CQUEAN 32776 Y 300 1.585 +0.004
CQUEAN 295768 r 120 (2.072 £ 0.291) x 1072 CQUEAN 118338 Y 300 (5.005 £ 0.025) x 107!
CQUEAN 381506 r 180 (8.050 £ 0.380) x 1073 CQUEAN 205445 Y 120 x 6 (3.576 £ 0.054) x 107!
CQUEAN 381688 r 180 (7.040 £ 0.390) x 103 CQUEAN 288007 Y 120 x 3 (2.672 £0.053) x 107!
CQUEAN 381869 r 180 (8.500 & 0.380) x 1073
CQUEAN 466726 r 300 (5.300 £+ 0.710) x 103
SQEEQE jg;gig r ;88 (i'gggig'ggg) x ;8:: reason for this successful submillimeter monitoring was the
CgUE AN 559707 : 300 E 2: 290 + o: o 0; i 10-3 target selection using the quick optical follow-ups.
CQUEAN 553009 r 300 (2.930 £ 0.290) x 103
CQUEAN 553310 r 300 (3.070 £ 0.300) x 1073 3. ANALYSIS AND RESULTS
CQUEAN 639867 r 300 x (1.970 £ 0.300) x 103
CQUEAN 32074 i 300 (3.621 £0.010) x 107! The BAT data were analyzed using the standard BAT analysis
CQUEAN 33448 i 300 (3.701 £ 0.005) x 10~ software included in HEADAS version 6.12. The time-averaged
CQUEAN 34711 i 300 (3.803 £ 0.023) x 107: spectrum (15-150 keV) from Ty — 2 to Ty + 11 s was extracted
ESEEAN 2;22(3) L ggg (i’gél i 88;2) X ]8:1 using batgrbproduct. Response matrices were generated by

! a. 028) x 1 B the task batdrmgen, using the latest spectral redistribution
LOT 64510 i 300 (1.982 £0.021) x 10 R
CQUEAN 117705 ; 300 (1257 +0.003) x 10! mgtrlces. The WAM spectral and tempora} data were extrac.ted
CQUEAN 202746 i 120 (6.164 + 0.082) x 10~2 6.12. The background was estimated using the fitting model
CQUEAN 202867 i 120 (7.226 4 0.084) x 102 described in Sugita et al. (2009). Response matrices were

<34>



THE ASTROPHYSICAL JOURNAL, 789:146 (8pp), 2014 July 10

URATA ET AL.

Table 2
Log of SMA Observations
Instruments Observing Period T-To Band Beam Size Flux Density
T (s) (GHz) (mly)
SMA 2012 Mar 26 13:00-15:00 45571 230 1774 x 1714 2.84 +0.86
SMA 2012 Mar 26 15:10-17:30 53971 230 1769 x 1702 3.56 £0.75
SMA 2012 Mar 26 18:00-20:15 64171 230 2703 x 0796 336+ 1.04
SMA 2012 Mar 27 13:25-19:15 138480 230 1762 x 1711 2.38 £0.51
SMA 2012 Mar 29 12:45-18:50 310290 230 0762 x 0737 1.76 £ 0.50
SMA 2012 Apr 11 15:50-21:10 1377571 230 0755 x 0742 <1.44(30)
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generated by the WAM response generator as described in - , Fond

Ohno et al. (2008). We used three models for the joint spectral
fitting: the power-law model, power law with exponential cutoff
model, and the Band function model. As shown in Figure 3,
the spectrum was reasonably fitted with the Band function.

The fitting yielded a low-energy photon index of 1.17*%%,, a
0.09

high-energy photon index of 2.23*%,, and a vFv spectrum

peak energy in the source frame EN, of 107.8*1%% keV

(x?/v = 0.92 for v = 63). Both the power law (x2/v = 1.55
for v = 65) and power law with exponential cutoff models
(x%/v = 1.38 for v = 67) were not acceptable, leaving the
curvature of the residuals around 30-40 keV at the observer
frame (the second and third panels in Figure 3). We also
estimated the equivalent isotropic radiated energy in the prompt
phase at the 1-10,000 keV band Ej, as 3.18"4% x 10%2 erg,
assuming cosmological parameters: Hy = 71 km s~! Mpc~!,
Q,, =0.27,and Q = 0.73.

We obtained a reduced Swift/XRT light curve with a flux
density unit at 10 keV from the U.K. Swift Science Data
Center (Evans et al. 2007, 2009). The light curves shown
in Figure 4 were suitably fitted using the broken power-law
model described in Urata et al. (2009), using the best-fitted
parameters of ay; = 0.19 £ 0.09, ax, = —2.35 £ 0.15,
and 1,y = (5.2940.32) x 10* s. We also generated the time-
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Figure 3. Time-averaged spectrum of the prompt emission, observed using
Swift/BAT and Suzaku/WAM. The BAT and WAM data are shown in black
and red, respectively. In the top panel, the solid lines indicate the best-fit Band
function model. The lower panels show residuals for fitting with power law
(second), power law with exponential cutoff (third), and Band (fourth) models.

(A color version of this figure is available in the online journal.)

averaged spectrum at a mean time of 6.47 x 10* s (from 55741
to 73639 s). The spectra were suitably fitted using the power law
modified by photo-electric absorptions (Galactic and intrinsic),
and the photon index was estimated as 1. 95+01187

A standard routine, including bias subtraction and flat-fielding
corrections, was employed to processes the optical data by
using the IRAF package. The DAOPHOT package was used to
perform the aperture photometry of the GRB images. Standard
star observation in one night is used to derive magnitudes
of reference stars in the vicinity of the GRB afterglow, and
these reference stars were used to perform photometry of the
afterglow. We also made use of the Pan-STARRS1 37 catalogs
(Magnier et al. 2013; Schlafly et al. 2012; Tonry et al. 2012)
to calibrate our g’-, r’-, i’-, z/-, and Y-band data. As shown
in Figure 4, the light curves in the g’, r’, i/, and 7’ bands
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Figure 4. X-ray, optical, and submillimeter light curves of the GRB 120326A
afterglow. The gray dotted lines show the best analytical fitted functions
described in the text. The orange solid line shows the best modeling function
for the r-band light curve obtained with the numerical simulation using boxfit.
The black dashed-dotted and dotted lines indicate the shifted optical light curve
to the X-ray bands by a factor of (vx/vopl)’”/2 with p = 25 and p = 2,
respectively.

(A color version of this figure is available in the online journal.)

indicated the achromatic temporal break at ~2.6 x 10° s. We
successfully fitted the broken power-law model to the g'-, r'-,
i’-, and z’-band light curves. Regarding the g’ band, we have
obtained oy = —1.01 £ 0.06, oy = —2.84 £ 0.16, and
e = (2.58 £ 0.15) x 10° s; regarding the r’ band, o,y =
—0.96 + 0.01, opp = —2.64 £ 0.09, and 7, = (2.58 +
0.07) x 10° s; regarding the i’ band, o;; = —0.88 £ 0.02,
oy = —2.48 £0.05, and t,; = (2.51£0.10) x 10° s; regarding
the z’ band, o;; = —0.89 £ 0.01, oy = —2.64 £+ 0.10, and
tp. = (2.63 £0.06) x 10° s; and regarding the y’ band, we fitted
the light curve by using the simple power-law model, because the
y’-band observations covered only before the temporal break.
The light curve was fitted with the model and we obtained ay, =
—0.87 £ 0.03. The decay indices before and after the break are
~—1 and ~—2, respectively, which is highly consistent with
typical well-observed long GRB optical afterglows. In Figure 5,
we plot the spectral flux distribution with the submillimeter and
X-ray data. We fitted the optical data alone using a power-law
function and obtained 8 = —1.44 £+ 0.10, —1.11 4+ 0.09, and
—1.18£0.17at? = 6.42x 10*s,1.38 x 10° s,and 3.10 x 10° s,
respectively. To remove the effects of the Galactic interstellar
extinction, we used the reddening map by Schlafly & Finkbeiner
(2011).

The raw data of the SMA observations were calibrated using
the MIR and MIRIAD packages and images were made with
the natural weighting. Regarding the first night of observation,
we split the data into three periods to describe the temporal
evolution of submillimeter afterglow. Table 2 summarizes each
observation period and flux density measurements (upper part).
Because of adverse weather conditions during the first 1.08 x
10* s, only the data recorded after 13:00 on March 26 UT
were used for the scientific analysis. In the final period, we
constrained the 3o upper limit. With our SMA follow-ups,
we successfully monitored the afterglow from 4.32 x 10* to
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Figure 5. Spectral energy distribution at 6.42 x 10* s after the burst. The red
dashed line shows the forward shock synchrotron model spectrum calculated
using the boxfit code with the same parameters for the best modeling light
curve shown in Figure 4. The blue dotted lines show the reverse shock
synchrotron radiation and its self-inverse Compton component calculated based
on Kobayashi et al. (2007) using the observed values and model function for
the forward shock component.

(A color version of this figure is available in the online journal.)

3.46 x 10° s as shown in Figure 4. The submillimeter afterglow
exhibited a flat evolution with slight brightening between the
first and second periods. To describe the temporal evolution,
we fitted the submillimeter data with the single power-law
function and obtained ogypmiltimeter = —0.33 £ 0.08, which was
considerably flatter than those of the X-ray and optical.

4. DISCUSSION
4.1. Prompt Emission and Energetics Relations

The joint fitting of the Swift/BAT and Suzaku/WAM suitably
constrained the spectral parameters of the prompt emission of
GRB 120326A that are critical to characterize the event. As
shown in Figure 6, the spectral peak energy in the source frame,
E k- 1s one of the lowest events among the sample of the
joint Swift/BAT—Suzaku/WAM analysis. The trend is similar
to that of the v Fv spectral peak energy at the observer frame
El‘)’é’;k in comparison to a larger set of E;L’;k values of 479 GRBs
drawn from the Fermi/GBM catalog (von Kienlin et al. 2014);
however, the Fermi/GBM measurements do not represent £ ¢
due to the lack of redshift information. By comparing with
the HETE-2 sample (Sakamoto et al. 2005), GRB 120326A
can be categorized as X-ray-rich GRBs. Using the definition
with Swift/BAT data (Sakamoto et al. 2008), we confirm that
GRB 120326A with an ~0.74 fluence ratio in the 25-50 keV
and 50-100 keV bands falls into the X-ray-rich GRB family.

The abundance of the multi-color optical light curves for
estimating the jet break time suggests that GRB 120326A is a
favorable target for evaluating E¥C —F;, (Amati et al. 2002)

peak
and E;gcdk E, (Ghirlanda et al. 2007) relations. Here, EPE‘lk E,

is the correlatlon between the intrinsic spectrum peak energy,
E k- and the jet collimation-corrected energy in the prompt
phase, E, . The closure relation of the observed optical temporal

decay and the spectral indices (e.g., Sari et al. 1999; Zhang &
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(A color version of this figure is available in the online journal.)

Meészaros 2004) indicates that, of all the p > 2 options, the
optical results are consistent with both the fast and the slow
cooling and both the wind and the ISM medium, as long as v,, rs
and v, ps lie below the optical band. Here, v,, ps and v, s are the
characteristic synchrotron frequency and the cooling frequency
based on the standard forward shock synchrotron model. Thus,
the jet opening angle and the jet corrected energy are estimated
using #, as 6269 £ 0216 and (2.17 & 0.10) x 10°° erg by
assuming the circumburst density, 7 =1.0 cm~, and the energy
conversion efficiency, n, = 0.2. To covert the measured jet
break time, 7, to the jet opening angle, we used the formulation
of Sari et al. (1999) and Frail et al. (2001). As shown in Figure 7,
GRB 120326A obeys the E7C,—Eis, and EG,—E, relations
within a 30 confidence level. Therefore, GRB 120326A belongs
to the typical long duration GRB family, even with a low E G, .
4.2. Does the Classical Forward Shock
Synchrotron Model Work?

Based on the closure relations, the observed temporal evolu-
tion and spectral features of the optical afterglow are consistent
with those of the forward shock synchrotron model. The fact
that v, rs and v, gs both lie below the optical band implies that
within the standard synchrotron model, X-ray afterglows lie in
the same spectral regime as the optical emission, and that the
standard model predicts the same temporal and spectral shape
for X-rays as for the optical.

However, the observed X-ray light curve shows a significant
deviation from the predicted behavior of the standard model
and appears to require an additional component. Using the
testing method of the forward shock model and the decay
index (¢o—«ay) relation between the optical and X-ray (Urata
et al. 2007), we find that GRB 120326A is a clear outlier
(¢0o—ay = —1.45+0.10) and the origin of the X-ray afterglow
could differ from that of the optical. For conducting a more
rigorous analysis, we selected the normal optical decay phase
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(A color version of this figure is available in the online journal.)

as from 3.2 x 10* s to 2.1 x 10° s. The optical light curve in
this phase is well-fitted with a simple power-law function with
an index of —0.96 + 0.01. For the time range, we forced the
X-ray light curve to fit with the simple power-law function and
obtained the decay index of —1.54 & 0.14. Hence, this event
remained an outlier (o — oy = —0.58 &= 0.14) and the X-ray
emission could have an extra component such as X-ray flare on
the forward shock synchrotron emission.

To check the excess in the X-ray light curve, we shifted
the optical light curve to the X-ray band with the factor
(vx/vop) /2 by assuming that the X-ray and optical lie on the
same segment of the synchrotron radiation. We used p = 2.48
with a 3¢ error of 0.15 estimated from the optical observations
and the closure relation. As shown in Figure 4, the shifted
light curve shows a significant gap with that of the observed
X-ray and the gap is smaller after ~3 x 10° s. One of the
main reasons for the gap is no consideration of the intrinsic
extinction for the optical component at the burst site, which is
due to the lack of spectral coverage in the optical observations.
If the main X-ray component after 3 x 10° originated from
the same segment of forward shock synchrotron radiation with
the optical (sharing a similar decay index with that of the
optical), Ay = 0.3 ~ 0.5 mag with the Small Magellanic
Cloud extinction curve is required to fill up the smaller gap
after 3 x 10° s. The extinction value of Ay = 0.3 ~ 0.5 mag
is larger compared to the majority of optically bright events
(Ay < 0.25 mag; Kann et al. 2006, 2010). We also added the
shifted optical light curve with p = 2 that provides the upper
limit of the forward shock synchrotron radiation under the p > 2
condition (Figure 4). Although these imply that adjusting p and
introducing extinction may be the solution to explain the gap
after 3 x 10°, there remains a significant X-ray excess between
2 x 10*and 3 x 10° s.

The forward shock synchrotron model based on the optical
afterglow is also unable to explain the submillimeter emission.
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Based on the closure relation, the slow decay observed in the
submillimeter light curve requires v, ps < Vsybmillimeter < Vin,FS
(i.e., a fast cooling condition for both ISM and wind types).
Hence, Veps < Vsubmillimeter < Vm,FS < Vopt 1S required to
satisfy the closure relation for the submillimeter and optical
afterglows altogether. In addition to the closure relation, the
observed flux densities (both in the submillimeter and optical
bands) at 6.42 x 10* s and the temporal decay index in the optical
bands tightly constrain the range of characterized frequencies
as veps < 2.3 % 10" Hz and v, gs ~ 3 x 10'* Hz in order to
make the fast cooling condition. With these conditions, we find
that even a drastic case (e.g., eg ~ 1 and €, ~ 1 with a very high
density of n > several x 10° cm™3) cannot meet the condition,
and that the origin of submillimeter component could also differ
from that of the optical. Thus, additional radiation is required to
explain X-ray and submillimeter emissions altogether.

4.3. Forward Shock Synchrotron Modeling

To describe the entire spectral energy distribution (SED), we
performed modeling for the optical light curves and spectra by
using the boxfit code (van Eerten et al. 2012) that involved
two-dimensional relativistic hydrodynamical jet simulations to
determine the burst explosion and the synchrotron radiation
parameters with a homogeneous circumburst medium. Hence,
hereafter, we only consider the ISM condition and do not verify
whether the ISM or wind condition is favorable. This code
also performs data fitting with the downhill simplex method
combined with simulated annealing. Based on the observational
results, we fixed 6, = 627 and a power-law electron spectrum of
slope p = 2.5. The observing angle was also fixed as f,,s = 0.
By using only the optical data with the code, we determined the
optimal modeling parameters to describe the optical light curves
as E = 3.9 x 10”2 erg,n = 1.0 em 3, e = 1.0 x 1073, and
€. = 6.9x 107" To adjust the model function, we also set the jet
opening angle as a free parameter and then 6, = 821 provided
favorable agreement (x2/v = 3.9 for v = 94) with observing
the light curve. The solid line in Figure 4 indicates the best
model function for the r’-band light curve, which also agreed
well with the analytical model function. This opening angle
adjustment is reasonable because 0, = 627 was estimated by
considering the conical jet. An additional note is that the post-jet-
break closure relation is no longer valid under the consideration
of the detailed spreading of the jet (van Eerten & MacFadyen
2013). However, we are not concerned about this, since we
were able to achieve the good fit with the simulation-based fit
models. With the adjusted jet opening angle, GRB 120326A still
obeyed the E C\—E, relation. We also attempted to determine
the optimal solution by using optical and submillimeter data
with the code. However, no sufficient solution describes the
temporal evolutions of submillimeter and optical afterglows
at once, which were determined by the x? evaluation with
2.3 x 10*. All of the trials provided reduced x? greater than 13.
This is consistent with the forward shock tests described above.
We generated the forward shock synchrotron model spectrum by
using the boxfit with the best modeling parameters for the light
curve. Figure 5 shows the SED at 6.42 x 10* s after the burst. The
spectrum in the X-ray and submillimeter exhibited substantial
excesses from the best model function and indicated that the
afterglow spectrum required additional radiation components.
This interpretation is also consistent with the result of the xo—orx
relation and the shifted optical light curve to the X-ray band with
factor (vx /vop) /%
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4.4. Reverse Shock and Synchrotron Self-Compton Radiation

A solution that explains the X-ray excess and the different
origin of the submillimeter emission is the introduction of
synchrotron self-inverse Compton radiation from reverse shock.
This is one of the most feasible methods of dealing with
two notable observed properties at once. Assuming that the
deceleration time is near the X-ray light curve peak at t,x ~
5.2 x 10* s, the initial Lorentz factor Iy is estimated as ~16,
which is consistent with the thin-shell case (I'. ~ 365). Here, I,
is the critical Lorentz factor that distinguishes thin shell models,
where the reverse shock remains Newtonian, from thick shell
models (Sari & Piran 1995; Kobayashi et al. 2007). This lower
I'o might be associated with the low E7C, property. It might also
originate from the cocoon fireball as part of two-component jet
in the collapsar framework (e.g., Ramirez-Ruiz et al. 2002). In
this case, thermal radiation is expected to arise in the optical
light curves (Kashiyama et al. 2013; Nakauchi et al. 2013).
However, the observed optical light curves show no excess in
the late phase.

Using the estimated parameters described above, we
calculated the model function for synchrotron self-inverse
Compton radiation from reverse shock under the thin-shell con-
dition described in Kobayashi et al. (2007). For this calculation,
we assumed €prs ~ 5 X 1073, and peak flux densities
of reverse and forward shocks as Fpu,crs ~ 5.5 mly and
Fraxrs ~ 0.2 mly, respectively. Figure 5 shows the calcu-
lated spectrum for the reverse shock and inverse Compton com-
ponents at 6.42 x 10* s with the obtained key parameters of

VR ~ 4x 10" Hz, v s ~ 7x 102 Hz, v/Cog ~ 1x 107 Hz,
and VG ~ 4 x 10" Hz. Although the observed X-ray flux
was slightly brighter than the calculated self-inverse Compton
component, the total spectrum including forward shock suffi-

ciently described the overall properties of the afterglow. Because

Vobs < Uy 'mg the expected decay index of the reverse shock
component in the observed submillimeter band was ~—0.46,
which was consistent with the slow temporal evolution of the
submillimeter afterglow (sybmitlimeter = —0.33). The evolution,
which was relatively shallower than expected, also implies the

smooth transition of vrsnyln;s in the observing band, unlike the
sharp break in Figure 4. This could be consistent with other
spectrum breaks such as the non-existence of the sharp cooling
break in the afterglow spectrum (e.g., Granot & Sari 2002; van
Eerten & Wijers 2009; Curran et al. 2010). The observed X-ray
decay (ax ~ —2.4) and spectrum (8x ~ —0.96) indices were
also basically consistent with the expected values (ay ~ —2.8
and Bx ~ —0.75) for v)"pg < Vobs < Vhgs-

5. SUMMARY

We conducted multi-wavelength observations of a typical
long-duration GRB 120326A, including rapid observations
using SMA. Our SMA observation successfully made the fastest
afterglow detection among seven submillimeter afterglows at
230 GHz and monitored from 4.32 x 10* to 3.46 x 10° s. The
submillimeter afterglow showed considerably slower temporal
evolution (&sybmillimeter = —0.33 &= 0.08) which is not likely to
be explained by the forward shock synchrotron model. Based
on our dense optical observations, we found that the optical
afterglows were well-fitted by the broken power-law model, and
the forward shock synchrotron model is feasible to explain the
properties. With the boxfit code, we also found the reasonable
model function within the forward shock synchrotron model
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under the assumption of ISM circumburst medium. Using the
simple testing method of the forward shock model with temporal
decay indices of optical and X-ray afterglows, we found that the
origin of the X-ray afterglow could differ from that of the optical.
Our joint spectrum fitting for prompt emission using Swift/BAT
and Suzaku/WAM also characterized the event and found that
the current event obeys the E;ZZk—Eiso and E;recak—Ey relations
within a 30 confidence level.

Based on the detection and the slow decay of the afterglow
in submillimeter, we introduced the synchrotron self-inverse
Compton radiation from reverse shock and found that this is
a plausible method to explain the diversity. This successful
modeling could benefit other GRBs. Similar to GRB 120326A,
numerous events exhibited no apparent jet breaks in the X-ray
band and different temporal evolutions between the X-ray and
optical. These observational properties imply that additional
components, such as reverse shock and its synchrotron self-
inverse Compton radiation, cause different temporal evolution
and hide obvious jet breaks in the X-ray. Because of a lack
of submillimeter observations for these samples, interpretation
from the same picture for these events was difficult. Thus, further
rapid follow-ups and continuous monitoring with submillimeter
instruments such as SMA and ALMA will enable systematic
testing of the reverse shock and self-inverse Compton radiation.
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ABSTRACT

We presentphotometric investigations of three distant active comets, 228P/LINEAR, C/2006
S3 Lowell Observatory Near-Earth-Object Search (LONEOS) and 29P/Schwassmann—
Wachmann 1. The data were obtained with the 1-m optical telescope at Lulin Observatory
in Taiwan on 2011 February 5 and 6. These comets were observed at heliocentric distances
larger than 3 au, all of them appeared to be active. By cometary morphological and photo-
metric studies, the upper limits of the nuclei radii were derived. Also, the surface brightness
profiles, Afp parameters, mass production rates and the coma colours were measured. Finally,
we discussed possible driver of activity in comets.

Key words: techniques: photometric —comets: general.

1 INTRODUCTION

Generally, a comet at a large distance from the Sun is supposed
to be inactive due to the low temperature and the absence of gas
sublimation leading to coma formation. But it is known from obser-
vations that the activity of comets far from the Sun is common (Luu
1993; Lamy et al. 2004; Meech & Svoren 2004; Mazzotta Epifani
et al. 2007, 2008, 2009, 2010, 2011; Korsun, Ivanova & Afanasiev
2008; Snodgrass, Lowry & Fitzsimmons 2008; Ivanova, Korsun &
Afanasiev 2009; Jewitt 2009). Meech & Hainaut (2001) discussed
the importance of observing distant comets in investigating the pro-
cesses of formation and evolution of planetesimals.

The primary driver of activity in comets close to the Sun is sub-
limation of water ice and can be explained by the standard model
(Whipple 1950). Beyond a heliocentric distance of 3 au, the sub-
limation rate for water ice decreases significantly. Though activity
is lower, water ice sublimation driven activity is still measurable
out to 5-6 au (Meech & Jewitt 1986). Beyond this distance, the
activity of comets must be explained by other mechanisms. Ivanova
et al. (2011) summarized various mechanisms to explain the nu-
cleus activity at large heliocentric distances. These are the subli-
mation of more volatile admixtures, such as CO and/or CO, ice
(Houpis & Mendis 1981; Luu 1993); polymerization of HCN (Ret-
tig 1992); crystallization of the amorphous water ice (Prialnik 1992;
Gronkowski & Smela 1998) and annealing of the amorphous water
ice (Meech et al. 2009).

The objects of our observation are comets at heliocentric dis-
tances larger than 3 au. By the observations, we aimed to in-
vestigate the physical properties and activities of distant comets

* E-mail: jeshi@pmo.ac.cn

© 2014 The Authors

228P/LINEAR, C/2006 S3 Lowell Observatory Near-Earth-Object
Search (LONEOS) and 29P/Schwassmann—Wachmann 1.

Object 228P/LINEAR is not really a ‘distant’ object, but results
for this comet are interesting and the data are relatively scarce. It
was first discovered by the LINEAR monitoring telescope on 2001
December 17, and designated P/2001 YX_127 (LINEAR) (Green
2002). The comet was recovered by J. Scotti with the Spacewatch
II telescope at Kitt Peak on 2009 October 18, it was very slightly
diffuse, with a short but faint tail (Green 2009a).The permanent
number 228P has been assigned to comet P/2009 U2 = P/2001
YX_127 on 2009 November 11 (Green 2009b).

Object C/2006 S3 (LONEOS) was discovered on 2006 September
19 at a heliocentric distance of 14.29 au by the LONEOS programme
based in Flagstaff, Arizona. It presented a diffuse 10 arcsec coma,
which was elongated towards the east, but showed no tail (Green
2006). The comet passed its perihelion on 2012 April 16.

Object 29P/Schwassmann—Wachmann 1 was discovered on 1927
November 15 by Arnold Schwassmann and Arno Arthur Wach-
mann at the Hamburg Observatory in Bergedorf, Germany. Jewitt
(1990) noted that the coma of 29P/Schwassmann—Wachmann 1
never disappeared completely since its discovery. Trigo-Rodriguez
et al. (2008, 2010) found a clear periodicity of 50 d based on the
outbursts recorded from 2002 to 2010. But it is still impossible to
predict the time of outburst.

In this paper, we present the results of data processing, the upper
limits of the nuclei radii, the surface brightness profiles, the dust
production and mass production rates and the colour index.

2 OBSERVATIONS AND DATA PROCESSING

Our observations were carried out with the 1-m optical telescope
at Lulin Observatory in Taiwan. Imaging data were obtained with
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Table 1. Log of all observations.

Comet q (au) UT date Rn(au)  A(au)  «a(®) Nexp x filter Lexp(S)
228P/LINEAR 3428  2011-04-05  3.474! 3.321 16.7 9%xB,9IxV,9xR 60
2011-04-06  3.473! 3334 167 10xB,10xV,10 xR 60
C/2006 S3 5.131  2011-04-05  5.860! 6.167 9.1 7xB,7TxV,7xR 60
(LONEOS) 2011-04-06  5.857 6.147 9.2 15x B, 14 x V, 14 x R 60
20P/Schwassmann—  5.743  2011-04-05  6.253°  5.390 5.0 28 x B,28 x V,28 x R 60
Wachmann 1 2011-04-06  6.253°  5.398 5.1 19 x B, 19 x V,19 x R 60

Note. g is the perihelion distance; Ry, is the heliocentric distance in au; superscripts ‘I’ and ‘O’ refer to whether
the comet is inbound (pre-perihelion) or outbound (post-perihelion); A is the geocentric distance in au; « is the

solar phase angle in degrees; and fex, is the total exposure time in seconds.

an Alta U42 2k x 2k CCD camera. The camera had a pixel scale
of 0.348 arcsec and a field of view (FOV) of 11.9 x 11.9 arcmin?.
Conditions were excellent and both two nights were photometric.
The seeing measured in the images on the first night varied between
1.0 and 1.4 arcsec, with an average of 1.1 arcsec. The seeing mea-
sured that in the images on the second night varied between 1.1 and
1.9 arcsec, with an average of 1.1 arcsec.

The images of comets were collected through Asahi broad-band
B, V, R filters and in a sequence of BVR,...,BVR. The B filter
has the effective wavelength L. = 4405 A and full width at half-
maximum (FWHM) of AA = 1160 A, the V filter has A, = 5400 A
and Ax = 850 A, the R filter has . = 6578 A and Ax = 1215 A.
During the observations, the telescope was set to track the sidereal
motion, with exposure times chosen so that the apparent motion
of the comet would be less than 0.4 arcsec, and would thus remain
within the seeing disc. The log of all observations is listed in Table 1.

Standard bias subtraction, flat-field correction and cleaning from
cosmic ray tracks were performed on all images. The bias value was
obtained from an average of several zero-exposure frames. Flat-
fields were constructed from dithered images of the twilight sky. To
avoid the contaminating effects of the coma, we chose the region far
from the nucleus as background sky statistics which was used for
photometry in the IRAF task pHOT. To provide absolute photometric
calibration, we observed the Landolt photometric standard stars
PG1047, PG1323 and SA104. These stars were taken throughout
the night. Using the IRAF package pHOTCAL, Landolt standard star
measurements gave the zero-point, extinction coefficient and colour
term for each filter for each night. These were then used to calculate
the magnitudes of the field stars in each frame. Taking the mean of
these values gave us a very accurate measurement of the brightness
of our comparison stars. Adding this value to each of the differential
comet magnitudes gave us accurate calibrated comet magnitudes.

3 COMET MORPHOLOGY

Despite the large heliocentric distance at the time of ob-
servation, comets 228P/Linear, C/2006 S3 (LONEOS) and
29P/Schwassmann—Wachmann 1 were easily identifiable and ap-
peared active in every single exposure. To increase the signal-to-
noise ratio for the image analysis, we decided to co-add the B, V and
R images in order to obtain three ‘final’ images for each filter. We
selected the co-added images of comets observed through R filter
on April 6 (the first column of Fig. 1) as one representative image
and profile for each comet, since there is no obvious morphological
difference between filters and between the two nights of observa-
tion. Co-added R-band images of the comets were analysed using a
radial normalization method (Birkle & Boehnhardt 1992) to reveal

MNRAS 441, 739-744 (2014)

Figure 1. Coma structures of comets 228P/LINEAR (top), C/2006 S3
(LONEOS) (middle) and 29P/Schwassmann—Wachmann 1 (bottom) in the
R filter on 2011 April 6. First column shows co-added images, second
column shows radial renormalization enhancement of the final images. All
images are oriented north-up, east-left. The FOV of 228P/LINEAR is 0.53 x
0.53 arcmin?. The FOV's of C/2006 S3 (LONEOS) and 29P/Schwassmann—
Wachmann 1 are 1.29 x 1.29 arcmin®. The scales of the processed images
are the same as those of the unprocessed images.

possible structures inside the coma (the second column of Fig. 1).
Comet 228P/LINEAR shows a fan-like structure in the south-east
quadrant. Comet C/2006 S3 (LONEOS) shows a fan-like structure
in the north-east quadrant. For 29P/Schwassmann—Wachmann 1,
there is a fan-like structure in the north-east quadrant and three jets
emanating from the nucleus and curving right, this is consistent
with the nucleus having an anticlockwise rotation as viewed from
Spitzer (Stansberry et al. 2004).
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4 PHOTOMETRY

4.1 Nucleus size

The photometric R magnitude, m, can be used to estimate the upper
limit of the geometric cross-section of the cometary nucleus, using
the expression of Russell (1916) derived for asteroids observed
at large phase angle, which, in the case of a spherical object, is
given by

Agal < 2.24 x 102 R} A*10" 4O k0, (1)

where Ag = 0.04 (Lamy et al. 2004) is the geometric albedo, ay is the
radius of the target in (m), R}, is the heliocentric distance in (au), A is
the geocentric distance in (au), mg = —27.10 (Holmberg, Flynn &
Portinari 2006) is the magnitude of the Sun in the same wavelength
band as the observations, « is the phase angle in (°), B = 0.035
(Lamy et al. 2004) is the phase coefficient (mag deg™'). An analo-
gous stack that aligns the field stars instead of the comet was used to
investigate the best choice of aperture for the photometry. The radius
of the photometry aperture is the star’s FWHM in these co-added
images that aligns the field stars. From the equation (1), we ob-
tain the upper limit of the nucleus radius of comet 228P/LINEAR
is an < 4.05 km and the average R magnitude is mg = 20.127
+ 0.018; for comet C/2006 S3 (LONEOS), any < 35.75 km and
mg = 17.613 & 0.008; for comet 29P/Schwassmann—Wachmann 1,
an < 36.25 km and mg = 17.291 £ 0.008.

4.2 Surface brightness profiles

The surface brightness profiles of the comets are presented in Fig. 2.

Diagonal lines indicate a gradient m = flll‘;iﬁ, where m = —1 rep-
resents a symmetric steady-state coma model, and m = —1.5 rep-
resents a solar radiation pressure model. The profiles of comet
228P/LINEAR shows the gradient approaching m = —1.5. The

profile of comets C/2006 S3 (LONEOS) and 29P/Schwassmann—
Wachmann 1 can be divided into two parts, the inner part has a steep
brightness gradient, this can be explained as ‘acceleration zone’
(Jewitt & Meech 1987), in which the grains are accelerated to ter-
minal velocity around the nucleus and the grain number density
should deviate from the inverse square law. The outer part has the
gradient approaching m = —1.5.

4.3 Afp and mass production rate

The Afp value (cm; A’Hearn et al. 1984), is usually used as a
proxy for the cometary dust production, and can be estimated using
the formalism
2 A 2100-4mey—mc)
Afp:4RhA 107770 , )
P

where A is the average grain albedo, fis the ratio of the cross-section
of the dust grains to the total FOV, p is the projected radius of the
photometric aperture in (cm), mg) is the solar magnitude in the
same band, mc is the comet integrated magnitude calculated for
the aperture of radius p. When the cometary coma is in a steady
state, Afp is an aperture-independent parameter. To determine the
radius at which the Afp value is begin constant, we calculated the
Afp parameter for different values of the aperture radius.

The multi-aperture Afp values in R band show that the Afp values
of comet 228P/LINEAR on 2011 April 5 increase suddenly outside
3.2 arcsec, this is caused by nearby stellar contamination. For comet
228P/LINEAR on 2011 April 6 outside 1.7 arcsec and for comet
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Figure 2. Surface brightness profiles of comets 228P/LINEAR (top),
C/2006 S3 (LONEOS) (middle) and 29P/Schwassmann—Wachmann 1 (bot-
tom) in the R filter on 2011 April 6.

C/2006 S3 (LONEOS) on 2011 April 5 and 6 outside 3.13 arcsec,
the Afp is constant (within the error bars), so depicting a dust
environment consistent with a scenario of steady-state emission.
But for comet 29P/Schwassmann—Wachmann 1 on both nights, the
multi-aperture Afp values show that the Afp is bulge first then dip,
which may indicate a non-steady-state dust emission.

The coma integrated magnitudes, derived for all the filters in a
circular aperture of p = 5 arcsec and the Afp values in R band are
summarized in Table 2.

Dust production rate can then be used to estimate mass-loss rate
Qaust- The formalism is presented by Meech & Weaver (1996)

Afp(4adusl Ueja)

3p 3

Qdust =

MNRAS 441, 739-744 (2014)

102 ‘22 e N uo AioreAsssqO ureuno |\ a|dind e /610'sfeulnopioixo seuw//:dny wouy pepeojumoqd


http://mnras.oxfordjournals.org/

742 J. C. Shi, Y. H. Ma and J. Q. Zheng

Table 2. Coma magnitude, colours and Afp at reference aperture of ¢ = 5 arcsec.

Comets P B band V band R band B-V V—-R Afp

(10° km) (mag) (mag) (mag) (cm)
228P/LINEAR
April 5 6.90 1942+ 0.03 18.58+0.02 1826+0.01 0.84+0.04 0.32+0.02 714 +2.1
April 6 6.93 2042 +0.06 19.64+£0.04 1878 +£0.02 0.78+0.07 0.83 £0.04 44.0 +2.3
C/2006 S3
(LONEOS)
April 5 12.81 17.21 £ 0.01 16.50 + 0.01 16.06 £ 0.01 0.71 £0.01 044 +0.01 2846.1 £54.5
April 6 12.77 17.00 £ 0.01 1638 £0.01 1597 4+0.01 0.62+£0.01 041+£0.01 3082.6+43.2
29P/Schwassmann—
Wachmann 1
April 5 11.20 17.16 + 0.01 16.27 + 0.01 1579 £0.01 0.89£0.01 048+0.01 3617.6+£574
April 6 11.22 17.03 £0.01 1625+0.01 1577+£0.01 0.78+0.01 048 £0.01 3713.1 +70.6

Note. p is linear radius at reference aperture of ¢ = 5 arcsec and Afp is obtained in the R band.

where aq, 1S @ mean dust grains radius, p is the geometric albedo
of the dust grains, o is grain density and v, is the grain ejection
velocity.

Expansion measurements for comet Hale-Bopp in the range
4 < r < 14 au infer that the radial outflow speed of dust grains
from the nucleus is v(r) = vy(ro/r)"/*, where vy = 550 m s~! and
ro = 5 au (Biver et al. 2002). Probstein’s theory (Probstein 1969;
Fulle, Cremonese & Bhm 1998) predicts, for spherical grains emit-
ted from a perfectly homogeneous nucleus, a dust velocity is close
to 10 per cent of the gas value. Since the Hale—Bopp measurements
refer to gas, we adopt a more realistic dust grain ejection velocity
vej = v(r)/10.

The dust size distribution, which a good approximation is ob-
tained by setting a power-law distribution with ¢ = 3.5 in a dust
grain size range between a_ = 0.1 um and a; = 1 cm (Griin et al.
2001). To calculate the dust production rate, we took dust parti-
cle radius value of aq,y equal to the size of the average dust grain
(a_a)"? ~ 30 um.

For the dust grain albedo, we assume p = 0.04. For the density
of the grain material, based on systematic experiments, Niimi et al.
(2012) estimated that the average density of the entire sample was
o =049 4 0.18 g cm~3, the sample was collected from comet
81P/Wild 2 and returned to Earth by the NASA Stardust mission
(Brownlee et al. 2006).

Using equations (2) and (3), we estimated the dust mass pro-
duction rate of comets. For comet 228P/LINEAR, the mass-loss
rate Qqus €quals 11.2 kg s~! on 2011 April 5 and 6.9 kg s~! on
2011 April 6, respectively. For comet C/2006 S3 (LONEOS), Quust
equals 345.7 kg s~ on 2011 April 5 and 374.5 kg s~ on 2011 April
6, respectively. For comet 29P/Schwassmann—Wachmann 1, Qg
equals 425.4kg s~ on 2011 April 5 and 436.6 kg s~! on 2011 April
6, respectively.

The variation of the Afp parameter and mass production rate
mostly mean the variation of the activity of comets at different
epoch. But for comet 228P/LINEAR observed on 2011 April 5 the
variation is caused by nearby stellar contamination, we use the data
observed on 2011 April 6 only to do analyses hereafter.

4.4 Coma colour

The data obtained during the observations allow us to perform an
analysis of the coma colour. Table 2 summarizes the coma B, V, R
magnitude and colour at reference aperture of ¢ = 5 arcsec. The
temporal variations of the B — V and V — R colours greater than
the photometric uncertainty may be attributed to intrinsic variations

MNRAS 441, 739-744 (2014)
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Figure 3. B — V colour plotted against V — R colour for this work (filled
square) and other work (triangles). The colour of the Sun is marked (©).

of the coma properties (e.g. composition, dust size distribution)
coupled with different observing conditions (Mazzotta Epifani et al.
2011).

Fig. 3 shows broad-band colours B — V versus V — R diagram.
The data of this work (filled square) are taken from the average
colour indices of Table 2, the solar colour indices (®) used here
are B — V=0.62 and V — R = 0.36 (Drilling & Landolt 2000),
while other data (triangles) are taken from table 6 of Meech et al.
(2009). Fig. 3 suggests a trend of increasing (B — V) with increasing
(V — R), implying that the albedo of these nuclei continues to
rise through the B, V and R bands. Comparing the coma colour
indices we obtained with the solar colour indices, we find that the
colours of all three comets are redder than that of the Sun. Comet
228P/Linear is a short-period comet (SP), its colour indices is in the
error bars range of average colour indices of SP in B — V but not in
V — R. Comet C/2006 S3 (LONEOS) is a long-period comet (LP),
its colour indices is closer to average colour indices of LP. Comet
29P/ Schwassmann—Wachmann 1 is a Centaur, its colour indices is
in the error bars range of average colour indices of Centaur.

5 DISCUSSION

Generally, the values of Afp vary within the range between 5 and
5000 cm and are mainly affected by the size of the comet and its
distance from the Sun. Comparing the values of Afp for all three
comets, we find that the activity of comet 228P/LINEAR is much
lower than other two comets, which can be explained by the smaller
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Table 3. Summary of available broad-band photometry results of comet 29P/Schwassmann—Wachmann 1.

Ry (au) Afp(cm) Qdust (kg s7h B—-V V—R Number Reference
of jets

6.253° 3665.4 431.0 0.844+0.01 0.48 +0.01 3 This work
5.865° 1168 Ivanova et al. (2011)
6.118° 890 Ivanova et al. (2011)
5.865° 7325 365 0.64+0.09 0.54+0.08 Ivanova et al. (2009)
5.967° 4637 182 2-3 Ivanova et al. (2009)
5.919! 16600 Szabo et al. (2002)
5.810! 0.78 £0.03  0.50 £ 0.03 Jewitt (2009)

0.8 Hartmann, Cruikshank & Dejewij (1982)
5.886" 0.502 Meech et al. (1993)
5.822! 10 Jewitt (1990)
5.772P 600 =+ 300 Fulle (1992)
5.724P 300 + 100 Moreno (2009)
5.865° 5-6 Korsun et al. (2008)
6.067° 4-5 Trigo-Rodriguez et al. (2010)
6.192° 500056 000° Trigo-Rodriguez et al. (2010)
6.254°  2700-20 000° 22-500 Hosek et al. (2013)
6.2551  2000-12 500° 16-300 Hosek et al. (2013)

Note. Superscripts ‘I’ refer to the comet is inbound (pre-perihelion), ‘O’ refer to the comet is outbound (post-perihelion), ‘P’ refer to

the comet is at perihelion, 0> refer to the comet outburst.

size of the comet. Comparing comet C/2006 S3 (LONEOS) with
29P/Schwassmann—Wachmann 1, we find that though the comet
29P/Schwassmann—Wachmann 1 has the same upper limit of the
nucleus size and larger distance from the Sun than the comet C/2006
S3 (LONEOS), the activity is higher than C/2006 S3 (LONEOS),
which may be indicated the composition difference between
two comets.

As there are no publications about comets 228P/LINEAR and
C/2006 S3 (LONEOS) at present, we cannot compare the physical
properties and activity for these comets with observational data of
other observers.

For comet 29P/Schwassmann—Wachmann 1, Meech et al. (1993)
summarized the radius of the nucleus lies in the range of 15-44 km
as obtained from visual photometry, Stansberry et al. (2004) ob-
tained the nuclear radius is 27 & 5 km from the analysis of its
thermal emission in 2003 November; our value for the upper limit
of the nucleus radius lies in this range.

Table 3 summarizes available broad-band photometry results of
comet 29P/Schwassmann—Wachmann 1 up to present. From Table 3,
we can find that the variation of the Afp parameter may be connected
with variations in the number of jets. Hosek et al. (2013) obtained
that the average quiescent dust production of 29P/Schwassmann—
Wachmann 1 is around Afp = 2000 cm, our value is higher than
2000 cm which indicates the comet is during an outburst phase.
Senay & Jewitt (1994) and Crovisier et al. (1995) inferred a CO
production rate of ~2000 kg s~! in comet 29P/Schwassmann—
Wachmann 1. The CO production rate exceeds even the larger es-
timates of dust production, showing that CO is an important driver
of activity in comet 29P/Schwassmann—Wachmann 1.

Comet 228P/LINEAR is a Jupiter Family Comet, whose primary
driver of activity is sublimation of water ice. Though it was ob-
served at a heliocentric distance of 3.47 au and activity is lower,
water ice sublimation driven activity is still possible. For comets
C/2006 S3 (LONEOS), it was observed at a heliocentric distance
larger than 5 au, water ice sublimation driven activity is impossi-
ble, CO sublimation driven activity is a possible mechanism, but
we need more observation data to affirm it. Comparing with wa-
ter ice driven activity, Mazzotta Epifani et al. (2009) concluded

<44>

that CO and its associated dust flux are expected to leave the
comet nucleus uniformly from all the nucleus surface, its loss rate
should be changed very slowly with time after the onset of activ-
ity since the source of a CO-driven activity originates from the
nucleus interior.

6 CONCLUSIONS

Our observations reveal the activity and physical properties of comet
228P/LINEAR, C/2006 S3 (LONEOS) and 29P/Schwassmann—
Wachmann 1 at larger heliocentric distance, including the following:

(i) Comets 228P/Linear, C/2006 S3 (LONEOS) and
29P/Schwassmann—-Wachmann 1 were observed to be active
at heliocentric distances larger than 3 au.

(ii) The surface brightness profiles of the comets show that all
three comets can be explained by a solar radiation pressure model.

(iii) Dust production and mass production rates of three comets
were estimated. Afp and Qqus of comet 228P/LINEAR were about
44 cm and 6.9 kg s, respectively. Afp and Qg of comet C/2006
S3 (LONEOS) were about 2964.4 cm and 360.1 kg s~!, respectively.
Afp and Qg of comet 29P/Schwassmann—Wachmann 1 were about
3665.4 cm and 431.0 kg s~!, respectively. The results demonstrate
that 228P/LINEAR has a lower activity, while C/2006 S3 (LO-
NEOS) and 29P/Schwassmann—Wachmann 1 have higher activity
even at large heliocentric distances.

(iv) The coma colour indices of comet 228P/LINEAR are
B—V=0.78£0.07 and V — R = 0.83 &+ 0.04. The average coma
colour index of comet C/2006 S3 (LONEOS) are B — V= 0.67 £
0.01 and V — R = 0.43 £ 0.01. The average coma colour indices of
comet 29P/Schwassmann—Wachmann 1 are B — V = 0.84 £ 0.01
and V- R=048 £ 0.01.

(v) For comet 228P/LINEAR, water ice sublimation driven activ-
ity is possible. For comet 29P/Schwassmann—Wachmann 1, activity
could be explained by the sublimation or the release of CO and/or
CO,. For comet C/2006 S3 (LONEOS), CO sublimation driven
activity is a possible mechanism, but more observation data are
needed.
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Abstract.  Ultra long period Cepheids (ULPCs) are classical Cepheids with period
longer than 80 days. These ULPCs followed a different period-luminosity (P-L) rela-
tion than their shorter period counterparts, and has the potential to be used as standard
candles to determine distances out to 100Mpc. Until today, only about 40 ULPCs have
been identified in 10 nearby galaxies, excluding M31. Since M31 is one of the nearest
spiral galaxy, which serves as a local benchmark to calibrate the distance scale ladder,
the ULPCs found in this galaxy can be used to calibrate the ULPC’s P-L relation. We
therefore performed a comprehensive search of ULPCs in M31 by using the data from
the Palomar Transient Factory (PTF) project. The imaging data from PTF spanned
about 3 years, usually with daily sampling when M31 is visible in the sky, makes it an
ideal dataset to search for the ULPCs. Eight candidates have be found based on the
difference imaging analysis, with three of them are most likely ULPCs. Data based on
the follow-up VI-band observations from P60 and LOT will be used to confirm ULPC
nature of these candidates.

1. Introduction: The Ultra-Long Period Cepheids

Classical Cepheids (hereafter Cepheids) are radially pulsating variable stars with pe-
riod range from ~1 to ~100 days. Cepheids obey the famous period-luminosity (P-L)
relation (also known as the Leavitt Law). The calibrated P-L relation is considered a
standard candle, and it is a crucial rung of the distance scale ladder (that connects local
distance indicators to cosmic distance indicators). Cepheid distances to nearby galax-
ies, via the P-L relation, can be used to calibrate a host of secondary distance indicators
and hence determining the Hubble constant for galaxies located within the Hubble flow.

In extra-galactic distance scale work, Cepheids with period (P) longer than ~80
days are generally ignored for two reasons. It has been known that these very long
period Cepheids showed up as outliers in the P-L plot (for example, see Figure 7 in
Freedman 1988). Furthermore, observing strategies for extra-galactic Cepheids using
Hubble Space Telescope generally focused on Cepheids with periods from 10 to ~60
days, and hence Cepheids with P > 80 days are ignored. However, Bird et al. (2009)
proposed that these very long period Cepheids follow a different P-L relation than their
shorter period counterparts, and called them the ultra-long period Cepheids (ULPCs).
These ULPCs are not a new class of variables but represent a sub-class of Cepheids,
as they also populated the instability strip on the color-magnitude diagram (CMD, see
Bird et al. 2009; Fiorentino et al. 2013). The mass for ULPCs was estimated to range
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5’

~ 7.1326

Figure 1.  Locations of our 3 most promising ULPC candidates in the R-band PTF
images.

from ~15Mg to ~20M by using evolutionary tracks from stellar evolution models
(Fiorentino et al. 2013). The ULPCs have My ~ —7mag. to —9mag., which are ~2
magnitude brighter than the shorter period Cepheids, suggest that they can be used to
derive distance to galaxies that are well within the Hubble flow (~100Mpc and beyond)
by using next generation 30m-class telescopes, and hence determining the Hubble con-
stant in a single step (Fiorentino et al. 2013) without calibrating the secondary distance
indicators.

2. Searching of ULPCs in M31 with PTF

The host galaxies for the current sample of ULPCs, as given in Fiorentino et al. (2012),
do not include M31 — the nearest spiral galaxy from us. Past variability surveys of
M31 either do not span long enough to find ULPCs or these surveys only cover small
patches of M31, hence no ULPCs have been identified in M31 to-date. Since M31 has
the potential to be a local anchoring galaxy for the extra-galactic distance scale ladder
(see Vilardell et al. 2010, and reference therein), there is a strong motivation to identify
ULPCs in M31.
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Figure 2.  Comparison of the folded light curves with published periods (fop pan-
els, periods adopted from Magnier et al. 1997) and the periods found by us (bottom
panels) for the two most promising ULPC candidates in M31.

To search for ULPCs in M31, we use the imaging data taken from Palomar Tran-
sient Factory (PTF, Law et al. 2009; Rau et al. 2009). This is because the large field-of-
view from PTF data (~7 deg-squared), together with (up to) daily observing candence,
make PTF data ideal for searching the ULPCs in M31. We used the R-band data taken
with P48 Telescope that span from January 2010 to 2012 (total 172 frames) for our
purpose. These data have been reduced by the PTF team prior to download. Image sub-
traction technique and several selection criteria were used to identify ULPC candidates
in M31 (Lee et al. 2013). We initially identified 8 ULPC candidates, however further
analysis revealed that only 3 of them could be ULPCs and other 5 candidates are most
likely belong to long period variable stars (such as Miras, see Lee et al. 2013). Figure
1 shows the location of the 3 most promising ULPC candidates with respect to M31 in
the PTF image. Two out of these three candidates have been detected in Magnier et al.
(1997), however the time span of their observations was not long enough to correctly
determine the periods (see Figure 2).

3. Follow-Up Observations with P60 and LOT

Follow-up time series observations in V- and /-band are needed to confirm the ULPC
nature of these 8 candidates. By adopting the distance and extinction to M31, the VI-
band photometry for these candidates can be compared to other ULPCs in the VI-band
P-L relations and CMD. The follow-up observations have been carried out with the P60
Telescope (f/8.75) at Palomar Observatory (USA) and the Lulin One-meter Telescope
(LOT, f/8) at Lulin Observatory (Taiwan) from October 2012 to January 2013. The
P60 telescope was equipped with a 2048 x 2048 CCD with a pixel scale of 0.38" /pixel
(Cenko et al. 2006); LOT was equipped with a 1340 x 1300 CCD, which has a pixel
scale of 0.52” /pixel (Kinoshita et al. 2005). Observations with both telescopes were
done in queue-mode, at which the pre-scheduled observations were carried out when
weather permitted. Figure 3 shows the seeing distributions based on the images taken
from these two telescopes. All the imaging data has been processed, with instrumental
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Figure 3. Seeing distributions from the P60 (left panels) and LOT (right panels)
observations.

magnitudes extracted based on PSF photometry. Currently we are working on calibrat-
ing the mangnitudes using catalogs from Massey et al. (2006), and the final results will
be presented else where in near future.
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Abstract Low-inclination near-ecarth asteroid (NEA) (297274) 1996 SK, which is
also classified as a potentially hazardous asteroid, has a highly eccentric orbit. It
was studied by multi-wavelength photometry within the framework of an NEA color
survey at Lulin Observatory. Here, we report the finding of large color variation
across the surface of (297274) 1996 SK within one asteroidal rotation period of
4.656 + 0.122 hours and classify it as an S-type asteroid according to its average
colorsof B—V =0.767£0.033, V — R =0.482+0.021, V — I = 0.801 £+ 0.025
and the corresponding relative reflectance spectrum. These results might be indica-
tive of differential space weathering or compositional inhomogeneity in the surface
materials.

Key words: minor planets, asteroids: individual: PHA (297274) — techniques: pho-
tometric

1 INTRODUCTION

The main asteroid belt, located between the orbits of Mars and Jupiter, is composed of a population
of small bodies with a primitive composition. The largest member, (1) Ceres, with a diameter of 914
km, will be visited by the DAWN spacecraft in 2015. In addition to (1) Ceres, the other asteroids,
(2) Pallas (544 km), (4) Vesta (525 km) and (10) Hygiea (431 km) are the most massive examples,
which might be classified as dwarf planets. Smaller objects, in the range down to km and sub-km, are
mostly ejecta from impact cratering and/or catastrophic fragments via a collisional process (Bottke
et al. 2002, 2005). Yoshida et al. (2004) discussed in detail the collisional evolution of asteroid fam-
ilies using the young Karin family as an example. They pointed out that photometric measurements
of members of an asteroid family could provide important clues about the corresponding orbital
evolution, internal composition and surface effects due to the process of space weathering (Clark
et al. 2002; Sasaki et al. 2001). Because of the long-term gravitational perturbations of Jupiter and
Saturn, some of the collisional fragments could be injected into orbits intercepting the orbits of ter-
restrial planets, which could potentially cause surface impact events. These scattered stray bodies
are further classified as Amor asteroids if their perihelion distances (¢q) are between 1.3 AU and
1.017 AU, Apollo asteroids if their semi-major axis a > 1.0 AU and ¢ < 1.017 AU, and Aten as-
teroids if @ < 1.0 AU and the aphelion distance () > 0.983 AU. As shown by Bottke et al. (2002),
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the majority of these asteroids that cross the orbits of terrestrial planets come from the inner asteroid
belt, even though some of them could have originated from the middle or outer asteroid belt, or from
a comet.

Among the near-earth asteroids (NEAs), which are the general term for the Apollo and Aten as-
teroids, a number of them have non-zero probability of hitting Earth in the future. For example, it has
been estimated that the total number of a subgroup of NEAs called potentially hazardous asteroids
(PHAs) with D > 100 m is approximately 4700+1450 (Mainzer et al. 2012). Close monitoring and
in-depth investigations of the basic physical properties of PHAs, like sizes, shapes and compositions,
are therefore important. In addition, PHAs could also represent a source of very valuable natural
resources for space exploration and utilization because of their relatively easy access. With these
key issues in mind, we have initiated a cooperative project at the Space Science Institute, Macau
University of Science and Technology, together with the Astronomy Institute, National Central
University, to produce a photometric survey of the taxonomical types of NEAs in low inclination
orbits. In this work we report the results of an interesting object, (297274) 1996 SK, which is
both an Apollo asteroid and PHA, based on observations taken on 2012 May 22 and 23, at Lulin
Observatory, Taiwan. The observations are described in Section 2. The results of the data analysis
are given in Section 3. In Section 4, a summary and discussion on the implications of the physical
properties of the color variation will be given.

2 OBSERVATIONS

The criteria for selecting our first set of observational targets are (1) lack of prior measurements
for the lightcurves and surface color, and (2) suitability of their optical brightness for time-series
photometry. Asteroid (297274) 1996 SK has an absolute magnitude H, = 16.866, with a semi-
major axis a = 2.434 AU, eccentricity e = 0.794 and inclination 7 = 1.962°. It was close to
opposition and satisfied these conditions in May, 2012. With its perihelion distance of ¢ = 0.5 AU
and low inclination, (297274) 1996 SK is classified as a PHA. It was observed on 2012 May 22 and
23 by multi-filter photometry using the Lulin one-meter telescope (LOT). The CCD camera used for
imaging was the PI-1300B, which has 1340 x 1300 pixels with an effective pixel scale of 0.516" .

The observational log is given in Table 1. The filters used were broadband Bessel BV R, which
have central wavelengths of 442, 540, 647 and 786 nm, respectively. The R-band exposure time was
60 seconds per frame and the measurement sequence consisted of 20 continuous frames for each run.
In total, seven runs were made. However, due to unstable weather on May 23, much fewer data were
acquired. Three sets of B, V and I filter measurements were made in the first half night of May 22,
and another set was made in the next night. The Landolt standard star fields used for color calibration
were SA107 on May 22 and SA109 on May 23 (Landolt 1992). The calibrated absolute magnitudes
and colors of each star are listed in Table 2. The photometric accuracy is 0.044 on average. All
targets were observed with airmass between 1.2 and 2.0 during the nights.

The standard method of data processing was performed by using the IRAF program (Image
Reduction and Analysis Facility, supplied by National Optical Astronomy Observatories) with the
ccdproc package for image reduction, apphot for photometry and photcal for flux calibration with
standard stars.

Table 1 Observation Log of (297274) 1996 SK

Instrument Filter Exposure Date r* A* D*(°) Airmass

60 s/frame 2012 May 22 1.454 0.443 4218 1.28-1.97

Lot B V.1 60 s/frame 2012 May 23 1.467 0456  4.987 1.28-1.53

Notes: * The quantity on 16:00 UT of each date; r: Heliocentric distance (AU); A: Geocentric distance
(AU); @: The phase angle of Sun-target-observer.
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Table 2 Mean Calibrated Absolute V'-band Magnitudes and Colors of Landolt Standard Stars
Observed on 2012 May 22 and 23

Star Ve ve  (B-V)* (B-V)? (V-R* (V-R#F (V-D> (V-I)P~
107459  12.284 12252 0.900 0.915 0.525 0.370 1.045 0.940
107457 14.910  14.887 0.792 0.830 0.494 0.507 0.964 0.971
107456 12919 12875 0.921 0.918 0.537 0.549 1.015 1.035
107592  11.847  11.895 1.318 1.204 0.709 0.389 1.357 1.050
107599  14.675 14.671 0.698 0.727 0.433 0.463 0.869 0.898
107600  14.884  14.863 0.503 0.540 0.339 0.358 0.700 0.715
107601 14.646  14.632 1.412 1.441 0.923 0.949 1.761 1.787
107602 12.116  12.116 0.991 0.934 0.545 0.367 1.074 0.962
109949  12.828  12.829 0.806 0.805 0.500 0.503 1.020 1.024
109954  12.436  12.435 1.296 1.305 0.764 0.756 1.496 1.491
109956  14.639  14.644 1.283 1.269 0.779 0.788 1.525 1.533

a: Magnitudes and color indices from Landolt (1992); 5: Mean values measured from this study.

3 RESULTS

Figure 1 shows the raw lightcurves of (297274) 1996 SK observed on May 22 and 23. Differential
photometry was acquired from the reference stars, which do not show variability over time. The
reference stars were chosen so that they have R-band magnitude brighter than 17.0 in the USNO-
A2.0 catalog.

Using the Plavchan algorithm (Plavchan et al. 2008) to compute the periodogram, the spin pe-
riod of (297274) 1996 SK was found to be 4.656 £ 0.122 hours. The uncertainty in the frequency
was estimated based on the method of Horne & Baliunas (1986). The periodogram and the folded
lightcurve from the R-band measurements along with the rotation phase are shown in Figure 2. The
lightcurve shows that (297274) 1996 SK has a rather smooth configuration. For an asteroid that
has an ellipsoidal shape, the peak-to-peak variation (Am) of the lightcurve can be used to calcu-
late the ratio of the long axis to short axis (a/b) according to the formula Am = 2.5log(a/b).
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Fig.1 The diagrams are the raw lightcurves of (297274) 1996 SK on (a) 2012 May 22 in terms of
Universal Time (UT) and (b) 2012 May 23.
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Fig.2 The periodogram (a) and folded lightcurve (b) of (297274) 1996 SK consisting of both the
data on 2012 May 22 and 23. The differential brightness is normalized to be consistent over two
days.

From the lightcurve of (297274) 1996 SK, Am was 0.44, which means that a/b is about 1.50.
However, since the above a/b value is obtained by assuming that the asteroid was observed at an as-
pect angle (i.e., the angle between the line of sight and spin axis) of 90°, the actual axial ratio (a/b)
may be more than that. The diameter of the asteroid (D) can be calculated by using the formula
log D = 3.130 — 0.5log A — 0.2H, where H is the absolute magnitude and A is the surface albedo
(Yoshida et al. 2004). Assuming A = 0.2 (corresponding to the mean albedo of S-type asteroids)
and H = 16.866 mag for (297274) 1996 SK, its diameter is 1.28 km. The long axis and the short
axis can be computed to be 1.57 km and 1.05 km, respectively.

Table 3 summarizes the results of color measurements obtained on March 22 and 23. The multi-
wavelength observations of (297274) 1996 SK at several different times allow us to estimate the
color indices and to examine possible changes in its surface color during rotation.

Figure 3 displays the color variations at four phases of rotation observed on the two days. It
reveals that both B—V and V — I colors vary significantly, but the change in V' — R is comparatively
small. The maximum changes between the phase 0 to 0.5 for B — V,V — Rand V — I are 0.258,
0.058 and 0.146, respectively. Such a large range of color variation indicates the possible presence
of surface heterogeneity on (297274) 1996 SK.

The brightness magnitudes of the B, V' and I bands follow the general trend of the R-band
lightcurve. The average values of B — V' = 0.767 £ 0.016, V — R = 0.482 £ 0.021 and V —
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Table 3 A Summary of the Color Measurements of (297274) 1996 SK on 2012 May 22 and 23

Detection of Large Color Variation of PHA (297274) 1996 SK

UTy 1% B-V V —-R V-1 Airmass™®
May 22

13:30:36 16.259 4+ 0.006 0.840 + 0.012 0.520 + 0.007 0.769 4+ 0.008 1.553
13:31:58 16.270 4+ 0.006 0.835 + 0.012 0.511 +£0.007  0.769 + 0.008 1.546
14:20:46 16.390 + 0.007 0.652 + 0.013 0.459 4+ 0.009 0.847 4+ 0.009 1.373
14:22:10 16.386 + 0.006 0.644 + 0.012 0.475 + 0.008 0.859 + 0.008 1.370
15:07:03 16.063 + 0.005 0.748 + 0.010 0.472 + 0.007 0.827 + 0.007 1.297
15:08:26 16.065 4+ 0.005 0.741 +£0.010  0.478 £0.007  0.832 + 0.007 1.296
May 23

17:34:31 16.495 + 0.007 0.906 + 0.017 0.457 + 0.009 0.707 +0.012 1.523
Mean 16.275 + 0.016 0.767 £+ 0.033 0.482 + 0.021 0.801 + 0.023

315

Notes: * The airmass is displayed for the time when the V'-band was observed because the BV R observa-
tions in each color measurement were obtained in sequential order during a short time interval of 11 min.
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Fig.3 Surface color variations of PHA (297274) 1996 SK over the phase of rotation.

I = 0.801 £ 0.025 for (297274) 1996 SK can be compared with the known colors from different
taxonomies of NEAs determined by previous observations archived in the “Data Base of Physical
and Dynamical Properties of NEAs” published by the European Asteroid Research Node. These
results are plotted in Figure 4, which shows the B —V and V' — R terms that are generally classified
into S-group (S, Q, R-types etc.), X-group (X, E-types etc.) and C-group (C, F, B-types etc.) of
NEAs. This indicates that the surface color of (297274) 1996 SK is located on the boundary between
S-group and X-group asteroids.

Figure 5 illustrates the average relative reflectance spectrum of (297274) 1996 SK obtained by
subtracting the solar colors B — V' = 0.665, V' — R = 0.367 and V — I = 0.705 (Howell 1995)
from its colors. It falls into the spectral region of S-type asteroids, so (297274) 1996 SK should be
classified as a member of S-type objects. It is interesting to note that Rabinowitz (1998) reported
color measurements of (297274) 1996 SK in October, 1996 with V. — R = 0.430 £ 0.070 and
V — I = 0.678 & 0.0587. These values are close to the corresponding results obtained on May
23 (see Table 3 and Fig. 6), which are closer to the spectra of Q-type asteroids, but there are still
significant differences from values taken at other times. The possible implication will be discussed
later.
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Fig.5 Relative reflectance spectrum of (297472) 1996 SK from our data (thick line) in comparison
with integrated spectra of S-type asteroids from data archived by the “Small Bodies Node.” The
shaded area indicates the range of spectra from S-type asteroids.
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Fig.6 A comparison of the relative reflectance spectra of (297274) 1996 SK taken at different times
on March 22 and 23 with what was reported by Rabinowitz (1998).
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4 SUMMARY AND DISCUSSION

Our observations of PHA (297274) 1996 SK at opposition in May, 2012 lead to the following con-
clusions:

(1) The rotation period of this asteroid is found to be 4.656 &+ 0.122 hours, i.e., well below the spin
cutoff of 2.2 hours.

(2) The amplitude of lightcurve variability is Am = 0.44 indicating an elongated shape with the
ratio of the long axis to the short axis (a/b) = 1.50, but this is possibly underestimated.

(3) The average color indices of B — V' = 0.767 = 0.033, V — R = 0.482 +0.021, V — I =
0.801 £ 0.025 and the corresponding surface reflectance means that (297274) 1996 SK belongs
to the S-type taxonomic class. With the surface albedo assumed to be 0.2, which is a typical
value of S-type asteroids, and H,, = 16.866, the projected long and short axes are 1.57 km and
1.05 km, respectively.

(4) Over the rotation range of 133°, (297274) 1996 SK displays significant color changes which
might imply the existence of a large change in mineralogical and/or compositional variation on
its surface.

The detection of a large change in color is an important result of this work because it could
mean that (297274) 1996 SK might contain various properties in its surface spectra. Because there
is no information on the relation between the color measurements and the rotational phase in the
work of Rabinowitz (1998), it is difficult to analyze the cause of these differences in color between
our present results and his work. One thing is nearly certain; they could not be caused by a short-
term effect of space weathering since the associated timescale is at least on the order of a million
years (Vernazza et al. 2009). From this point of view, the existence of an inhomogeneous surface
composition or the effect of differential space weathering would be the most viable explanation. The
first scenario would mean that (297274) 1996 SK might contain the interface material from some
differentiated region of its parent body after an impact disruption. The second scenario has been
discussed by Yoshida et al. (2004) in the case of the color variation of (832) Karin — see also Sasaki
et al. (2004, 2006a), Sasaki et al. (2006b) and Ito & Yoshida (2007). This could have come about by
the process of micrometeoroid impact on young and older surface areas (Clark et al. 2002; Sasaki et
al. 2004).

Figure 6 shows a comparison of relative reflectance spectra observed in different times, which
vary from S-type to Q-type. It might be also related to the second scenario in that the asteroid
has two parts, which are composed of weathered and un-weathered surfaces. It is a possibility that
Rabinoiwtz (1998) measured the colors in the vicinity of the phase which we observed on May 23.
Both possibilities mean that (297274) 1996 SK should not be covered by a homogeneous regolith
layer of small particles. Could this surface cleansing be achieved by tidal breakup in previous close
encounters with Earth or other terrestrial planets as proposed by Nesvorny et al. (2010)? These are
issues we plan to investigate in the future.
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Abstract. Follow-up (U)BV RI photometric observations have been carried out for 42 RR Lyrae
stars in the Kepler field. The new magnitude and color information will complement the available
extensive high-precision Kepler photometry and recent spectroscopic results. The photometric
observations were made with the following telescopes: 1-m and 41-cm telescopes of Lulin Obser-
vatory (Taiwan), 81-cm telescope of Tenagra Observatory (Arizona, USA), 1-m telescope at the
Mt. Lemmon Optical Astronomy Observatory (LOAO, Arizona, USA), 1.8-m and 15-cm tele-
scopes at the Bohyunsan Optical Astronomy Observatory (BOAO, Korea) and 61-cm telescope
at the Sobaeksan Optical Astronomy Observatory (SOAO, Korea). The observations span from
2010 to 2013, with ~200 to ~600 data points per light curve. Preliminary results of the Korean
observations were presented at the 5th KASC workshop in Hungary. In this work, we analyze all
observations. These observations permit the construction of full light curves for these RR Lyrae
stars and can be used to derive multi-filter Fourier parameters.

Keywords. stars: variable: RR Lyrae

We obtained ground-based (U)BV RI photometric observations for 42 RR Lyrae stars
in the Kepler field. Figure 1 shows a phased light curve of KIC 3864443 and the correla-
tion between ¢31 (Kp) and ¢31 (V) for all Blazhko and non-Blazhko RRab stars. Table 1
presents the total amplitudes, Ao, and ¢3; parameters from Fourier analysis of RRab

KIC 3733346 (=NR Lyr, NonBlazhko, (Kp)=12.684)
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Figure 1. A sample phased light curve of KIC 3864443 (left) and the correlation between
¢31(Kp) and ¢31(V) for Blazhko and non-Blazhko RRab stars (right).
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Table 1. Fourier parameters for RRab stars

KIC GCVS Period A (B) ¢31(B) Awi(V) ¢31(V) Awi(R) ¢31(R) Ao (L) é31(1)
day mag rad mag rad mag rad mag rad

Blazhko:

3864443 V2178 Cyg 0.48695 1.106 4.245 0.834 4.564 0.712 4.556 0.554 4.905
4484128 V808Cyg 0.54786  1.398 4.856 1.115 5.055 0.922 5.254 0.707 5.621
5559631 V783Cyg 0.6207 1.220 5.105 0.969 5.263 0.783 5.609 0.625 5.973
6183128 V354Lyr 0.56169  1.028 4.942 0.821 5.168 0.639 5.496 0.490 6.082
6186029 V445Lyr 0.51312  0.664 [6.514] 0.529 [6.964] 0.464 [7.106] 0.449 5.030
7257008 — 0.51178  1.252 4.632 0.997 4.769 0.739 5.149 0.594 5.057
7505345 V355 Lyr  0.4737 1.417 4.796 1.189 4.894 0.965 4.990 0.756 5.362
7671081 V450Lyr  0.50461  1.122 4.519 0.873 4.919 0.736 4.884 0.614 5.381
9001926 V353 Lyr  0.5568 1.288 4.714 1.004 4.879 0.830 5.202 0.699 5.721
9578833 V366 Lyr  0.52703  1.344 4.935 1.067 5.090 0.869 5.385 0.662 5.576
9697825 V360Lyr  0.55758  1.005 4.755 0.760 4.991 0.669 5.114 0.479 5.771
9973633 — 0.51075  1.506 5.240 1.315 5.107 0.909 5.206 0.732 5.526
10789273 V838Cyg 0.48028  1.645 4.645 1.335 4.784 1.131 4.933 0.875 5.236
11125706 — 0.61322  0.706 5.302 0.540 5.614 0.452 5.970 0.352  [6.400]
12155928 V1104 Cyg 0.43639  1.603 4.657 1.295 4.689 1.062 4.851 0.891 5.242

Non-Blazhko:
3733346 NR Lyr 0.68203
3866709 VT715Cyg 0.47071
5299596 V782Cyg 0.52364
6070714 V784Cyg 0.53409

6100702 — 0.48815 926 5.261 0.714 5.547 0.569 5.841 0.440 [6.357]
6763132 NQLyr 0.58779 185 4.811 0.954 4.958 0.770 5.105 0.606 5.628
6936115 FN Lyr 0.5274 482 4.622 1.226 4.758 0.996 4.857 0.813 5.204
7021124 — 0.62249 489 4.560 1.176 5.159 0.957 5.078 0.686 5.065

1
1
0
1
0.
1.
1
1
7030715 0.68361 0. ) )
7176080 V349Lyr 0.50707 0.111  6.213  0.078  [8.054]  0.078  [6.859] 0.061 [7.009]
7742534 V368Lyr  0.45649 1
7988343 V1510 Cyg 0.58114 1
8344381 V346Lyr 0.57683 1
9508655 V350Lyr  0.59424 1
9591503 V894Cyg 0.57139 1
9658012 — 0.53321 1
9717032 — 0.55691 1
9947026 V2470 Cyg 0.54859 0
10136240 V1107 Cyg 0.56578 1
10136603 V1107 Cyg 0.43377 1
11802860 AW Dra  0.68722 1

Notes: [ ] denotes ¢31 larger than 2.

stars. RRc stars are expected to behave differently from the RRab stars and require
special treatment, so they are not included. We used IRAF /digiphot/phot program to
obtain the photometry. The periods in Table 1, as well as Ty and Kp in Fig. 1, were
taken from Nemec et al. (2011, 2013). The Fourier analysis was based on Géza Kovdcs’
Fourier decomposition program.

From Table 1 we can calculate the mean differences between ¢3; in BV RI bands and
¢31(Kp) and their standard deviations. They are the following: A¢s1(B) = (¢31(B) —
¢31(Kp)) = 0.430 £ 0.107 rad from 34 stars, A¢s1 (V) = 0.174 +0.085 rad from 34 stars,
Ags31(R) = —0.018 +0.053 rad from 34 stars and A¢s; (I) = —0.192 +0.063 rad from 35
stars. Earlier, A¢s; (V) = 0.151 rad was derived by Nemec et al. (2011) based on only
three RR Lyrae stars. These results can help to derive metal abundances using Fourier
parameters if ¢31(B,V, R, I) vs. ¢31 (Kp) relations will be used to translate the former to
the latter and then the [Fe/H] vs. ¢31(Kp) relation of Nemec et al. (2013) will be used
to derive [Fe/H].

Transformation to standard photometry is currently in progress.
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Abstract: A comet at a large distance from the Sun is supposed to be inactive due to the
low temperature and the absence of gas sublimation leading to coma formation. But it is
found from observations that some comets are active in large heliocentric distance. We
investigate three distant active comets 228P/LINEAR, C/2006 S3 (LONEOS) and
29P/Schwassmann-Wachmann 1 with the data obtained with the 1-m optical telescope at
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result showed that its radius of the nucleus 1s <2.32 km (albedo 4%). What mechanisms
could drive the activities is not very clear. We try to discuss in this aspect.
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Symbol a q e ® Q i Mag Dsh

Theory 1.27 0.14 0.89 321.978 265427 22.169

Fireball-1 221 0.54 0.76 266.802 81.973 169.32 04 0.824
Fireball-2 29 0.57 0.8 272775 81.973 169.546 -0.2 0.713
Fireball-3 1.18 0.18 0.84 321.008 261.975 19.841 0.504
Fireball-4 1.04 0.22 0.79 319.974 261.975 16.622 -0.5 0.47
Fireball-5 1.15 0.15 0.87 325.063 261.769 26.99 2.1 0.282
Fireball-6 2.51 0.55 0.78 269.842 81.973 169435 0.1 0.235
Fireball-7 0.95 0.24 0.74 320.029 261.958 13.708 0.1 0.063
Fireball-8 1.78 0.1 0.95 328.838 262.028 28.515 -1.1 0.047
Fireball-9 0.99 0.24 0.76 318.906 262.031 13.019 -1.7 0.037
Fireball-10 317 0.07 0.98 331.715 261.941 41.332 -0.6 0.036
Fireball-11 0.91 0.23 0.75 322.36 262.031 14.571 0.8 0.031
Fireball-12 1.14 0.24 0.79 315.774 262.026 19.874 -1.7 0.031
Fireball-13 1.03 0.23 0.77 318.504 261.968 13.331 04 0.03
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Active brightness variation and polarization behavior of UXor

type young star GM Cep
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Fig. 1 Light curve of GM Cep. Red is R-band, green is V-band and blue is B-band.

GM Cephei (R.A. =21:38:17.32, Dec=57:31:22, J2000) is a solar-type pre-main-sequence star in the
young (~4 Myr) open cluster Trumpler 37 (Sicilia-Aguilar et al. 2004, 2005), which is located at ~ 900
pc (Contreras et al. 2002). GM Cep shows prominent infrared access, H-alpha emission, and flare
activity. The star was classified as a UX Orionis (UXor) type star (Chen et al. 2012). UXor type stars are
intermediate mass and mostly are a sub-type of Herbig Ae/Be or T-tauri exhibiting sporadic extinction
of stellar light due to circumstellar dust obscuration. The intense multi-color photometric monitoring
from 2009 to 2015 demonstrated the cyclic occultation events, but not strictly periodical, each lasting
for a couple of months, with a probable recurrence time of about two years by the orbiting dust clump,
as shown in figure 1. This signifies the onset of disk inhomogeneity from grain growth in the molecular
cloud in transit to formation of planetesimals. In figure 1, blue is B-band, green is VV-band and red is
R-band, respectively. Black points represent the data came from Lulin SLT. SLT provided high
coverage of light curve in 2014 and helped us very much.
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Figure 2 Polarization behavior of GM Cep. Red is i-band, green is r-band and blue is g-band.

Since the asymmetric disk distribution of the star system, the polarization phenomenon is unavoidable.
The polarization measurements for the GM Cep have been processed a few times by TRIPOL. In order
to cover long time variation of brightness of GM Cep, our strategy is doing regular observation per
month. TRIPOL is a powerful instrument to observe the different filters simultaneously. But, we have to
pay more attention for the maximum counts of each filter during the observations. In this case, the
maximum counts were controlled in the range of 5000-35000 both in the g-, r- and i-band so that the
counts of image keep in the linear region of CCD. After we make sure that the quality of all images are
no problems, then we do the image reduction by combining darks and twilight flats. The twilight flats
were observed before sunset and after sunrise, and the average counts were controlled in the range of
5000-30000 both in the SDSS g-, r- and i-band. Through our pipeline, the results of polarization and
polarization angle were calculated by the fluxes of four different degree images (i.e. 0 deg, 45 deg, 22.5
deg and 67.5 deg), as shown in figure 2. In order to reduce the influences by the weather conditions (e.g.
thin cloud pass through) during the long exposure time (90-120s), each data point is the mean value
from 5-20 times continuous observations within one night. GM Cep shows the moderately polarization
from about 4% to 9% in SDSS g-, r- and i-band. We found the evidence that polarization is
anti-correlated with the brightness of star, during which the clump dust back scatter the stellar light. The
polarization results are consistent with the linear polarization patterns. The results in this case
demonstrate that TRIPOL is a good facility to do the polarimetric observations even if TRIPOL is a
simple design instrument.
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2014/11/8 Asteroid named: A newly discovered asteroid has been named for a retired Western Connecticut State University professor. - Hartford Courant

Asteroid Named After Retired Western Connecticut
Professor

By Kathleen Megan

NOVEMBER 7, 2014,
8:49 PM

A newly-discovered asteroid has been named after retired WCSU professor Dr. Phillip Lu.

D r. Phillip Lu is characteristically self-deprecating about the news that a newly discovered asteroid has

been named after him.

"My younger daughter asked, 'Dad, what's this supposed to mean?'" said Lu, 82, a retired astronomy professor

from Western Connecticut State University. "I said it means absolutely nothing."

But when pressed, Lu admits that it is a "tribute" that the astronomer who discovered the asteroid and charted
its orbit — one of Lu's student's students — opted to name it 175450 Phillipklu in his honor.

"Tt's kind of a surprise. I didn't really expect this," Lu said from his home in Bethel. "It means somebody didn't
forget me, that's all!"

The asteroid was observed in 2006 by Dr. H.C. Lin, the director of the National Lulin Observatory in Taiwan,
and it has been seen 106 times since then — enough to have its orbit charted. Once an asteroid's orbit is
established, it is considered a minor planet. As the discoverer of the object, Lin was entitled to recommend its
name to the International Astronomical Union.

The connection between Lu and Lin began decades ago when Lin was a student in Taiwan. Lu, a native of
China who went to college in Taiwan, moved to the United States in 1962, but returned to Taiwan in 1979 to
help develop an astronomy program at the National Central University. While in Taiwan, Lu met W.S. Tsay
and became his doctoral thesis adviser.

Lu began making annual trips to Taiwan and assisted in the design and construction of the National Lulin
Observatory. Eventually, Tsay became Lin's teacher and Lu got to know him.

Lu said that Lin kept his choice of a name for the asteroid a secret so that Lu would be surprised about the time
of his 82nd birthday. Lu's birthday was Oct. 11, and the minor planet was officially named on Oct. 9.

The minor planet, which is made of rock and is about 2 or 3 kilometers in diameter, travels in an elliptical orbit
that averages about 238 million miles from the sun. It orbits the sun almost every four years between Mars and

http://www .courant.com/news/connecticut/hc-wcsu-prof-asteroid-1109-20141106-story.html 1/3
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Jupiter and is almost 60,000 times dimmer than the sun.

Lu's love of the stars began when he was an apprentice on a cargo ship that traveled around the world in the
late 1950s and early '60s. Lu had joined the Chinese military at 15 before the Communist takeover and traveled

to Taiwan. He was trained in ship navigation at a maritime college in Taiwan.

"In the middle of the ocean in the night time, there was nothing to see but the stars because there's no light,"
Lu said. "So I was curious, especially in such a dark place. The stars seemed brighter and closer. I became
fascinated by the stars. I wanted to learn more about their motions, the structures and the chemical

composition."

There were no astronomy majors or classes available in Taiwan, so in 1962 he went to Wesleyan University in
Middletown to earn his master's degree in astronomy.

From there, he went to Columbia University to get his Ph.D. and then on to Yale for post-doctoral work. In
1970, he was hired by Western, where he taught for 29 years from 1970 to 1999. In 1992 he was honored by the

Connecticut State University system as the "CSU Professor of Astronomy."
Since he retired, Lu has devoted much of his time to writing poetry in English and in Chinese.

When a friend congratulated him on "achieving a little immortality" through his namesake planet, Lu

responded in verse:

"One tiny speck moves around our sun,
Carrying my name among planets,

The name, perhaps, is a bit immortal,

But never stops the erosion of my mortal body."

Lu has yet to see his namesake in the heavens, but hopes to when he returns to Taiwan sometime soon. It will
take a 40-inch telescope — larger than he has at home — to do so.

"You aren't missing anything if you don't see it," Lu said.

Copyright © 2014, Hartford Courant
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ROC students spot Kuiper belt object

I B publication Date : 06/04/2014
Source : Taiwan Today

A five-member high school team from Taichung City discovered a Kuiper belt object in the outer
reaches of the solar system beyond Neptune, project leader National Central University said
June 3.

Itis believed to be the first Kuiper belt object ever spotted by high school students.

The high school team that discovered
Kuiper belt object 2014GE45 poses

with professor Chen Wen-ping (front,

According to project instructor NCU professor Chen Wen-ping, preliminary orbit calculations put
trans-Neptunian object 2014GE45 at an average distance of 65 astronomical units from the sun.

It takes 562 years for the object to complete its orbit.
second left) of Taoyuan County-

based National Central University. The stargazers behind the discovery are A. Hoyle, H. C. Hsieh, C. C. Hsueh, J. J. Ji and Y. H.
(Courtesy of NCU) Lin, all first-year students from Affiliated Senior High School of National Chung Hsing University.

The project was carried out under the Taiwan chapter of the International Astronomical Search
Collaboration, an educational outreach program in partnership with U.S.-based Panoramic Survey Telescope and Rapid Response
System.

Pan-STARRS uses two Hawaii-based telescopes to detect near-Earth objects that threaten impact events.

Other Taiwan schools participating in the survey include National Changhua Senior High School, National Lo-Tung Senior High
School, Taichung Municipal Hui-Wen High School and Taipei First Girls’ High School, which also discovered an asteroid this time.

The Kuiper belt extends from the orbit of Neptune, at 30 AU, to about 50 AU from the Sun. Similar to the asteroid belt, it consists
mainly of small bodies, but is far larger. The belt's best-known body is Pluto, which was formerly classed as a planet. (YHC-SDH)

Write to Taiwan Today at ttonline@mofa.gov.tw
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2015/9/30 USA Hands-On Universe —IASC’s First Trans-Neptunian object (TNO) Discovery
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IASC's First Trans-Neptunian object (TNO) Discovery

2014/05/19 2 usa-hou No Comments

The International Astronomical Search Collaboration (IASC) made its first TNO
discovery today!! Congratulations go to C.-C.Hsueh, J.-J. Ji, Y.-H. Lin, H.-C. Hsieh
& A. Hoyle from the National Dali Senior High School in Taiwan. These
students discovered 2014 GE45. Their observation was reported to IASC as
NDLO0020 from their April 4th Pan-STARRS image sets.

This object is not a Main Belt asteroid. It is a trans-Neptunian object (TNO).
Preliminary orbit calculations put it at an average distance of 65 AU from the
Sun. At that distance an object takes 562 years to go once around its orbit. To
give a comparison, Pluto sits at an average distance of 40 AU from the Sun. At
65 AU, 2014 GE45 would be half-again further out into the Solar System than
Pluto.

Congratulations to these 5 students!!

[announced by Dr. Patrick Miller, Department of Mathematics & Astronomy,
Holland School of Science & Mathematics, Hardin-Simmons University,
Abilene, TX 79698, iascsearch@hsutx.edu]

IASC (“Isaac”) is a collaboration of Hardin-Simmons University (Abilene, TX),
Lawrence Hall of Science (University of California at Berkeley), Astronomical
Research Institute (Westfield, IL), Global Hands-On Universe Association (Portugal),
Sierra Stars Observatory Network (Markleeville, CA), Tarleton State University
(Stephenville, TX), The Faulkes Telescope Project (Wales), Yerkes Observatory
(Williams Bay, WI), Western Kentucky University (Bowling Green, KY), Las Cumbras
Observatory (Santa Barbara, CA), G.V. Schiaparelli Astronomical Observatory
(Italy), Mt. Lemmon SkyCenter (Tucson, AZ), and Astrometrica (Austria). Special
project collaborations include the Panoramic Survey Telescope & Rapid Response
System (University of Hawaii), National Astronomical Observatories of China
(Beijing), Astronomers Without Borders (United States), Space Generation Advisory
Council (Vienna, Austria), Haus der Astronomie (Heidelberg, Germany), IceCube
Neutrino Detector (University of Wisconsin, Madison), and Target Asteroids!
(University of Arizona, Tucson).
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