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ABSTRACT

The quasi-Hilda object 212P/2000Y N3, which has a cometary-like orbit, was found to display a dust tail structure
between 2009 January and March. From orbital calculations, it is shown that this object could have been an active
comet in the past before being transported to its current orbital configuration in quasi-stable 3:2 resonance with

Jupiter.
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1. INTRODUCTION

One basic question in connection to the origin of life and the
development of a biosphere has to do with the source of the
terrestrial ocean. For exogenic sources, ocean water could have
come from either comets or asteroids. The idea that cometary
water ice could be the main contributor (Chyba 1987; Ip &
Fernandez 1988) has suffered a setback because the D/H isotope
ratios measured in several comets are about a factor of two larger
than the standard value 1.49 4+ 0.03 x 10~ for ocean water
(Eberhardt et al. 1995; Meier et al. 1998; Crovisier et al. 2004;
Jehin et al. 2009).

However, the recent report of the D/H ratio (=1.61 =+
0.24 x 10~*) of the Jupiter family comet (JFC) 103P/Hartley 2
determined from Herschel observations has shed new light on
the old issue of terrestrial water (Hartogh et al. 2011). The most
recent report of a D/H ratio of 2.06 & 0.22 x 10~* for the
Oort cloud comet C/2009 P1 (Garradd) by Bockelee-Morvan
et al. (2012) has further underscored the point that comets could
have a wider range of D/H ratios than previously thought. In any
event, they could still make a contribution to the terrestrial water
source reservoir within the dynamical constraint of being no
more than 10% in total, as estimated by Morbidelli et al. (2000).
We note that among the seven other comets for which D/H ratios
have been measured by pre-Herschel spacecraft observations
or ground-based observations, C/1995 O1 Hale-Bopp, C/1996
B2 Hyakutake, C/2001 Q4 NEAT, and C/2002 T7 LINEAR
are all long-period comets from the Oort cloud, and 1P/Halley,
8P/Tuttle, and 81P/Wild2 are short-period comets (see Jehin
et al. 2009). The D/H ratios of the long-period comets—which
presumably have a different condensation region from that
of the Jupiter-family comets—now range from 2.06 x 10~
(Bockelee-Morvan et al. 2012), 3.3 & 0.8 x 10~* (Meier et al.
1998) to 4.6 & 1.4 x 10~* for C/2001 Q4 NEAT (Weaver et al.
2008). These values overlap with the range between 1.49 £
0.03 x 10~* for 103P/Hartley 2 (Hartogh et al. 2011) and
4.09 & 1.45 x 10~* for 8P.Tuttle (Villanueva et al. 2009).

Another basic question of equal importance is, therefore,
how would JFCs that presumably originated from the trans-
Neptunian region (Duncan et al. 1989; Ip & Fernandez 1991;
Volk & Malhotra 2008) have such large differences in the D/H
ratios? Could they have formed in different orbital positions
in the outer solar nebula before being swept up by planet
migration (Fernandez & Ip 1984; Malhotra 1995)? Tiscareno
& Malhotra (2003), Di Sisto & Brunini (2007), and Volk
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& Malhotra (2008) considered the dynamical transformation
of the trans-Neptunian objects into Centaur populations with
orbits in the Jovian and Saturnian zones and then short-
period comets in the inner solar system. Or, some of them
could have formed in the asteroidal region but were later
implanted in the Kuiper Belt after following a complex history
of dynamical evolution. Di Sisto et al. (2005) studied the
interesting issue of whether JFCs could be mixed with the
Hilda asteroids and vice versa by performing numerical orbital
calculations on a stably trapped population in 3:2 resonance with
Jupiter and those quasi-stable populations. They found that the
majority (~99%) of the escaping Hildas would be perturbed into
JFC-like orbits but with perihelia g > 2.5 AU. This means that
only a small fraction (~1%) of them would become near-Earth
objects with the possibility of hitting the Earth, according to this
study. Whether the Hilda population could have significantly
contributed to terrestrial ocean water thus depends very much
on the total mass of the original population. Di Sisto et al.
(2005) further estimated that at the present time the expected
number of comet-sized Hilda asteroids in cometary-like orbits
should be on the order of 143, in comparison to about 2800
dormant JFCs.

In a series of papers, Dahlgren & Lagerkvist (1995) and
Dahlgren et al. (1997, 1999) reported on their photometric sur-
vey of the color distribution of the Hilda asteroids. In one study,
they showed that about 36% of the Hildas could be classified
as D-type, 28% as P-type, and only 2% as C-type (Dahlgren
et al. 1999). The fact that both JFCs and Hilda asteroids share
many of the characteristics of the D-type taxonomic class is
another possible piece of evidence for a link between these two
populations of small bodies. From this point of view, we might
pose the hypothesis that comet 103P/Hartley 2 could be an
escapee from the Hilda group if the D/H ratio of the Hildas is
found to be the same as those of the CI-CM chondrites (Robert
2006).

The above discussion shows the new impetus in the study
of asteroids in cometary orbits (ACOs) since they can provide
hints on the nature and relationship between terrestrial water and
plantesimals formed in the early solar system. This is also why
the recent discovery of a small population of main-belt comets
or active asteroids (Hsieh & Jewitt 2006; Jewitt 2012) has drawn
so much attention. The main belt objects discovered by these
authors are all located at the outer edge of the main asteroidal
belt with semi-major axes between 3.156 AU and 3.196 AU and
near-zero eccentricity. The detection of water ice and organics
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Table 1
The Observation log of 212P by Using the LOT Telescope at Lulin Observatory

A
(AU)

0.959
0.948
0.944
0.941

1.107
1.115
1.123

Date Ry, \%4 Remark

(AU)

2 1.683
5 1.688
6 1.690
7 1.693

2009 Mar 17 1.950
18 1.955
19 1.960

o
(deg)

30.4
29.6
29.4
29.1

20.7
20.8
20.9

2009 Jan 19.594 (+0.064)
19.548 (£0.070) Close to a BG stellar
20.027 (£0.094) Not photometric night

19.762 (0.079)

20.700 (£0.130)
20.512 (£0.129)
20.504 (£0.132)

on the surface of the asteroid 24 Themis has further heightened
the interest in this issue (Campins et al. 2010; Rivkin & Emery
2010).

In our observational program at Lulin, the Tisserand
parameter,

T;=ay/a+2-+/(a/ay)(1 — e?)cosi,

has been used to select the targets. In the above equation, ay is
the semi-major axis of Jupiter, and e and i are the eccentricity
and inclination, respectively, of the object in question. Vaghi
(1973) examined the T values of the 73 JFCs known at the time
and found that the majority of them fall in the range of 2.450 <

T; < 3.032, and further concluded that those with 7; > 232
must have originated from elliptical orbits instead of parabolic
orbits. Kresak (1980) discussed the variation of the values of
the Tisserand parameter among different groups of solar system
small bodies and showed that the Hilda asteroids shared the same
dynamical characteristics as those of the JFCs, even though not
a single asteroidal-like object could be definitely identified as
an ex-comet at that time. A recent study by Fernandez et al.
(2005) comparing the albedos (py ) and T values of 26 asteroids
in cometary orbits (including 6 Damocloids and 6 near-Earth
asteroids) found the interesting result that there is a discontinuity
in the albedo distribution as a function of 7. That is, those with
T; < 3.0 would tend to have py ~ 0.04 and those with 7; > 3.0
would have py > 0.2, thus suggesting different physical origins.
For these reasons, we are mainly interested in objects with
T] < 3.

In addition to the ACOs and Hilda asteroids, many objects
called quasi-Hildas moving in the orbital region of the Hildas
but without being stably trapped in the 3:2 mean motion res-
onance with Jupiter are also included in the Lulin target list
according to their 7; values. While Di Sisto et al. (2005) sug-
gested that the Hildas and quasi-Hildas could be closely related
to JFCs according to their dynamical behavior, Toth (2006)
gave an update on the orbital properties of ecliptic comets
in Hilda-like orbits and quasi-Hilda asteroids. Subsequently,
Ohtsuka et al. (2008) showed that some of the quasi-Hildas
(i.e., 147P/Kushida-Muramatsu) could be the progenitors of
temporarily captured irregular satellites of Jupiter. Along the
same line, Fernandez & Gallardo (2002) used an orbital integra-
tion method to trace the dynamical evolution of inactive JFCs
and estimated that up to 20% of the near-Earth asteroid popula-
tion with 7 < 3 could be of cometary origin. Thus, the intercom-
parison of the surface color variations and size distributions of
Hildas/quasi-Hildas, JFCs, and ACOs might give us some
hints on the evolution of the surface material and structures
of cometary nuclei, namely, from youth to old age in case the
ACOs are representative of defunct (i.e., inactive) cometary
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Figure 1. Discovery image of 212P taken at Lulin Observatory (B-band image
with 300 s exposure).

nuclei. The aim of our observational project is therefore to es-
tablish a comprehensive database of the sizes and surface colors
of these populations of small bodies with the intention of com-
paring them to those of the JFCs (Lamy & Toth 2009).

In this work, we bring attention to the serendipitous discovery
of the coma activity of an ACO. This object, previously known as
2000 YNj3p (212P hereafter), was a target in our survey program
of ACOs using the LOT 1 m telescope at Lulin Observatory.
It was first discovered by the NEAT (Near Earth Asteroid
Tracking) group on 2000 December 1 as an asteroid when
it was at a solar distance of 1.86 AU just before perihelion.
Its orbital parameters of a = 3.929 AU, e = 0.579, and i =
222398 with T; = 2.635 make it a member of the ACOs. With
an absolute magnitude H = 16.76 and an R-band geometric
albedo pr of 0.096 £ 0.032, its size can be estimated to be
D = 1.7 &£ 0.3 km (Fernandez et al. 2005). The fact that 212P
has a larger eccentricity and higher inclination than the quasi-
Hildas or the outliers listed in Toth (2006) might mean that it
could actually be a weakly outgassing comet in transition to
an inactive cometary nucleus. On the other hand, we note that
two quasi-Hilda asteroids, 2004 FM,4 and 2002 CF 4 in Toth
(2006), can be shown by numerical calculations to evolve into
cometary-like orbits within a million years. Comet 212P might
share the same dynamical origin as these two quasi-Hildas.

This paper is organized as follows. In Section 2, we will
describe observations and images obtained at Lulin. Section 3
will be dedicated to the discussion of the orbital evolution of
212P. Finally, the summary and discussion will be given in
Section 4.

2. OBSERVATIONS

The LOT telescope used in this project was equipped with the
PI 1300B 1340 x 1300 pixels CCD camera. The image scale
is 07516 pixel~!. The standard Asahi BVRI broadband filters
were used in the photometric measurements. The observational
log is given in Table 1. Figure 1 shows the discovery image of
212P’s outgassing activity taken on 2009 January 2 (Cheng et al.
2009). A faint dust tail with a length of about 20” or 14,000 km
appeared in the anti-sunward direction. Note that 6.5 hr prior to
our observation, Gibbs (2009) detected the presence of a diffuse
coma surrounding this object that was not there in the previ-
ous observational report in 2008 December (Marsden 2008).
After confirmation by IAU Circulars, this object was renamed
212P/2000 YN3( (NEAT) to reflect its cometary nature.

Since the first detection of the dust tail feature, 212P was
routinely monitored at Lulin until March of the same year. As
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Figure 2. Follow-up images of 212P from 2009 January 2, until March 17. All the images were composites of three R-band images of five minute exposure. North is

up and east is to the right. The direction of the Sun is also indicated.

Table 2
The Time Variation of the Afp Values of 212P over the Period
of the Lulin Observations in 2009

Date rh A o Afp, 35
(AU) (AU) (deg) (cm)
2009 Jan 2 1.683 0.959 304 5.341
5 1.688 0.948 29.6 4712
6 1.690 0.944 294 4410
7 1.693 0.941 29.1 4.927
8 1.695 0.938 28.8 4.573
2009 Feb 17 1.822 0.945 20.0 4.113
21 1.839 0.961 19.7 3.385
23 1.848 0.969 19.6 4.461
2009 Mar 16 1.945 1.099 20.6 2.861
17 1.950 1.107 20.7 2.844
18 1.955 1.115 20.8 3.275
19 1.960 1.123 20.9 2.707
20 1.965 1.132 21.1 2.846

shown in Figure 2, the images consistently show the formation
of a faint dust tail. Morphologically speaking, the dust tail
appears to have the same length between January 2 and 7 and
then becomes shorter and fainter afterward. At the end of the
Lulin observation in 2009 March, only a very diffuse structure
could be recognized. An important question is thus whether the
observed outgassing process could have existed for more than
just a few days.

This interpretation is also consistent with the finding that the
Afp (cm) value as determined according to A’Hearn et al. (1984)
varies from 4.6 to 5.3 at the beginning of January to 3.4—4.6, and
finally to about 2.8 in March as the comet moved away from the
perihelion (see Table 2). The continuous presence of the dust
tail between 2009 January and March suggests an uninterrupted
emission process through this time interval according to the

(6)

synchrone approach (Finson et al. 1968). However, we are
unable to determine whether or not the dust emission was
triggered by the recent excavation of some fresh active region
by an impact event.

Next we check the colors of the dust coma. The aperture size
of our photometric study is about 6-8 pixels (4200-5600 km)
depending on the seeing conditions. The measured values of
B—V (0995 £ 0.189), V—R (0.678 £ 0.092), and V—1
(1.008 + 0.106) at the optical center are consistent with those
of the nuclei of JFCs (Lamy & Toth 2009). Because of the
faintness of the dust tail, it is not possible to accurately estimate
the color of the dust. In any event, the B — R color at a location
several arcseconds away from the central nucleus in the tailward
direction can be estimated to be about 1.1 & 0.1 (see Figure 3).
This is consistent with the average value of about 1.1 & 0.3 for
cometary dust as summarized in Kolokolova et al. (2004) and
the B — R value of the dust tail of comet P/2010 TO20 LINEAR-
Grauer which was found to be about 1.2 £ 0.2 (Lacerda 2013).
Because the color remains nearly the same along the tail,
where the brightness distribution has a much smaller slope as
a function of the cometocentric distance than that of the gas
coma, we believe that our measurements are not subject to strong
contamination by gas emission.

Figure 4 summarizes the orbital positions of 212P during the
Lulin observations. The orbits of a number of main-belt comets
are also shown for comparison. It can be seen that the coma
activity occurred a few days after perihelion and the dust coma
remained detectable with LOT for the next two months. An
enhanced level of solar heating for the nucleus surface could
be the triggering mechanism of the dust tail formation. Other
effects might also play a role. For example, the absence of
a dust coma when 212P was discovered as an asteroid might
have two possible reasons. First, the appearance of a diffuse
coma and dust tail in 2009 January could be associated with an
outburst of a pocket of volatile material similar to that of comet
17P/Holmes (Lin et al. 2009; Reach et al. 2010) but on a smaller
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Figure 3. B — R color of 212P along its dust tail on 2009 January 2.
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Figure 4. Orbit of 212P with some important positions identified: [J indicates
the positions of our observations in 2009; A is for the orbital position of the first
discovery in 2000 December. The orbits of several main-belt comets are also
shown for comparison.

scale. Alternatively, the disappearance /non-detection of the dust
features in earlier observations could be the result of a seasonal
effect connected to the obliquity of the rotating nucleus (Hsieh
et al. 2010). It is therefore interesting to know whether 212P is
basically a defunct comet with its nucleus surface covered by
a dust mantle or if it is of the nature of a new comet that has
only recently reached the present perihelion distance. We used
numerical computation to trace the dynamical history of 212P.

3. ORBITAL EVOLUTION

Table 3 shows the orbital parameters of 212P from the
Jet Propulsion Laboratory (JPL-SBD). We used the Mercury

(%)

212P/2000YN30(NEAT) JPL step=0.05day

o
—_— 15 = d v el
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Figure 5. Time variations of the orbital parameters of 212P obtained by using
initial values from JPL.

Table 3
Orbital Parameters of 212P from the NASA Jet Propulsion Laboratory

JPL_SBD
Perihelion, g (AU) 1.654234
Eccentricity, e 0.578748
Inclination, i (deg) 22.3980
Argument of pericenter (deg) 15.0710
Ascending node (deg) 98.9294
Epoch of pericenter, T), (JD) 2454803.81008
Orbital epoch (JD) 2454481.5

integrator of the Bulirsch—Stoer algorithm (Chambers 1999)
for the numerical orbit integrations. All planets from Mercury
to Neptune are included in the computation. The step size
employed was 0.05 days. The orbital evolution of 212P was
traced backward and forward for 100,000 yr in each direction.
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Time-weighted space distribution of 100 test particles of 212P
from forward orbital integration (step=0.05day)
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Time-weighted space distribution of 100 test particles of 212P
from backward orbital integration (step=0.05day)
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Figure 6. Probability distribution of the footprints of the 100 212P clones in the aphelion and perihelion distances. For our 1 Myr integration, about 10% of the orbital
duration would have perihelion distances reaching below 2 AU. The current position is denoted by the black dot: (a) from backward orbital integration over the last

10 yr; (b) from forward orbital integration over the next 10 yr.

Figure 5 shows an example of the pattern of orbital evolution
according to the JPL ephemeris. In the case of backward
integration, 212P was captured into a “short-period” orbit with
a <20 AU at T = —46,802 yr ago as a result of a close encounter
with Jupiter at a distance of 0.0063 AU. Its perihelion (g) stays
at about 4 AU and aphelion (Q) at about 15 AU. Another close
encounter with Jupiter at T = —18,250 yr ago at a distance
of 0.021 AU transforms the orbit into a quasi-Hilda orbit with
the semi-major axis remaining at about 4 AU. Our calculation
shows that repeated planetary perturbations will lead to long-
term oscillations in the eccentricity and inclination, with periods
varying between a few hundred years to about ten thousand
years. At about t ~ —18,250 yr ago, the eccentricity reaches
values as high as 0.8, allowing 212P to attain a perihelion
distance as close as 0.8 AU to the Sun. It is probably in this time
interval that 212P begins its career as a short-period comet. This
phase lasts about 250 yr. Subsequently, the orbit of 212P will be
transformed to one that increasingly resembles that of a quasi-
Hilda asteroid, with g being raised to larger values between
I and 3.5 AU. At the present time, the orbital evolution of
212P is in transition from a punctuated long-term 3:2 libration
to a relatively smooth long-term libration in e and i for the
next 10° yr. According to this sample calculation with the JPL
orbital data, 212P will be a very stable quasi-Hilda object from
now on.

(8)

The study of the orbital evolution of this test particle gives
us some idea of the possible origin and fate of an object
like 212P. For example, it tells us how an object with a
perihelion distance originally outside the orbit of Jupiter could
be transformed into a quasi-Hilda in long-term stable 3:2
resonance with Jupiter. However, the orbital elements given in
the JPL ephemeris have numerical uncertainties. Furthermore,
additional numerical effects could be introduced in the direct
integration scheme. It is therefore important to study the
statistical pattern of the orbital evolution of 212P by running
a number of its clones. The Monte Carlo simulation of the
orbital histories of 100 clones of 212P was done by following
the description in Bernstein & Khushalani (2000).

The global pattern of the dynamical evolution of 212P-like
objects could be formulated by computing the relative fractions
of time in the lifetimes of individual test particles (clones) spent
in different combinations of orbital parameters. One method that
is often used is the statistical distribution of the time intervals in
the ¢ (perihelion) and Q (aphelion) coordinate system divided
into many grids with Ag = 1 AU and AQ = 1 AU. The sum
of the total time of duration in each grid therefore constitutes
the probability, namely, the distribution of residence time or
“footprint,” of the object during its orbital evolution.

Figure 6 compares the statistical distributions of the “foot-
prints” of the 212P clones in the orbital space for the past and
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Figure 7. Statistical distributions of the cumulative time of the test bodies inside a certain heliocentric distance during their dynamical evolution in the backward

(dashed lline) and forward (solid line) orbital integrations.

future one million years, respectively. The gravitational influ-
ences of Jupiter and Saturn are clearly seen. In the cases of the
backward and forward integrations, we find several strips and
clusters confined within the g—Q curve of Jupiter and then some
others between those of Jupiter and Saturn, respectively. Simi-
lar features can be found between the g—Q curves of Saturn and
Uranus. Those are objects that are being temporarily trapped
between the orbits of these two outer planets. In the forward
integration, there are also two horizontal patterns, one has g
nearly being fixed at about 5 AU but Q moving from <10 AU to
>1000 AU, and the other one has g being fixed at about 9 AU
and Q ranging from 10 AU to beyond 1000 AU. These two tracks
are produced by the gravitational scattering of the test particles
by Jupiter and Saturn, respectively, to large aphelion distances.
Similar “footprint” structures in the backward integration can
be understood in the same manner. Because of their large grav-
itational scattering effect, both Jupiter and Saturn effectively
form barriers for further outward diffusion of the test particles
to the orbital region of Uranus and Neptune. In the numerical
simulations of the injection of trans-Neptunian objects into the
inner solar system (see Tiscareno & Malhotra 2003), we would
find the presence of “footprints” between the orbit of Neptune
and that of Uranus simply because the source region is located
in the vicinity of the trans-Neptunian region while Jupiter and
Saturn form barriers to inward diffusion.

Therefore, the evolutionary behavior as shown in Figure 6
is what would be expected of short-period comets that are
injected from the trans-Neptunian region. However, in our
backward integration, random planetary encounters tend to
produce a cutoff at Jupiter’s orbit, thus curtailing the reverse
paths returning to the trans-Neptunian region and the transitory
zone occupied by Centaurs (Tiscareno & Malhotra 2003). The
orbital footprints from the forward integration show a pattern
similar to that of the backward integration.

These results also indicate that the exact evolutionary histories
of quasi-Hilda asteroids are very sensitive to the starting values
of the orbital elements. Even small differences could lead to
very different outcomes in the orbital integrations. On the other

(9)

hand, it is interesting to note that in a statistical sense, some
of the quasi-Hildas could have originated from the outer solar
system via gravitational scattering by Jupiter. In this process,
these objects, including 212P, would have moved in orbits
with perihelia of less than 1 AU for some short intervals. This
means that there is a fair chance that 212P had experienced ice
sublimation and gas outgassing from its surface material.

According to estimates of the average physical lifetime
of short-period comets (Fernandez 1984; Hughes 2003), the
outgassing activity of those with perihelion ¢ < 1 AU should
decay away with a physical lifetime of 10°~10* yr due to of
the buildup of a dust mantle. For a short-period comet orbit of
a = 3 AU and e = 0.8, the time spent inside 1 AU is about
0.4 yr per orbit with an orbital period of 5.2 yr. This means that
objects with a cumulative time of Ar > 80-800 yr withg < 1 AU
over their past orbital evolution would have a high probability
of becoming inactive.

Figure 7 shows the statistical distribution of the cumulative
time of the 212P clones as a function of heliocentric distance
during their individual dynamical evolutions. Note that in our
sample of “backward” test runs, a fraction (~30%) of the objects
spend more than a total of Az ~ 100 yr inside a 1 AU heliocentric
distance. From this point of view, it is possible that 212P could
have developed a partial dust mantle in its past history as a
short-period comet.

4. SUMMARY AND DISCUSSION

In the present work, we report the serendipitous discovery
of the coma activity of 212P, which is a quasi-Hilda object in
cometary-like orbit. This object, with a diameter of D = 1.7 &
0.3 km, is the size of a cometary nucleus. The results of our
orbital integration show that it could have been captured into a
short-period orbit from a Centaur-like orbit. Subsequent close
encounters with Jupiter could have transformed its orbit into that
of a quasi-Hilda characterized by a 3:2 mean motion resonance.
The exact dynamical origin and its fate depend sensitively
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on the starting orbital elements. Our study therefore shows
that ACOs/quasi-Hilda asteroids are potentially important in
tracing the transport process of volatile materials from the outer
solar system to the inner solar system via planetary orbital
migration and scattering. 212P will return to perihelion in 2016.
Its brightness variation and the possible reappearance of the dust
coma activity will be closely monitored so that we can know for
sure whether its observed dust tail structure from last time was
related to thermal sublimation or not. As for the larger issue of
the Hildas and quasi-Hildas (and other classes of objects like the
main-belt comets) as potential contributors to terrestrial oceans,
we intend to follow up with model calculations of their orbital
evolution with and without the possible effects of planetary
orbital migration. The definite answer would probably need to
wait for in situ (D/H) measurements (or sample returns) from
these objects.
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ABSTRACT

The Taiwanese—American Occultation Survey (TAOS) aims to detect serendipitous occultations of stars by small
(~1 km diameter) objects in the Kuiper Belt and beyond. Such events are very rare (<107 events per star per
year) and short in duration (~200 ms), so many stars must be monitored at a high readout cadence. TAOS monitors
typically ~500 stars simultaneously at a 5 Hz readout cadence with four telescopes located at Lulin Observatory
in central Taiwan. In this paper, we report the results of the search for small Kuiper Belt objects (KBOs) in seven
years of data. No occultation events were found, resulting in a 95% c.1. upper limit on the slope of the faint end of
the KBO size distribution of ¢ = 3.34-3.82, depending on the surface density at the break in the size distribution

at a diameter of about 90 km.

Key words: comets: general — Kuiper Belt: general — occultations — planets and satellites: formation

1. INTRODUCTION

The size distribution of Kuiper Belt objects (KBOs) has been
accurately measured down to diameters of D > 30 km (Fuentes
et al. 2009; Fuentes & Holman 2008; Fraser & Kavelaars 2008;
Fraser et al. 2008; Bernstein et al. 2004; Luu & Jewitt 2002),
while Fraser & Kavelaars (2009) have provided measurements
down to diameters D 2 15 km. The size distribution of large
KBOs approximately follows a power law of the form:

= —q
7D o D71, (1)
where the slope ¢ = 4.5 down to a diameter of D =~ 90 km.
A clear break in the size distribution has been detected near
90 km (Fuentes et al. 2009; Fraser & Kavelaars 2009; Bernstein
et al. 2004), giving way to a shallower distribution for smaller
objects. Various models of the formation of the Kuiper Belt
have been developed (Schlichting et al. 2013; Benavidez &
Campo Bagatin 2009; Kenyon & Bromley 2001, 2004, 2009;
Pan & Sari 2005; Benz & Asphaug 1999; Kenyon & Luu 1999a,
1999b; Davis & Farinella 1997; Stern 1996; Duncan et al. 1995)
which predict this break in the size distribution, but these models
make vastly different predictions on the size distribution for
objects smaller than the break diameter. These models are based
on different scenarios of the dynamical evolution of the solar
system and the internal structure of the KBOs themselves. It is
generally assumed that the outward migration of Neptune stirred

(11)

up the orbits of objects in the Kuiper Belt, which subsequently
underwent a process of collisional erosion, giving rise to a
shallower size distribution. The simplest models also predict a
small-end power-law size distribution as shown in Equation (1),
where the slope g depends primarily on the internal strength of
the KBOs. Solid objects held together by material strength give
rise to larger slopes, while the weaker gravitationally bound
rubble piles are more easily broken up and give rise to smaller
values of g. A measurement of the size distribution of smaller
objects (down to D = 100 m) is needed in order to constrain
these models. Furthermore, such a measurement would provide
important information on the origin of short-period comets (Volk
& Malhotra 2008; Tancredi et al. 2006; Duncan & Levison 1997;
Levison & Duncan 1997; Morbidelli 1997; Holman & Wisdom
1993).

The direct detection of such objects is difficult because they
are extremely faint, with typical magnitudes R > 28, and
are thus invisible to surveys using even the largest telescopes.
However, a small KBO will induce a detectable drop in the
brightness of a distant star when it passes across the line of
sight to the star (Chang et al. 2006, 2007, 2013; Schlichting
et al. 2009, 2012; Wang et al. 2009, 2010; Bianco et al. 2009,
2010; Bickerton et al. 2008, 2009; Liu et al. 2008; Zhang et al.
2008; Nihei et al. 2007; Roques et al. 1987, 2003, 2006; Cooray
2003; Cooray & Farmer 2003; Roques & Moncuquet 2000;
Brown & Webster 1997; Bailey 1976). High-speed photometry
is needed to detect these events, given that we expect a typical
event duration of about 200 ms. Detection of such events is
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Figure 1. Top left: horizontal subsections of two consecutive rowblocks with a bright moving object in the center. (The boundary between the rowblocks is visible
as a dark horizontal line bisecting the image. This is a slight excess in dark current from the edge of the CCD.) The vertical streaks (see the text) from the brighter
stars are also evident. Top right: the same rowblock subsections after the background streak subtraction. While the streaks from the bright stars are removed, the
moving object itself is not completely removed, and the background flux near the moving object is oversubtracted. Bottom left: gray-scale image representation
of the background flux subtracted from the rowblocks near those shown in the top panels. Here, each row represents the flux subtracted from a single rowblock, while
the columns correspond to those in the top panels. The vertical streaks in this image are the streaks left by the stars during the zipper-mode readout. The moving object
in original data cause the background to be oversubtracted, and the oversubtracted flux clearly shows the trajectory of the moving object across the focal plane. Bottom
right: the same background image from the bottom-left panel after applying the high-pass mean and variance filters to remove the streaks from the bright stars. The

oversubtracted background flux from the moving object is clearly evident.

further complicated by the fact that the sizes of the objects of
interest are on the order of the Fresnel scale (about 1.4 km
for our median observed wavelength of about 600 nm and a
typical object distance of 43 AU), and the resulting light curves
exhibit significant diffraction features (Nihei et al. 2007). The
goal of the Taiwanese—American Occultation Survey (TAOS)
project is to detect such occultation events and measure the size
distribution of KBOs with diameters 0.5km < D < 30km.

To date, 18 events consistent with occultations by objects in
the outer solar system have been detected. The three detections
claimed by Roques et al. (2006), if they are occultations, are
unlikely to have been caused by KBOs (the distances are
inconsistent). On the other hand, two detections reported by
Schlichting et al. (2009, 2012) are consistent with occultation
events by 1 km diameter KBOs at 45 AU. Schlichting et al.
(2012) found one additional event consistent with a KBO
occultation, but they reject this event because of its high
inclination (it was detected at an ecliptic latitude of b = 81°5).
The remaining 12 possible events (Chang et al. 2007) were
found in archival RXTE measurements of Sco X-1. However,
the interpretation of these detections as occultation events has
been challenged (Jones et al. 2008; Blocker et al. 2009).

TAOS has been in operation since 2005 February. The system
is described in detail in Lehner et al. (2009). In summary, the
survey operates four 50 cm telescopes at Lulin Observatory
in central Taiwan. The telescopes are very fast (F/1.9), with
a field of view of 3 deg?. Each telescope is equipped with a
camera which utilizes a single 2k x 2k CCD imager. All four
telescopes monitor the same stars simultaneously at a readout
cadence of 5 Hz (with the readout cadence synchronized among
the four telescopes). We require that any events be detected
simultaneously in each of the telescopes in order to minimize
the false positive rate (Lehner et al. 2010).

High-speed cadence is achieved using a special CCD readout
mode called zipper mode, which is described in detail in
Lehner et al. (2009). To summarize, instead of taking repeated
exposures, we leave the shutter open for the duration of a data
run. At a cadence of 5 Hz, we read out a subimage comprising
76 rows, which we have called a rowblock. When the rowblock
is read out, the remaining photoelectrons on the CCD are
shifted down by 76 rows as well. If one considers starting
with a rowblock at the far edge of the CCD, photoelectrons are
collected and then shifted to the next rowblock. Photoelectrons
are then collected in addition to those from the first rowblock,
and then they are shifted to the next. By the time the original
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photoelectrons are read out, photoelectrons have been collected
from every star on the focal plane in a single rowblock, although
at different epochs.

While zipper-mode readout allows us to image every star in
the focal plane, there are two characteristics of the data that
reduce the signal-to-noise ratio (S/N). The first is that sky
background that is collected as a rowblock is shifted across
the focal plane, while photoelectrons from a single star are only
collected at one location. Furthermore, it takes about 1.3 ms to
read out a single row, corresponding to about 95 ms for an entire
rowblock, so the actual exposure of a star is only 105 ms, while
sky background is collected for a total of 5.4 s. Second, flux is
also collected from the stars during the readout stage, and the
brighter stars will leave significant numbers of photoelectrons
in the pixels as they are being shifted. This flux will appear as
bright vertical streaks in the images (see the upper left panel of
Figure 1). Nevertheless, zipper mode is successful in collecting
high S/N photometric data on enough stars for the project to
successfully probe a significant fraction of the allowed size
distribution parameter space.

In this paper, we report on the analysis of seven years of
zipper-mode data collected by the TAOS system. In Section 2,
we describe the data set used in this analysis. In Section 3,
we provide a detailed discussion of the analysis pipeline. In
Section 4, we present the results of the analysis of the data set,
and finally in Section 5, we discuss our future plans for the
survey.

Throughout the remainder of this paper, we use the following
definitions. A data run is a series of high-cadence multi-
telescope measurements on a single field, typically for 1.5 hrata
time. A light curve is a time series of photometric measurements
of a single star from one telescope in one data run, and a light
curve set is a set of multi-telescope photometric measurements
of a single star during one data run. A flux tuple is a set of multi-
telescope measurements (with a minimum of three telescopes)
of one star at a single epoch. A light curve set is thus a time
series of flux tuples.

2. THE SEVEN YEAR DATA SET

Earlier results from the TAOS search for small KBOs were
reported in Zhang et al. (2008) and Bianco et al. (2010).
These two papers describe results obtained from operating
three telescopes. The data set used in Bianco et al. (2010)
ended on 2008 August 2, when the fourth telescope became
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Table 1

Data Set Parameters
Parameter Zhang et al. (2008) Bianco et al. (2010) This Work
Start date 2005 Feb 7 2005 Feb 7 2005 Feb 7
End date 2006 Dec 31 2008 Aug 2 2011 Sep 8
Data runs 156 414 858
Light curve sets® 110,554 366,083 835,732 (209,130)
Total exposure (star hours)? 152,787 500,339 1,159,651 (292,514)
Photometric measurements® 7.8 x 10° 2.7 x 1010 6.7 x 100 (2.1 x 10'0)
Flux tuples? 2.6 x 10° 9.0 x 10° 2.1 x 1010 (5.3 x 10%)

Note. ? Values for four-telescope data shown in parentheses.

operational. The addition of the fourth telescope to the array
was beneficial in two ways. First, using four telescopes increases
the significance of any candidate occultation events, while the
false positive rate remains constant (Lehner et al. 2010). Second,
we have experienced frequent problems with the reliability of
our cameras and telescopes. With four telescopes, we can still
operate with three telescopes when one of the systems is shut
down for repair. Given that a minimum of three telescopes is
necessary to keep the false positive rate low enough (Lehner
etal. 2010), we can still collect useful data in the event that there
is a problem with one of the systems. The overall operational
efficiency of the survey thus improved significantly since we
could still collect data when one telescope was offline.

The current data set is summarized in Table 1, along with the
data sets used in Zhang et al. (2008) and Bianco et al. (2010).
The current data set is more than 2.3 times larger than that used
in Bianco et al. (2010). Ninety percent of the photometric data
in this set were acquired within 6° of the ecliptic in order to
maximize the event rate. The results quoted in this paper are
thus applicable to both the hot (inclination i > 5°) and cold
(i < 5°) KBO populations.

3. DATA ANALYSIS

The data analysis took place in three stages: photometric
reduction of raw image data, the search for occultation events,
and the detection efficiency simulation. These stages roughly
follow the same procedures outlined in Bianco et al. (2010), but
several improvements were made to the pipeline in this round
of data analysis. The new pipeline is described in the following
subsections.

3.1. Photometric Reduction

For the first step in the pipeline, a custom photometric
reduction pipeline (Zhang et al. 2009) is used to measure the
brightness of each star in the field at each epoch, and the resulting
measurements are assembled into a time-series light curve for
each star. For every star, the light curve from each telescope
is combined into a light curve set. Next, bad data points (e.g.,
measurements where the star lies near the edge of the focal
plane) are removed from the light curves (see Zhang et al. 2009,
for details).

A significant improvement added to this stage in the process
is the automated flagging of photometric measurements affected
by bright objects (such as satellites or airplanes) moving across
the field of view. As discussed in Bianco et al. (2010), several
candidate events were found in the previous data set. Visual
inspection of the relevant images revealed that these events
were caused by bright moving objects passing near the star
that appeared to be occulted. The new algorithm to detect these
bright moving objects is described in Section 3.1.1.
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3.1.1. Bright Moving Object Detection

As mentioned in Section 3.1, bright objects moving across
the field of view during zipper-mode image collection can give
rise to a large number of false positive events. This is caused
by the background subtraction in the photometric reduction.
As discussed in Section 1, the zipper-mode readout has the
disadvantage that the brighter stars leave streaks along the
columns in the images due to the finite time it takes to read
out a row from the CCD. These streaks are removed during the
photometric reduction by subtracting an estimate of the mode
of the column from each pixel in the column, where the mode is
calculated for each zipper-mode rowblock (Zhang et al. 2009). A
bright moving object passing over a particular column causes the
mode of that column to be overestimated, and the background is
thus oversubtracted, causing an artificial drop in the measured
brightness of any star whose aperture includes that column (see
the top panels of Figure 1).

In order to detect these events, we save the 3o -clipped column
mean for each rowblock and column on all four cameras. These
background data are stored in FITS format, and an example is
shown in the bottom left panel of Figure 1. Note that each column
in this image corresponds to an actual column on the CCD, but
the row corresponds to a rowblock in the zipper-mode data. The
pixel value is simply the column mean (after 3o clipping) for
that rowblock and column. The streaks from the bright stars are
evident in the image. Also clearly visible is the object shown
in the top panels moving across the image. We note that what
appears as a moving object is actually the high value for the
column average due to the moving object. Nevertheless, it is
straightforward to identify which columns in which rowblocks
are affected by the overestimated background.

First, we normalize the image by applying the same rolling
clipped mean and variance filter to each of the columns we
use to remove the slowly varying trends along the light curves
(Lehner et al. 2010). That is, we replace each column average
value b,,,, where m is the rowblock index and 7 is the column,
with a normalized value d,,,,, defined as

Cmn = bmn — Mmn,

dmn = @7 (2)
0,

mn

where (,,, is the local (3o-clipped) mean within column n
and o,,, is the local variance within column n, calculated with
window sizes of 21 rowblocks. Note that o,,, is calculated after
the mean has been subtracted from every rowblock background
value along the column.

The bottom right panel of Figure 1 shows the resulting values
of d,,, after application of this filter to the image shown in the
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bottom left panel. We then apply an algorithm (Lutz 1980)!7 to
find objects in the normalized background image. We define an
object as either a set of 20 or more adjoining pixels with values
of d,,, larger than 1.5, or as a set of 5 or more pixels with values
larger than 2.5. We then flag any photometric measurements
where a column affected by a moving object lies within the
aperture used in the photometry. The removal of all flagged
data points results in the elimination of all false positive events
caused by moving objects.

3.2. Event Search
3.2.1. Rank Product Statistic

Our event selection algorithm uses the rank product statistic,
which is described in detail in Lehner et al. (2010). This statistic
takes advantage of the multi-telescope data to give an exact
value for the significance of any candidate event, even if the
underlying distribution of the flux measurements is not known.
Given that TAOS samples at a 5 Hz readout cadence, we cannot
resolve the features of any candidate events in our light curves.
Any occultation event we detect would typically appear as a
small drop in the flux for one or two consecutive measurements
(although occultation events by larger objects could contain up
to five or six consecutively measured flux drops). We therefore
need to have an accurate estimate of our false positive rate in
order to report a credible result.

To search for events in the data, we calculate the rank product
statistic on each tuple in the entire data set. To calculate this
statistic, we take a time series of fluxes fi, f2, ..., fn, (Where
Np is the number of points on the time series), and replace
each measurement f; with its rank r;. The lowest measurement
in the time series will be given a rank of 1, and the brightest
measurement will be given a rank of Np. For a given light curve
set, we thus replace the time series of flux tuples with a time
series of rank tuples of the form

rijs s 7)),

where T is the number of telescopes used. We do not know the
underlying distribution of the flux tuples in each light curve set,
but, assuming the light curves meet the correct requirements
(discussed in Section 3.2.2), we do know the exact distribution
of rank tuples, and we can thus calculate the significance of any
candidate event exactly.

The rank product statistic is calculated as

z=—m[]2L. 3)

If one assumes that the rank distribution for a single light curve
is continuous, then this statistic follows the gamma distribution.
Given that the ranks are discrete, the approximation fails for
large values of z; however, the probability distribution can be
calculated exactly using simple combinatorics.

In the case of an occultation event, one expects the flux to
drop below the nominal value simultaneously in each of the
telescopes. The corresponding rank tuple would have lower
values for all of the ranks, and the resulting rank product would
be significantly smaller than average, leading to a large value
of our test statistic z. We set a threshold z; for event detection

17 This is the same algorithm used in SExtractor (Bertin & Arnouts 1996) to
detect objects.
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based on choosing an upper limit on the expected false positive

rate, such that

Pz ) 0.25 @

> = —,
2t NT

where Z is a random variable chosen from the rank product
probability distribution, 0.25 is our limit on the expected number
of false positive events in the data set, and Nt is the total number
of tuples used in the event search.

3.2.2. Light Curve Filtering and Data Quality Checks

The rank product test statistic follows the expected distribu-
tion for an individual light curve set if and only if the following
conditions are satisfied (Coehlo 2010).

1. The distribution of measurements in each light curve in the
light curve set is stationary.

2. Each light curve in the light curve set is ergodic in mean.

3. Each light curve in the light curve set is independent of the
other light curves in the light curve set.

However, none of the light curve sets in our data set meet these
requirements. Changes in the transparency of the atmosphere
throughout the course of our typical 1.5 hr data runs induce
fluctuations in the light curves, rendering them non-stationary.
Furthermore, these fluctuations are correlated between the
different telescopes, so the light curves are not independent
of each other. We therefore apply a rolling mean and variance
filter to each point in the light curves, thus replacing each flux
measurement f; with 4;, given by

g =fi—
hy=2%L )
oj

where p; is the local mean and o; is the local variance at point
J» calculated with window sizes of 33 and 151, respectively.
Note that the variance is calculated after the rolling mean was
subtracted, as was done in Equation (2). In most cases, this
filter removes all of the slowly varying trends, and the resulting
filtered light curves i meet the requirements for the application
of the rank product statistic.

However, there are still some data runs where fast moving
cirrus clouds can induce simultaneous variations in the light
curves that are not removed by the high-pass filter. We have
therefore devised a pair of tests (Lehner et al. 2010) to identify
light curve sets where the filtered light curves are not indepen-
dent (and likely not stationary as well, given that the fluctuations
in the light curves from the cirrus clouds are not constant over
time). The tests are based on the fact that the rank tuples should
be distributed uniformly over the 7-dimensional rank space
(recall that T is the number of telescopes used). For the first
test, we divide the 7-dimensional rank space uniformly into a
T-dimensional grid. If the light curves are independent, we ex-
pect that each cell in the grid would contain the same number of
rank tuples. We thus calculate the Pearson’s x2 statistic on the
number of tuples in each cell of the grid. For the second test,
we only look at the number of rank tuples in the lowest ranked
cell in each dimension. When looking at all of the light curve
sets in a given data run, the results from the first test should
follow the x?2 distribution, and the results from the second test
should follow the hypergeometric distribution. (However, this
is only true if the light curves are independent and identically
distributed, which is a stricter requirement than stationary. We
have thus devised a blockwise bootstrap method to calculate

(14)
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Figure 2. Histograms of p-values for the Pearson’s x2 test (left panel) and
hypergeometric test (right panel) for each of the data runs in the data set.

the expected distributions. We still call the tests the Pearson’s
x? test and the hypergeometric test.) We can thus calculate a p-
value for both tests for each data run to see how well the two test
statistics match the expected distributions. Histograms of these
p-values are shown in Figure 2 for each test. If the statistics
match the distribution, we would expect a uniform distribution
of p-values in the range of [0, 1]. The large spikes evident in
the lowest bins of each histogram are the data runs that have
correlated fluctuations in the light curves that are not removed
by the high-pass filter. This leads to a non-uniform distribution
of rank tuples, meaning that the test statistics for each of the
light curve sets does not follow the expected distribution. We
thus remove every data set with a p-value less than 0.01. Note
that this means we would only expect to remove 1% of our data
runs due to random chance.

In order to perform these tests, we require enough high S/N
stars to accurately calculate these two test statistics. We thus
set a minimum of 10 stars with S/N > 10 in the data run.
Any data run that does not meet this requirement is excluded
from further analysis. Visual inspection of light curves in such
data runs indicate that there are very few stars, and the S/N is
compromised, usually by very bright sky during a full moon.
These data runs are not expected to contribute significantly
to our effective sky coverage, so we lose little by excluding
them from the final results. Furthermore, as will be discussed
in Section 3.2.4, most of the stars in these data runs will end up
being excluded anyway.

3.2.3. Detection of Multipoint Occultation Events

The rank product statistic described in Section 3.2.1 only
works on one rank tuple at a time. This has the disadvantage
of being inefficient at detection of longer duration occultation
events (such as objects with D = 5 km, scattered disk or Oort
Cloud objects beyond 100 AU, or events measured at large
opposition angles). However, as was shown in Coehlo (2010)
and discussed in Lehner et al. (2010), if we replace a stationary
light curve with a moving average of the form

5= b ), ©)

w

where £; is the light curve after high-pass filtering and w is the
rolling average window size, then the resulting light curve will
also be stationary, and the rank product statistic will still be
applicable. By applying a moving average, we can increase the
significance of any candidate event since the average light curve
will exhibit a more significant drop in the measured flux when
the averaging window is centered on the event.

(15)
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The effect of using different window sizes is illustrated in
Figures 3 and 4, which show the results of the application of
moving averages on actual light curves with simulated events
added in. (Note that these simulated events include diffraction
effects that are not strongly evident in the light curves due to the
fact that they are integrated out with the 5 Hz sampling cadence.)
We have used three different window sizes w = 2, 3, and 5, in
order to optimize our detection efficiency. We also looked at the
light curves with no average applied, which we will refer to as
using a window size w = 1 in order to simplify the discussion.
For the 1 km diameter simulated event, we detect the event using
w =1, 2, and 3. For such a small object, using w = 5 smoothes
out the signal, while amplifying other small fluctuations, so that
the event does not pass the cuts. For the 3 km and 8 km diameter
objects, the events are detected only with w = 1 and 2. For
the 30 km object, which is longer in duration than the other
simulated events, the signal is not detectable for w = 1, but it is
detected with w = 2, 3, and 5. (Note that for each diameter, we
have used different light curve sets to add the simulated events.
These example light curve sets have different S/N values, and
thus no comparison should be made between the relative filter
strengths among the different diameters.)

It is clear that the different window sizes increase the
sensitivity to different size objects. However, while the effective
sky coverage of the survey can be increased by using a wide array
of window sizes, this will also increase the false positive rate
(Lehner et al. 2010). Running each multiple window size on each
light curve set is not an independent test, given that events can be
detected using more than one window size, as demonstrated in
Figures 3 and 4. It follows that any false positive event could be
detected multiple times using different window sizes. However,
given that we do not know the underlying distribution of flux
values in the data set, we cannot estimate the rate at which
this may occur. Therefore, instead of estimating the true false
positive rate, we can only set an upper limit on the false positive
rate by assuming that searching for events in a light curve set
after applying the moving average is a completely independent
test for each value of w. If we have a total of Ny, window sizes,
we thus modify Equation (4) as

0.25

P(Z = .
(Z > z) NiNo

(M

So the more window sizes that are used, the tighter the detection
threshold must be. The optimization of the selection of the
window sizes used in this analysis will be discussed in Section 4.

Note that the data quality tests described in Section 3.2.2
must be reapplied for each window size w. As shown in Lehner
et al. (2010), application of the moving average can highlight
small correlations between the telescopes that are insignificant
in the unaveraged data. Therefore, using larger window sizes
will require removing more data runs from the analysis. In cases
where we use more than one window size, we always choose to
be conservative and remove the union of data sets that would be
rejected using each value of w.

3.2.4. Signal-to-Noise Ratio Cuts

The final cut we apply to our data set is to set a threshold on
S/N of each light curve set. The goal of this cut is to exclude
stars which provide little sensitivity to occultation events, yet
still contribute to the total number of tuples Ny, which tightens
the selection threshold (see Equation (7)). This is illustrated
in Figure 5, which shows the total distribution of S/N values
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Figure 3. Light curves with simulated occultation events from 1 km (top) and 3 km (bottom) diameter objects added in, before and after application of the moving
average. In each panel, the top light curve is the simulated event, the second light curve has no moving average applied, and the next three have moving averages with

window sizes 2, 3, and 5, respectively.

for every light curve set in the data set, as well as the S/N
distributions of stars for which simulated events are recovered
for 1 km, 8 km, and 30 km objects. It is clear that there is little
contribution to our effective sky coverage for S/N < 5. Also
shown is the detection efficiency for the same diameter objects
versus S/N. As expected, the detection efficiency drops off at
low S/N values, especially for the smaller objects.

The exact value of S/N to use as a threshold depends on many
factors, especially the set of moving average window sizes that
will be used. This optimization is discussed in Section 4.

4. RESULTS

We searched through our data set, using moving average
window sizes of 1, 2, 3, and 5 (and every combination thereof) as
well as S/N cuts of 0, 1, 2, 3,4, 5, 6, and 7. For each combination
of window size and S/N threshold, the detection threshold z;
was calculated as shown in Equation (7). In all cases, no events
were found in the data set so the next step in the analysis was to
measure our effective sky coverage and optimize the selection
of moving average window sizes and S/N cut.

The total number of events expected in the survey is given by

dn
Neg = / o Qu(D)dD, ®)

(16)

where dn/d D is the differential size distribution (the number of
objects deg~2 km™! along the ecliptic), and Q. is the effective
sky coverage of the survey. We estimate Q. by implanting
a simulated event into each light curve set and seeing if it
is recovered by our selection criteria. For this simulation, we
choose a set of diameters between 0.5 km and 30 km, and for
each diameter, we implant exactly one event into each light
curve set. We assume every object is at a geocentric distance of
43 AU, since the light curve shape does not depend critically on
the distance for most objects (40-46 AU) in the Kuiper Belt. The
tests for each diameter are performed independently, so there is
never more than one event implanted into any light curve set at
any time. The effective sky coverage is calculated as

Qur(D) =)

lerec

€))

where the sum is over only those light curve sets / where the
added event was recovered, E; is the length of the light curve set
in time, vy i the relative transverse velocity between the Earth
and the KBO, A is the geocentric distance to the KBO (again,
fixed to a constant value of 43 AU), and H is the event cross
section. We estimate H as

H(D, A, 6,) ~ [QV3FY2+ D[P +0,A,  (10)
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Figure 5. Top panel: histogram of S/N values for light curve sets in the entire
data set. (For each light curve set, the minimum S/N among all telescopes is
used for the histogram.) Lower panels: S/N values of recovered events from our
efficiency simulation for 1 km, 8 km, and 30 km objects (solid histogram). Also
shown, using the right vertical axis, is the detection efficiency vs. S/N (dotted
lines).
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Figure 4. Same as Figure 3, but for 8§ km (top) and 30 km (bottom) diameter objects.
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where 6, is the angular size of the target star and F is the
Fresnel scale, which is included to account for the minimum
cross section of an event due to diffraction (Nihei et al. 2007).
To optimize the selection of window sizes and S/N cut,
we looked at the resulting values of Q. for every possible
combination. There is no clear optimum set of cuts, so we
decided to optimize our selection based on three criteria.

1. Minimize the upper limit of the slope g at the small end of
the size distribution, assuming a power-law size distribution
anchored at the break diameter of 90 km and a cumulative
surface density at the break diameter of 5.4 deg~? (Fraser
& Kavelaars 2009; Schlichting et al. 2009).

2. Maximize the sensitivity at D = 1 km, where Schlichting
et al. (2009, 2012) claimed the detection of two KBOs.

3. Maximize the sensitivity at D = 30 km in order to bring
our upper limit as close as possible to the current direct
detection limits (Bernstein et al. 2004; Fuentes et al. 2009;

The best results came from using cuts on S/Ns of 3, 4, and

5. The results are summarized in Table 2. We found that the

upper limit on the slope g did not vary significantly as long as
we limited ourselves to two window sizes, and included w = 1.
The combination of w = 1 and 2 and a minimum of S/N > 3
gave the largest effective sky coverage at 1 km; however, this

was particularly bad at 30 km. The best result at 30 km came

(17)
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Table 2
Results from Using Different Window Sizes and S/N Cuts
Window Sizes S/N Cut Tuples %t q Qef Qetr
(D = 1km) (D = 30km)
1 and 2 3 9.49 x 10° 1.32 x 1071 3.82 (3.590 % 0.053) x 1077 (2.788 £ 0.011) x 1073
1 and 2 4 7.13 x 10° 1.75 x 10711 3.81 (3.703 + 0.054) x 1077 (2.577 £ 0.010) x 1073
1and 2 5 5.63 x 10° 222 x 1071 3.82 (3.806 % 0.055) x 1077 (2.277 £ 0.010) x 1073
1 and 3 3 9.14 x 10° 1.37 x 1071 3.82 (3.467 £ 0.053) x 1077 (5.065 + 0.014) x 107>
land3 4 6.87 x 10° 1.82 x 1071 3.82 (3.559 £ 0.053) x 1077 (4.430 £ 0.013) x 1073
1 and 3 5 5.42 x 10° 231 x 1071 3.82 (3.657 £+ 0.054) x 1077 (3.770 £ 0.012) x 1073
land5 3 8.60 x 10° 1.45 x 10~ 1 3.84 (3.213 £ 0.051) x 1077 (5.594 £+ 0.015) x 1073
land5 4 6.46 x 10° 1.94 x 10~ 1 3.84 (3.301 £+ 0.052) x 1077 (4.824 4+ 0.014) x 1073
land5 5 5.08 x 10° 2.46 x 1071 3.84 (3.413 £ 0.052) x 1077 (4.071 £0.013) x 1073
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Figure 6. Plots of Q. vs. D for the optimum combinations of moving average D (km)

window sizes and S/N cuts. The values are scaled by Qp1¢, which is Qcfr from
Bianco et al. (2010), in order to highlight the differences.

from w = 1 and 5 with S/N > 3, but this combination was not
very good for 1 km. The combinations that worked best for both
diameters was using w = 1 and 3 with S/N cuts of 3 and 4. The
resulting values of Q¢ for these four combinations are shown
in Figure 6. In the end, we opted for using w = 1 and 3 with a
threshold of S/N > 3 as this is better at 30 km, and not much
worse at 1 km.

Given our final set of cuts, the resulting plot of Qg versus
D is shown in Figure 7. The points on the curve indicate
the diameters where we calculated Q. using our detection
efficiency simulation, and the curve itself is a cubic spline fit to
these values.

To set a model-independent upper limit, with no detected
events we can eliminate any model which would lead us to
expect more than three detected events at the 95% c.l. Our
model-independent upper limit is shown in Figure 8 along with
results from other occultation surveys and direct searches. We
note that our upper limit at D = 1 km is a factor of 4.5 below
that reported by Schlichting et al. (2012), but it is also a factor of
6.7 higher than their lower limit based upon their two reported
events. Therefore, even though we found no events at 1 km
(despite the fact that our efficiency simulation for 1 km diameter
objects showed that we are in fact sensitive to events similar to

(18)

Figure 7. Qg vs. D using our final selection criteria of w = 1 and 3 and
S/N > 3. Also shown for comparison are the previous TAOS results from
Bianco et al. (2010; dotted line) and Zhang et al. (2008; dashed line).

those detected by the Hubble Space Telescope (HST) survey),
our limit is thus still consistent with their published result.

We also calculate upper limits on the small KBO size
distribution assuming it follows a power law anchored at the
detected break at D = 90 km. We use Equation (8) to calculate
the number of expected events as a function of slope g.
The results are shown in Figure 9. We use two values for
the surface density at D = 90 km, which normalize the size
distribution for smaller diameters. Using the value reported by
Fraser & Kavelaars (2009) of Np-goxm = 5.4 deg’2 yields a
95% c.1. upper limit of ¢ = 3.82. In comparison, Schlichting
et al. (2009) report a slope of ¢ = 3.8 & 0.2 based on
their claim of two detections at D = 1 km, assuming the
inclination distribution of small KBOs follows that of the larger
(D > 100 km) objects (Elliot et al. 2005). The second value
we use iS Np-gokm = 38.0 deg’2 as reported by Fuentes et al.
(2009). This results in a 95% c.1. upper limit on g of 3.34.

5. FUTURE PLANS

After seven years of observations, it would only be of
marginal value to continue the survey in its present form so at
the end of the data set discussed in this paper, we shut down the
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Figure 8. Solid line: 95% c.1. upper limit on cumulative surface density vs.
diameter D (bottom axis) and R magnitude (top axis, assuming an albedo of 4%
and a distance of 43 AU) from current TAOS data set. Dotted lines: 95% c.1.
upper and lower limits on surface density from Schlichting et al. (2012). Cross
and error bar (S12): surface density reported by Schlichting et al. (2012). (Note
that this is not strictly model independent because it is based on a power-law
model. However, the result does not depend very strongly on the assumed slope.)
Solid squares (RXTE): upper limit (right point) reported by Liu et al. (2008) and
the best-fit surface density (left point) reported by Chang et al. (2007) from an
occultation search through RXTE observation of Sco X-1. Solid triangles (PS):
upper limits reported by Wang et al. (2010) using Pan-STARRS guider images.
Empty triangle (BKW): upper limit reported by Bickerton et al. (2008) using
the 1.8 m telescope at DAO. Empty circles (MMT): upper limits reported by
Bianco et al. (2009) from analysis of trailed images obtained with the MMT.
Upside down empty triangle (R06): upper limit reported by Roques et al. (2006)
from high-speed imaging using the 4.2 m Herschel Telescope. Empty square
(HST): upper limit reported by Bernstein et al. (2004) from a direct survey
using the HST. Solid circle (FGH): surface density reported by Fuentes et al.
(2009) from a direct search using Subaru. Star (FK): surface density reported
by Fraser & Kavelaars (2009) from a direct survey using Subaru. (Note that
Fraser & Kavelaars (2009) assume an albedo of 6% and a distance of 35 AU,
so they claim that the point plotted at R = 27.875 corresponds to a diameter
D = 15 km.) Lines and box labeled CB, P, and SD: required surface density for
the Classical Belt (Levison & Duncan 1997), Plutinos (Morbidelli 1997), and
Scattered Disk (Volk & Malhotra 2008), respectively, to be the source for the
observed distribution of Jupiter family comets.

6

Figure 9. Number of expected events vs. slope ¢. Solid line: number of expected
events using a surface density of Np-ooxm = 5.4 deg™2, as reported by Fraser
& Kavelaars (2009). Dashed line: number of expected events vs. slope ¢, using a
surface density of Np~9okm = 38.0 deg_z, as reported by Fuentes et al. (2009).
Since no events were found, any model predicting more than three events (dotted
line) is excluded at the 95% c.l.
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system for a camera upgrade. Each new camera, manufactured
by Spectral Instruments, utilizes a CCD47-20 frame transfer
CCD from e2v. With the new cameras, we can image with a
readout cadence of just under 10 Hz if we use 2x2 binning. The
CCDs are 1kx 1k with 13 um pixels, as opposed to the 2k x 2k
imagers with 13.5 um pixels used to collect the current data set,
so 77% of the field of view is lost. However, by moving away
from zipper mode to full-frame imaging, our S/N increases
significantly and we estimate that our limiting magnitude will
increase from R = 13.5 to 15. We thus expect to be able to
monitor a similar number of stars. Given the higher readout
cadence, we become significantly more sensitive to objects with
D < 1 km. Observations with these new cameras began in 2012
November.
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ABSTRACT

We report the spectrophotometric, photometric, and imaging monitoring results of comet 103P/Hartley 2 obtained
at the Lulin (1 m), Calar Alto (2.2 m), and Beijing Astronomical (2.16 m) observatories from 2010 April to
December. We found that a dust feature in the sunward direction was detected starting from the end of September
until the beginning of December (our last observation from the Lulin and Calar Alto observatories). Two distinct
sunward jet features in the processed images were observed on October 11 and after October 29 until November 2.
In parallel, the CN images reveal two asymmetrical jet features which are nearly perpendicular to the Sun-nucleus
direction, these asymmetrical features imply that the comet was in a nearly side-on view in late October and early
November. In addition to the jet features, the average result of the C,-to-CN production rate ratio ranges from
0.7 to 1.5, consistent with 103P/Hartley 2 being of typical cometary chemistry. We found that the r, dependence
for the dust production rate, Afp (5000 km), is —3.75 £ 0.45 before perihelion and —3.44 + 1.20 during the
post-perihelion period. We detected higher dust reddening around the optocenter and decreased reddening along
the sunward jet feature. We concluded that higher dust reddening could be associated with strong jet activity while
lower dust reddening could be associated with the outburst or might imply changes in the optical properties. The

doi:10.1088/0004-6256/146/1/4

average dust color did not appear to vary significantly as the comet passed through perihelion.

Key words: comets: individual (103P/Hartley 2) — dust, extinction

Online-only material: color figures

1. INTRODUCTION

Comet 103P/Hartley 2, hereafter referred to as Hartley 2,
was first spotted by M. Hartley on 1986 March 16. It has a
semimajor axis of a = 3.47 AU, eccentricity e = 0.695, in-
clination i = 13.617, and an orbital period of 6.46 yr. Its low
eccentricity made it a suitable target for the extended mission
of NASA’s Deep Impact spacecraft after the impact experi-
ment at comet 9P/Tempel 1 on 2005 July 4. The mission to
Hartley 2 was renamed EPOXI and given two missions, Ex-
trasolar Planet Observation and Characterization and Deep Im-
pact Extended Investigation. The EPOXI flyby observations at
a closest distance of 694 km on 2010 November 4 provided
a wealth of information on the outgassing activity, shape, and
surface structure of this small Jupiter-family comet (A’Hearn
et al. 2011). For example, the strong outflows of the CO;-rich
jet from the Sun-lit end of the bowling-pin shape and the
H,O-rich jet in the waist region came as surprises. How are
these out flows connected to the large-scale jet structures ob-
served in the coma? How would the outgassing process be
modulated by the rotation of the comet nucleus? In fact,
based on the time variability of the CN coma morphology and
millimeter/submillimeter spectra, the rotation period of
Hartley 2 has been found to be increasing from 16.7 hr in 2010
August to 18.4 hr in the first half of November and then to nearly
19 hr in late November (Drahus et al. 2011; Samarasinha et al.
2011; Knight & Schleicher 2011; Meech et al. 2011; Waniak
et al. 2012). Such time variations of the nucleus rotation period,

* Based on observations collected at the Centro Astronémico Hispano
Aleman (CAHA) at Calar Alto, operated jointly by the Max-Planck Institut fiir
Astronomie and the Instituto de Astrofisica de Andalucia (CSIC), at Lulin
Observatory operated by the Institute of Astronomy, National Central
University in Taiwan, and at Xinglong Station inaugurated by the National
Astronomical Observatory (BAO), Beijing.
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together with the close-up measurements from the EPOXI mis-
sion, demonstrate the complex nature of the surface outgassing
process.

In anticipation of the scientific opportunity to compare
the large-scale coma structures and gas production rates of
Hartley 2 with the EPOXI results, we conducted a long-
term monitoring program from 2010 April to December using
imaging with both broadband and narrowband filters, and
long-slit spectrophotometry. This cooperative effort involved
observations at the Lulin Observatory in Taiwan, the Calar
Alto Observatory in Spain, and the Beijing Astronomical
Observatory in China. The paper is organized as follows. In
Section 2, we explain the observational procedures, instruments,
and analysis methods. In Section 3, the derived morphology
and gas production of the CN coma and jets are described.
In Section 4, we describe the dust jets and the structure of
the dust coma during this period. A summary of the major
characteristics of the large-scale structures of the gas and dust
comas of Hartley 2 is given in Section 5.

2. OBSERVATIONS, INSTRUMENTS,
AND DATA ANALYSIS

Imaging. The bulk of the photometric imaging observations
was done using the Lulin One-meter Telescope (LOT) at Lulin
Observatory. In our first image of Hartley 2 on 2010 April
24 when the comet was 2.42 AU away from the Sun and
2.36 AU from the Earth, only a diffuse coma 5” in diameter
was visible in a 10 minute exposure. There was no tail feature.
In the monitoring program, an Asahi R broadband filter and
the narrowband filters of the Roserta filter set were used. The
specifications of these narrowband filters are given as A./AA
both in nm, A, being the central wavelength and AA the band
width: CN (387/5 nm), C, (512.5/12.5 nm), blue continuum
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Table 1
Log of Observations

Date UT I A PA o4 Pix Scale Data Obs. Sky
Apr 24 19:56-20:17 2.424 2.363 256.2 242 884.4 R Lulin Phot.
May 11 18:39-18:48 2.283 2.026 252.1 26.3 758.2 R Lulin Phot.
May 15 18:58-19:10 2.249 1.948 251.0 26.7 729.1 R Lulin Part. cloudy
May 16 19:07-19:36 2.240 1.928 250.8 26.8 721.6 R Lulin Part. cloudy
May 20 18:34-18:56 2.206 1.851 249.7 27.1 692.7 R Lulin Part. cloudy
Jul 14 17:01-18:40 1.721 0.924 226.9 29.0 345.8 R Lulin Part. cloudy
Jul 14 23:00-23:49 1.719 0.921 226.7 29.0 354.0 R CA Phot.
Jul 22 01:25-02:36 1.656 0.825 221.7 29.0 316.1 R CA Part. phot.
Jul 30 02:22-02:55 1.585 0.725 215.2 29.2 278.7 R CA Phot.
Aug 1 17:30-18:42 1.562 0.694 2129 29.3 259.7 R Lulin Phot.
Aug 19 14:00-20:15 1.409 0.503 195.5 31.1 188.3 R Lulin Part. cloudy
Aug 20 01:33-01:44 1.406 0.500 195.1 31.1 192.2 R CA Phot.
Aug 20 13:17-20:01 1.402 0.494 194.5 31.2 184.9 R Lulin Phot.
Aug 21 19:27-20:43 1.392 0.483 193.3 314 180.8 R Lulin Phot.
Aug 25 22:46-00:23 1.359 0.445 189.3 32.3 174.5 R,S CA Phot.
Aug 29 18:37-19:09 1.329 0.412 185.6 333 154.2 R Lulin Part. cloudy
Sep 2 02:23-02:27 1.304 0.384 182.7 342 147.6 R,S CA Part. phot.
Sep 14 00:35-00:57 1.219 0.293 175.1 383 109.2 R,S CA Phot.
Sep 29 14:45-20:51 1.130 0.192 182.1 442 71.9 R Lulin Phot.
Sep 30 13:55-20:06 1.125 0.186 183.8 44.6 69.6 R Lulin Phot.
Oct 2 17:55-18;05 1.116 0.175 188.3 453 65.5 R Lulin Part. phot.
Oct 3 15:21-15:30 1.112 0.170 191.1 45.6 63.6 R Lulin Part. phot.
Oct 9 14:40-17:55 1.090 0.143 211.7 477 S BAO Part. phot.
Oct 10 12:32-18:45 1.087 0.140 2159 48.0 52.4 R+N Lulin Phot.
Oct 11 15:08-19:00 1.083 0.136 220.3 484 S BAO Phot.
Oct 11 13:05-21:08 1.083 0.136 220.3 48.4 50.9 R+N Lulin Phot.
Oct 15 00:28-02:18 1.077 0.129 230.9 494 48.8 R,S CA Part. cloudy
Oct 18 04:38-05:10 1.068 0.122 248.1 514 46.9 R,S CA Phot.
Oct 19 22:32-23:15 1.065 0.121 254.4 52.5 46.5 R,S CA Part. phot.
Oct 22 02:39-03:13 1.062 0.121 261.0 53.8 46.5 R, S CA Phot.
Oct 25 03:53-04:38 1.060 0.125 268.6 55.6 47.6 R CA Part. cloudy
Oct 25 18:09-18:39 1.059 0.126 269.8 55.9 472 R+N Lulin Phot.
Oct 26 16:09-21:24 1.059 0.128 271.8 56.4 479 N Lulin Phot.
Oct 27 16:24-26:56 1.059 0.130 273.7 56.5 48.7 N Lulin Phot.
Oct 28 17:50-21:28 1.059 0.132 275.3 57.4 494 N Lulin Phot.
Oct 29 03:06-03:20 1.059 0.133 2759 57.5 51.1 R CA Part. cloudy
Oct 29 16:24-21:00 1.059 0.135 276.9 57.7 50.5 R+N Lulin Phot.
Nov 1 19:14-21:12 1.060 0.145 280.9 58.6 54.3 R Lulin Part. cloudy
Nov 2 17:58-20:31 1.061 0.150 282.0 58.7 56.1 R+N Lulin Phot.
Nov 3 16:04-16:28 1.061 0.149 281.9 58.7 55.7 R Lulin Part. cloudy
Nov 5 18:07-21:09 1.064 0.157 284.2 58.8 58.8 R Lulin Part. cloudy
Nov 5 01:25-05:45 1.065 0.162 285.4 58.8 62.3 R, S CA Part. phot.
Nov 16 01:18-01:47 1.090 0.210 294.0 56.1 80.3 R,S CA Part. phot.
Nov 21 19:07-19:37 1.112 0.239 298.8 532 60.3 R Lulin Phot.
Dec 2 16:24-18:48 1.116 0.295 308.9 46.4 74.5 R Lulin Part. cloudy
Dec 17 17:48-20:58 1.262 0.377 326.2 36.4 95.2 R Lulin Phot.
Dec 26 23:08-00:12 1.323 0.427 338.0 313 163.7 R,S CA Phot.

Notes. A and ry, are the geocentric and heliocentric distances in AU; PA is the extended Sun-target radius vector as seen in the observer’s
plane-of-sky, measured from north toward east. « is the phase angle (Sun-comet-observer angle). R is the broadband filter, N is the

cometary filter set, and S refers to long-slit spectra.

(BC; 443/4 nm), and red continuum (RC; 684/9 nm). Because
of the consideration of the signal-to-noise ratio (S/N), the
narrowband filters were used only in October and on November
2 just before the EPOXI close encounter. The camera used
on LOT from April to November was PI 1300B, which has
a pixel scale of 0.516 arcsec and a field of view (FOV) of
11.2 x 11.6 arcmin. In 2010 late November, there was a cooling
problem with PI1300B. We therefore switched to a U42 CCD
which has 2k x 2k pixels and a FOV of 12.17 x 11.88 arcmin. The
telescope was always operated with non-sidereal tracking so as
not to produce a trail in the comet images. Typical integrations

(22)

were 600 s—900 s for the narrowband filters and 30 s—300 s for
the broadband R filter.

Table 1 is the observational log of our program. Standard
data reduction procedures were applied, beginning with dark
current subtraction and a flat-field correction of all image frames
and followed by the subtraction of the night sky contribution.
For the observations obtained before late September, the night
sky levels were determined directly from areas of the CCD
frames that did not contain contributions from the cometary
emission. However, the sky-background of those images taken
from late-September to early-November was influenced by the
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cometary coma. Therefore, we took sky background images
positioned about 0.5 deg away from the comet center. The
extinction coefficients of the narrowband and broadband R filters
were determined for all nights with photometric sky conditions,
using photometric stars like Feige 110 and GD71 observed at
different air masses during the night. For example, the first
order extinction coefficient (in units of magnitudes per air mass)
measured with Feige 110 at air masses ranging from 1.1 to 1.7 for
the R filter on October 29 is 0.10. For the CN and C, filters, the
corresponding values are 0.39 and 0.14, respectively. These data
were used to convert the measured counting rates into physical
units; details are described in Lin et al. (2007b). Because the
CN images contain a 29% contribution from the continuum in
the blue range while the C, images contain as much as a 93%
contribution, the net CN and C, gas coma images need to go
through the subtraction procedure according to the following
formulas: CN = CNgps — 0.29 BCops, C, = C‘z’bS — 0.93 BCyps.

In addition to the Lulin observations, the coma activity of
103P/Hartley 2 was also monitored continuously in the R-band
from the Calar Alto Observatory (near Almeria, Spain) from
2010 July 14 to December 26 (see Table 1). We used the CAFOS
imaging camera (2k x 2k pixels, pixel size: 0753, FOV 18’ x 18'),
which was mounted on the 2.2 m telescope. In our observations,
only the central 1k x 1k pixels were used, thus providing an
FOV of 9 x 9. Appropriate bias and flat field frames were taken
each night. If photometric conditions prevailed, photometric
standard stars were observed at air masses similar to those of
the comet observations. Table 1 contains the observations log
for the complete data set. Note that a large number of nights
listed in Table 1 were used for the Afp estimation; some of
these nights were not used to enhance the structures in the coma
because the S/N was too low.

Spectroscopy. Spectroscopic measurements were planned
once every month using CAFOS with the B400 grism (see
http://www.caha.es/alises/cafos/cafos22.pdf) which renders a
spectral range between 3200 and 8800 A with a wavelength scale
of 9.4 A pixel~". The slit of the spectrograph was oriented in the
north—south direction, giving dust and gas profiles at different
cross-cuts through the coma, depending on the position angle
(PA) of the Sun-comet vector on the sky. For absolute calibra-
tion, observations of appropriate spectrophotometric standard
stars were acquired. All comet observations were done with
telescope tracking on Hartley 2. With the exception of 2010
November 5, all observations were done in service mode of the
Calar Alto Observatory. Details on the images and spectra re-
duction and calibration can be found in Lara et al. (2001, 2011b)
and they will not be repeated here. If the gas coma covered the
whole slit, the sky level was estimated from the edges of the
frame. Otherwise, the background could be measured directly
by using regions near the edges of the frame.

Besides spectra obtained from the Calar Alto Observatory,
spectroscopic observations were also performed on October 9
and October 11 at the Beijing Astronomical Observatory us-
ing the 2.16 m telescope in the spectral range between 3600 A
and 8400 A at a dispersion of 4.8 A pixel~!. The spectroscopic
data were reduced following the standard procedures including
bias and flat-field corrections and cosmic ray removal. Wave-
length calibration was performed based on helium—argon lamps
exposed at both the beginning and the end of the observa-
tions every night. Flux calibration of all spectra was conducted
based on observations of at least one of the spectral standard
stars, i.e., HD19445. The atmospheric extinction effect was cor-
rected by the mean extinction coefficients measured by the
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Beijing—Arizona-Taiwan—Connecticut multicolor survey. See
Lin et al. (2007a) for more detailed information.

3. GAS COMA MORPHOLOGY AND PROPERTIES
3.1. CN Jets

In order to study the visibility of faint structures of the gas
coma of comet Hartley 2, an image enhancement technique was
applied to the present set of images. The method used here is
the azimuthally averaged profile division, a detailed description
of which can be found in Lin et al. (2012). This method was
applied to all images taken in the CN filter, in continuum filters,
and in the R-band filter.

To estimate the rotational phase from the CN morphology,
a lot of observing data have to be acquired on consecutive
nights. However, the images obtained in our observing nights
with less temporal coverage were not enough to estimate and
display the rotational period due to snapshot observations, poor
weather, and telescope tracking problems. We therefore use the
known periodicity to estimate the rotational phase in our images.
However, we face several problems: a non-principal axis rotation
of comet Hartley 2 and a rapid change of the viewing geometry
might cause different periodicities between rotational cycles. A
specific phase is really only applicable to a short stretch of data
if we adopt a known periodicity such as 18.15 hr in mid-October
and 18.7 hr in early November from Knight & Schleicher (2011)
or 18.22 hr around perihelion from Harmon et al. (2011). Note
that those ground-based observations have error bars between
0.01 and 0.3 hr. The most robust rotation period at present is
from the EPOXI spacecraft light curve given in Belton et al.
(2013). This light curve gives a spin period of 18.40 hr at the
spacecraft’s encounter and states that the period was increasing
by 1.3 minutes day~!. As the data acquired with the Rosetta
filter set spread around one month, it is appropriate to use the
midpoint of the observational time interval for this period of
time. We extrapolate the rotation period back to the midpoint
assuming the rotation period was steadily changing during this
time frame. Therefore, the rotation period quoted in this work
is 18.11 hr on October 21.5 UT, which refers to the midpoint of
the October 10-November 2 data. The zero phase is set at 11:40
UT on 2010 October 10.

In Figure 1, we can see that the morphology of the CN coma
extended almost perfectly along the east—west direction in early
October and along the north—south direction around Hartley 2’s
perihelion. The CN images all show clear asymmetries before
performing the image enhancement. One of these unprocessed
CN images is shown as a contour plot in Figure 1 (top left panel).
The variations in the CN jet features in between early October
and its perihelion are related to the spin period of the comet
nucleus, the changing viewing geometry, and non-principal
axis rotation, as has already been reported by Samarasinha
et al. (2011), Knight & Schleicher (2011), Lara et al. (2011a)
and Waniak et al. (2012). The processed CN images from the
observations between October 11 and November 2 revealed two
jets in the coma of comet Hartley 2. The CN jet features nearly
perpendicular to the Sun-tail direction not only varied smoothly
during a night but showed similar morphologies near the comet’s
perihelion even though the rotational state was different.

We compared the morphologies of the CN jet features
with those presented by Knight & Schleicher (2011), and
Samarasinha et al. (2011) and found that the CN jet features of
Hartley 2 did not show the spiral-like structure in early October
but were compatible with the observations obtained by Knight
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Figure 1. CN images after the dust continuum was removed were enhanced by dividing by an azimuthal median profile. The rotational phase is given in the bottom
right corner of each image (see the text for details). The original image (top left) obtained on November 2 is shown with contours overplotted in green. The Sun symbol
and arrow indicate the projected direction toward the Sun. North is up, east is to the left. The field of view is 3/44 x 344 and a scale bar is shown at the bottom left
corner. The images are centered on the optocenter and the color code stretches to white representing the brightest areas and to black representing the darkest areas.

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

& Schleicher (2011) and Lara et al. (2011a) in late October.
The reason could be the observing geometry, i.e., whether it
is observed face-on or side-on. Knight & Schleicher (2011)
confirmed this effect from images that revealed face-on spiral
structures in August and September. Furthermore, we found
these two CN jet features to be asymmetrical. One of them
is always brighter than the other, possibly because it is facing
toward the Earth. For example, the southern jet of the images
obtained from October 25 to October 27 is slightly stronger than
the northern jet of those images. Such asymmetrical features
have also been reported in earlier works by Samarasinha et al.
(2011), Lara et al. (2011a), and Waniak et al. (2012).

3.2. Gas Production Rates

In order to determine the gas production rates, the mean
radial emission profiles of CN and C, were derived from the
continuum-subtracted images. These profiles were also used
with the spectra acquired at the Calar Alto Observatory and the
Beijing Astronomical Observatory to investigate the CN, Cs, C,,
and NH, profiles in the north—south direction and to derive the
production rates of these gaseous species. The spectral regions
and the subtraction of the underlying continuum in the gas
emission bands were done as described by Laraetal. (2001). The
conversion of the emission-band fluxes into column densities
made use of fluorescence efficiency factors (g-factors) for Cs,
C,, and NH; (A’Hearn et al. 1995), whereas the g-factors of
the CN molecule were calculated for the heliocentric distance
and velocity of 103P/Hartley 2 on every date from the set of
values given by Schleicher (2010). The gas production rates
were obtained by means of the (Haser 1957) model for isotropic
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emission of cometary neutral molecules and their daughter
molecules and radicals. The parameter used for the parent
velocity is v, = 0.85 r}:o.s kms~' (Fray et al. 2005) and for
the daughter velocity itis 1 kms~!. For the corresponding set of
parameters in the Haser model, we produced theoretical column
density profiles for each species by varying the production
rate until the best match between observations and theoretical
predictions was achieved. The results of nightly averages for
Q(CN), Q(C3), Q(C,), and Q(NH,) are summarized in Table 2.
Table 2 also contains the average gas production rates obtained
from the images acquired in one night together with the aperture
size we have considered to derive Q. The variation of production
rates seen in multiple measurements during a night were less
than 5%; this variation is reflected in the uncertainties in Table 2.
We have fewer measurements of Q(C,) as there were tracking
problems at LOT from October 10-11 to October 25-27. Long-
slit spectroscopic measurements could provide Q(C,) at other
dates thus spanning larger heliocentric distances.

Our Lulin, BAO and CA results in Table 2 show that there
is no significant variation in Q(CN) from mid-October to early
November. This result is consistent with the Lara et al. (2011a)
and Mumma et al. (2011) results that assumed that HCN is
the main parent species of CN and that the expected variation
of Q(HCN) around perihelion is not very large. Note that we
used the mean radial profile to estimate the gas production rate
from the images obtained from Lulin Observatory. However,
if we averaged the radial profile in the north—south direction
where the CN jet feature exists, the derived Q(CN) would be
larger by a factor of two to three compared with the azimuthally
averaged radial profile. Figure 2 shows the logarithm of the



THE ASTRONOMICAL JOURNAL, 146:4 (9pp), 2013 July

LiN, LARA, & IP

255
= This Work CN
O Laraetal 2011
O Knightetal. 2012‘ B
g
. |
‘» 2504 pre-perihelion o post-perihelion
2 — e
§ .
2 [ ]
£ B
o
(=]
2 245 B
B
T T T T TA T T T 1
20 15 1.0 15 20
r,(AU)

2551 ®  Thiswork . Co
O Laraetal.2011 ®
Knight etal. 2012 I i
~ 5'6
" re-perihelion ost-perihelion
@ 250{ PR uf poT ey
[
o
2 g B
o o
2 =
8
24.5- : o
B
/
T T T T 74 T T T T "
20 1.5 1.0 15 20
r(AU)

Figure 2. Log of production rates for CN (left) and C (right) plotted as a function of the heliocentric distance. Different symbols come from different data sets: filled
square symbols refer to results presented here; open square symbols are taken from results in Knight & Schleicher (2013); and the open circle symbols come from
Lara et al. (2011b). “//” refers to a break in the heliocentric distance from —0.1 AU (pre-perihelion) to 0.99 AU (post-perihelion).

Table 2
Gas Production Rates of Comet 103P/Hartley 2

Date UT Observatory Aperture CN C Cs NH, Q(C2)/Q(CN)
Sep 14 00:35-00:57 CA 5.82+0.13 7.28 +1.03 0.37 £ 0.05 X

Oct 9 14:40-17:55 BAO 21.9+4.78 234+524 4394094 44.4£9.70 1.07 £0.11
Oct 10 12:32-18:45 Lulin 4.01 6.57 +0.93 X X X

Oct 11 15:08-19:00 BAO 21.2+3.57 243+410 4374074 44.0 £7.38 1.15£0.11
Oct 11 13:05-21:08 Lulin 4.00 932+ 1.37 X X X

Oct 18 04:38-05:10 CA 21.4+3.56 14.8 £ 1.57 1.34 £0.02 3524141 0.69 £ 0.04
Oct 18 04:38-05:10 CA 21.2+1.39 15.1 +£3.99 1.334+£0.002 469+0.97 071 £0.29
Oct 22 02:39-03:13 CA 2024290 246+ 1.57 1.56 £+ 0.05 X 1.22 +0.05
Oct 25 18:09-18:39 Lulin 3.62 182+ 3.1 X X X

Oct 26 16:09-21:24 Lulin 3.66 20.1+£54 X X X

Oct 27 16:24-26:56 Lulin 3.82 12.7+2.7 X X X

Oct 28 17:50-21:28 Lulin 3.98 189+32 27.8+53 X X 1.47 £0.17
Oct 29 16:24-21:00 Lulin 3.99 21.8 3.6 31.6+54 X X 1.45 £ 0.15
Nov 2 17:58-20:31 Lulin 4.17 203 +3.1 220+32 X X 1.07 £0.10
Dec 26 23:08-00:12 CA 7.54 +0.13 9.64 + 1.6 0.29 £+ 0.05 X 1.29 +1.23

Notes. Apertures are provided in log units of km. The unit in all gas production rates is 1

production rates of CN and C, as a function of heliocentric
distance (r;,). The data points include those obtained by Lara
et al. (2011a), Knight & Schleicher (2013), and the Lulin and
CA results (this work) for pre-perihelion and post-perihelion
observations during the 2010 apparition. We used linear fitting
in log—log space to estimate the slope of the r;, dependence of
the gas production rate, Q ~ r; *. The slopes () of CN and
C, are 4.57 and 4.84 before perihelion and 3.21 and 3.42 after
perihelion, respectively. These slopes are significantly steeper
than the average value estimated for Jupiter-family comets,
ie., O(gas) ~ rh_z‘7 (A’Hearn et al. 1995). In addition, the
average C,-to-CN production rate ratio is 0.7-1.5, classifying
103P/Hartley 2 as typical in terms of cometary chemistry as
defined by A’Hearn et al. (1995). Our measurement is consistent
with results from spectroscopic observations (Lara et al. 2011a)
and narrowband photometry observations (Knight & Schleicher
2013).

4. DUST COMA MORPHOLOGY AND PROPERTIES
4.1. The Jet Feature in the Dust Coma

We describe the morphology and evolution of the coma
structures that can be treated with routine procedures, i.e., the

0%* molecules s!.

Larson—Sekanina algorithm (Larson & Sekanina 1984). In case
of doubt, we used additional techniques, such as azimuthal me-
dian profile division and the Adaptive Laplace filter (Bohnhardt
& Birkle 1994), to clearly separate morphological features from
artifacts. Figure 3 compares observations from October 11 of the
jet structure and dust tail using three different image enhance-
ment methods: (1) Larson—Sekanina filtering, (2) the azimuthal
median profile, and (3) adaptive Laplace filtering. In spite of
some differences in their appearances, the presence of two jets
in the sunward quarter is common to all numerical treatments.
It is therefore clear that the jet features are real and not artifacts
associated with the image processing procedures.

Figure 4 is a summary of the R-band images enhanced
by the Larson—Sekanina filtering method to bring out the
inhomogeneous structures in the dust coma of 103P/Hartley 2.
It can be seen that from 2010 April until July no clear sign of
dust features could be found. However, beginning on August 1, a
dust tail with a diffuse structure (labeled T in Figure 4) began to
appear in the anti-sunward direction. On September 29, a short
jet (indicated by arrows in Figure 4) in the sunward direction
can be seen. Hereafter, this sunward jet feature can be detected
in all our images obtained at Lulin and Calar Alto observatories.
It is interesting to note that two distinct sunward dust structures

(25)
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(9] azimuthal median profile

Figure 3. Image of comet 103P/Hartley 2 obtained on 2010 October 11 with
the R broadband filter. In the top left corner, a contour plot of the original
image is shown. In (a) we display the same image after Larson-Sekanina
filtering, in (b) the image is divided by an azimuthal median profile, and in
(c) the adaptive-Laplace technique has been applied. In all of these images,
two jet features are visible. North is up, east is to the left. The field of view is
2!92 x 194, corresponding to 9200 x 6100 km at the comet distance. The
images are centered on the nucleus, the arrows point out the jets, T labels the
tail, and the streaks are trailed stars. The negatives of the star trails in panel A
are the artifacts of the resulting image being subtracted using a combination of
a 15° counterclockwise rotation and a 15° clockwise rotation. As the images
are normalized, the brightness scales from 0.95 to 1.05.

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

are visible after October 29 lasting until November 2. Around
the same time, from November 2 to November 4, Mueller et al.
(2013) also reported seeing two separate continuum features in
the sunward direction. Afterward, only a single jet could be seen
in the sunward direction. This jet became fainter and fainter as
Hartley 2’s heliocentric and geocentric distances increased. The
sunward jet features showed relatively little variation during a
night but their shape and PA slightly changed from night to
night until October 11 when two distinct jet features apparently
emerged from the sunward direction (Figure 5). In order to
examine the existence of this extremely faint jet feature and to
distinguish it from the trail of a background star, we transformed
the enhanced image into polar coordinates p— where p is
the projected cometocentric distance from the nucleus and 6
is the azimuth (PA). At several distances p from the nucleus, we
analyzed the resulting azimuthal profile. In Figure 5 (right panel)
we show the azimuthal profile at p = 5000 km. It can be seen
that this faint jet (referred to as the main feature in the figure)
appears on October 11.76 and persists until October 11.87, that
is, ~0.7 hr later (bottom panel in Figure 5). It points toward
the Sun and it does not display significant changes. On October
11.84, a new faint feature appears nearly perpendicularly to
the Sun-comet line. It is interesting to note that the PA of the
secondary jet is roughly the same as that of the CN jet features
shown in Figure 1 (pointing to the eastsouth direction in the top
middle panel). At first, one could think that icy grains mixed
with the dust grains of this weaker jet could provide the partial
fuel to the CN gas jet. However, the gas jets persist for most
of a rotation period (Knight & Schleicher 2011; Samarasinha
et al. 2011) and are clearly being released over an extended
period of time as the nucleus rotates. Thus, the CN jets cannot
mainly come from this faint jet feature if it is only active for
a few hours as found here. That switching phenomenon may
also be explained as a projection effect due to the comet nucleus
rotation.
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Figure 4. Images of comet 103P/Hartley 2 acquired with the R-band filter
and enhanced by the Larson—Sekanina algorithm. The dust sunward jet feature
sometimes appears as a straight jet but sometimes it shows multiple jet features
during a night. The jet showed minimal change in shape, position angle, and
extent from night to night. The Sun symbol and arrow indicate the projected
direction toward the Sun. North is up, east is to the left. The field of view is
292 x 1/94 and the scale bar is shown in the bottom corner. All images are
centered on the nucleus, arrows point out the jets, and T represents the tail.

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

On October 28 and 29, we obtained a series of images from
Lulin and Calar Alto observatories that provide insight into how
the sunward feature evolved throughout ~1.4 rotation cycles.
Representative images from these nights are shown in Figure 6,
with each panel enhanced by the Larson—Sekanina filtering
method. Note that the PA of the Sun during these two days is near
97°. Setting the zero phase at 11:40 UT on October 10 and using
a period of 18.11 hr (see Section 3), the rotational phase can
be easily estimated in these three images (see the bottom right
corner of the panels in Figure 6). A dust jet (Iabeled J and marked
with an arrow in Figure 6) can be seen in the sunward direction;
its shape slightly changes as the rotational phase changes from
0.22 (October 28.68 UT) to 0.82 (October 29.13 UT). Thirteen
hours later (rotational phase of 0.57, October 29.70 UT) two
dust jet features emanating in the sunward direction can be seen.
One of them, labeled J;, is close to the position of Sun (PA ~
85°) and the other, labeled J,, lies at PA ~ 130°. We consider
the possibility that the J; feature might have the same source
region as the jets in the previous two images (October 28.68
and October 29.13), since all the jets have similar PAs. Under
this assumption, the J, feature is new. Another possibility is that
the J; feature might be associated with the cometary rotational
effect, i.e., local sunrise accompanied by a temperature increase
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Figure 5. Dust jet features and tail enhanced by an azimuthal median profile
(left panels) and the corresponding azimuthal profiles obtained at p ~ 5000 km
(right panels). A sunward dust jet feature is revealed in the broadband R filter
on October 11.76 UT (top panel). Two faint dust jet features are detected using
both broadband R (middle panel) and narrowband red-continuum filters (bottom
panel) on October 11.84 UT and 11.87 UT, respectively. The straight jet pointing
toward the Sun (main feature) and the weaker one pointing nearly perpendicular
to the Sun-nucleus direction (secondary feature) are marked in the graphs.
Position angle is measured from north (up) in the counterclockwise direction
(top left panel). In the left panels, all images are centered on the nucleus, with
arrows indicating the jets and T indicating the dust tail. North is up, east is to
the left. The field of view is 292 x 1/94, corresponding to 9200 x 6100 km at
the comet distance; the Sun symbol and the corresponding arrow indicate the
projected direction toward the Sun.

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

Oct. 29.70

Oct. 28.68 Oct. 29.13

Figure 6. Time sequence of images of the comet 103P/Hartley 2 acquired from
the Lulin (left and right) and CA (middle) observatories. Dust jet features are
enhanced by Larson—Sekanina filtering. The rotational phase is given at the
bottom right corner of each image. North is up, east is to the left. The field of
view is 3’8 x 3’8 and all images are centered on the nucleus. J, J;, and J, refer
to the jets and the Sun symbol and arrow indicate the projected direction toward
the Sun.

turns that jet on. This localized temperature difference in the
regions of the waist and the Sun-lit end of the nucleus have
been addressed by Belton et al. (2013). The J, feature, which
has a collimated shape, is the persistent feature we detected on
October 28.68 and October 29.13, although its PA and shape
changed between those two dates. We note that the J, feature is
brighter than the J; feature. This higher intensity could be related
to dusty ice or to an outburst from the surface of the comet
nucleus. To understand which of these processes is responsible
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Figure 7. Afp variation as a function of heliocentric distance both pre- and
post-perihelion. Filled squares indicate the results obtained from the Lulin
Observatory (LOT) and open squares pertain to the data from the Calar Alto
Observatory. “//” refers to the break in heliocentric distance from —0.1 AU
(pre-perihelion) to 0.99 AU (post-perihelion). The error bars are not clearly
seen in this figure because they are smaller than 5%.

for the differential brightening, our images need to be interpreted
in the context of a larger image series that displays the time
evolution of the jet structure over two or more rotational periods.

On the tailward side, only the dust tail was readily visible
starting in 2010 August. The dust tail was found to point
approximately in the antisolar direction. As expected, it appears
to be curved slightly counterclockwise.

4.2. The Properties of the Dust Coma

We used Afp (A’Hearn et al. 1984) to characterize the dust
activity of the comet. The derived values acquired with the
broadband R filter from 2010 April to November are presented
in Figure 7. Except for the night of October 29, the average
values estimated every photometric night were all measured
within a projected distance of 5000 km. Note that Afp shows
a weak dependence on p, the projected cometocentric distance
from the nucleus, from 5000 km to 20,000 km and that the
variation was found to be less than approx. 5%—-8%. The reason
why we used 5000 km for the uniform radius was to reduce
the influence of star trails in the FOV. The Afp values steadily
increased with decreasing heliocentric distance, although there
was not a noticeable increase when the second jet appeared on
October 11.64 UT or at perihelion. The Afp value on October
29.77-29.85 UT increased from 155 cm to 174 ¢cm in two hours,
and at the same time the dust jet seen in Figure 6 (right panel)
was more prominent on this night than on any of the other
nights. A relatively weak secondary jet feature was also detected.
Possible causes for this deviation might include changes in the
physical properties of the grains as they traveled outward (i.e.,
loss of volatiles or fragmentation), the action of solar radiation
pressure modifying the straight trajectories of small particles
inside the FOV, or a long-lasting population of large particles
(Schleicher et al. 1998). Furthermore, the power-law index of
the r;, dependence for the dust, Afp (5000 km), is —3.75 +0.45
before perihelion and —3.44 &+ 1.20 post-perihelion. This result
is completely consistent with the result of Knight & Schleicher
(2013) when using A(6)fp.

The derived Afp values for the narrowband filter can be used
to estimate the color of the cometary dust (Jewitt & Meech 1987)
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Figure 8. Jet activity and dust color of the coma of 103P/Hartley 2. The first two columns are images acquired with the blue continuum filter centered at 443 nm (BC)
and with red continuum filter centered at 684 nm (RC), respectively. The third column shows the dust reddening computed with Equation (1). The color bar stretches
from 0% (black) to 50% (white)/100 nm. The fourth column displays the ring-masking images obtained by subtracting the RC images from an image generated with
the azimuthal average profile. North is up, east is to the left. The field of view is about 40” x 40", corresponding to 1800 km-2200 km at the comet distance depending

on the different comet heliocentric distances.

Table 3
The Dust Color Averaged within the Innermost 5000 km of the Coma

Date Color (%/100 nm)
Oct 10 9.40 £+ 0.82
Oct 11 11.50 + 0.934
Oct 25 5.06 +£0.78
Oct 26 6.36 £0.82
Oct 27 6.43 +0.87
Oct 28 11.07 £ 0.83
Oct 29 10.01 £ 0.83
Nov 2 5.56 +0.88

as the normalized gradient of the Afp product between the blue
(BC, Ao = 4430 A) and red (RC, Ao = 6840 A) continuum filters.
The dust color can be converted to a percentage of reddening
per 1,000 A and is defined by the following relation:

RCarp —BCar, 2000
6840 — 4430 RCag, + BCar,’

color =

ey

The summarized results in Table 3 indicate that the average
dust color within the innermost 5000 km of the coma did not
appear to vary significantly with heliocentric distance. This be-
havior of the averaging dust color seems to indicate that the
innermost coma does not introduce significant changes in the
size distribution and/or overall properties of dust grains. As we
found a jet feature that switches on and off from our images in
Figures 4—6, we analyzed all the flux-calibrated images acquired
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with the BC and RC narrowband filters instead of integrating
the whole flux in the innermost 5000 km. The resulting two-
dimensional dust color map can be seen in Figure 8 (the third col-
umn). Figure 8 displays the dust coma of comet 103P/Hartley 2
from October 10 to November 2 imaged in the BC and RC
narrowband filters (first two columns), the dust color map (the
third column) and the azimuthal median profile subtracted RC
filter images (the fourth column) displaying the jet activity in
the dust coma. The data presented here pertaining to October
and November indicate extreme dust reddening, with a normal-
ized color ~30%—-45% within a radius of ~50-100 km mea-
sured from the optocenter of the images. This red dust could
be associated with strong jet activity. The sunward jet feature
might give rise to higher dust abundances at closer cometocen-
tric distances (i.e., nearer the optocenter). These dust grains are
initially large with a reddening of ~30%-40%/1,000 A; while
traveling out, they split up and show less reddening at ~500 km
with a dust reddening of ~10%—15%. In comparison with the
tailward direction, the color variation is 5%-10%. The decrease
in the dust reddening means that the optical properties of the dust
grains change as the dust grains move outward. The decrease in
the reddening could be also associated with an outburst (Bonev
et al. 2002). A possible explanation for the color variation is
that the larger dust grains mixed with the icy grains dominate
the scattering behavior at close distance around the nucleus.
When these larger dust grains move outward, they break up or
sublimate into small submicron particles, resulting in a bluer
continuum due to their smaller sizes (Lara et al. 2011a).
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5. SUMMARY

We observed the comet Hartley 2 at the Lulin Observatory
in Taiwan, the Calar Alto Observatory in Spain, and the
Beijing Astronomical Observatory in China, from 2010 April
to December using both broadband and narrowband filters,
and long-slit spectrophotometry. The results are summarized
below.

1. CN morphology. The processed CN images revealed two
asymmetric jet features in the coma of comet Hartley 2.
The CN jet features detected in the images presented here
did not show the spiral-like structure seen by other authors
at earlier dates due to a different observing geometry.
One of these CN jet features always shows a higher
intensity than the other, possibly because it is facing toward
the Earth.

. Gas production rates. Our Lulin, BAO, and CA results show
that there is no significant variation of Q(CN) from mid-
October to early November. The power-law slopes of the
heliocentric distance of the gas production rate of CN and
C, are —4.57 and —4.84 before perihelion and —3.21 and
—3.42 after perihelion. The average C,-to-CN production
rate ratio is 0.7 ~ 1.5, consistent with 103P/Hartley 2
being typical in terms of C, enrichment.

3. Dust morphology. The sunward jet feature was first detected
in images acquired at the end of 2010 September. This
sunward jet does not seem to be permanent. Instead, its
morphology varies with time and two distinct jet features
are found on October 11 and after October 29 until
November 2.

4. Afp and dust color. The power-law r;, dependence of the
dust production rate, Afp (5000 km), is —3.7540.45 before
perihelion and —3.44 £ 1.20 during post-perihelion. The
higher dust reddening found around the optocenter could
be associated with a stronger jet activity. The dust color is
getting bluer outward along the sunward jet, implying that
the optical properties of the dust grains change with p. The
average dust color did not appear to vary significantly when
the heliocentric distance decreased to perihelion.

(29)
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ABSTRACT

Our star-count analysis of the Two Micron All Sky Survey point sources resulted in an identification of the star
cluster G144.9 + 0.4. The cluster was found, but not characterized, by Glushkova et al. We show that the cluster
is physically associated with the Cam OB1 association at a distance of about 1 kpc and with an age of 1-2 Myr.
Pre-main sequence stars are identified on the basis of photometric and proper motion data. A total of 91 additional
OB star candidates was found in subgroups 1A and 1B, a significant increase from the currently known 43 OB
stars. The OB members show an age spread that indicates a sustained star formation for at least the last 1015 Myr.
The young cluster G144.9 + 0.4 represents the latest episode of sequential star formation in this cloud complex.

Key words: infrared: stars — open clusters and associations: general — stars: early-type — stars:
pre-main sequence — stars: variables: T Tauri, Herbig Ae/Be

Online-only material: color figures

1. INTRODUCTION

Hundreds of thousands of open clusters (OCs) should cur-
rently exist in the Milky Way galaxy based on the number of
OC:s present in the solar neighborhood (Piskunov et al. 2006).
However, the databases of OCs (Dutra & Bica 2001; Dias et al.
2002; Bica et al. 2003; Dutra et al. 2003; Kronberger et al. 2006;
Froebrich et al. 2007) contain only a few thousand entries that
are limited to OCs within 1 kpc. This discrepancy is due partly
to dust extinction in the Galactic plane, and partly to a lack of
comprehensive all-sky searches for distant systems.

Star clusters are groupings of member stars in a six-
dimensional phase space in position and motion. Kinematic
studies of star clusters require special instrumentation and are
often time-consuming. Initial identification of a star cluster via
space grouping, i.e., by the “star-count” technique, is relatively
straightforward and has been exploited efficiently on wide-field
or all-sky surveys (Schmeja 2011). The Two Micron All Sky
Survey point source catalog (2MASS; Cutri et al. 2003) pro-
vides a uniformly calibrated database of the entire sky in the
near-infrared (NIR) wavebands, which allows us to recognize
OCs even with moderate dust extinction, i.e., partially embed-
ded, young star clusters. Earlier works by Bica et al. (2003),
Dutra et al. (2003), and Froebrich et al. (2007) have indeed
found hundreds of previously unknown infrared clusters using
the 2MASS catalog.

We have developed a star-count technique to recognize star
density enhancements and have applied it to the sky within
|b| < 50° using the 2MASS data. Hundreds of density peaks
were found. We then used the SIMBAD database to match these
peaks with known sources within a radius of 5, resulting in
501 OCs, 89 globular clusters, 35 galaxies, 55 galaxy clusters,
11 Hu regions, and 24 regions contaminated by neighboring
bright stars. A total of five candidates remain unaccounted
for. One such density peak is G144.9+0.4 (designated as
G144) located at £ ~ 14429 and b =~ (24, or R.A. (J2000)
= 03M"39m16°7, decl. (J2000) = +55°58'24", seen toward the
Camelopardalis (Cam) OB1 association (Lin et al. 2012). This
cluster candidate was recognized by Glushkova et al. (2010),
who used a pipeline (Koposov et al. 2008) to search for star
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clusters with 2MASS data. However, the cluster candidate was
not well characterized by their pipeline, apparently because of
the nebulous contamination. The full results of our OC finding
will be reported elsewhere. Here we present a characterization
of this cluster using photometric and proper motion (PM)
measurements, and discuss the context of the cluster amid the
OB association and cloud complex.

2. PHOTOMETRIC, KINEMATIC,
AND SPECTROSCOPIC DATA

Our data consist of the 2MASS and WISE infrared magni-
tudes, PPMXL PMs, and our own photometric and spectroscopic
observations.

2MASS. The NIR magnitudes for point sources have been
obtained from 2MASS to the 100 limiting magnitudes of J
(1.25 um)= 15.8, H(1.65 pum) = 15.1,and K (2.17 um) = 14.3,
respectively. For our star count analysis, we included only stars
with a photometric quality flag better than “CCC,” which effec-
tively gives a signal-to-noise ratio (S/N) > 5 and a photometric
uncertainty of <0.2 mag in every band to ensure completeness.
Subsequently, to characterize clusters, we constrained only stars
with a photometric quality flag of “AAA,” which corresponds
to an S/N > 10 and a photometric uncertainty of <0.1 mag in
every band for photometric accuracy.

WISE. The Wide-field Infrared Survey Explorer mapped the
whole sky at 3.4, 4.6, 12, and 22 pum (designated as W1, W2,
W3, and W4) with an angular resolution of 6’1, 674, 675,
and 1270, and a 50 point-source sensitivity of 0.08, 0.11, 1
and 6 mly, respectively, corresponding to Vega magnitudes of
W1 = 16.6, W2 = 15.6, W3 = 11.3, and W4 = 8.0 (WISE;
Wright et al. 2010). We exploited the identification scheme
to search for potential young stellar objects (YSOs) used by
Koenig et al. (2012). The WISE point sources within the cluster
region are extracted from Vizier.! Only sources having 2MASS
counterparts are included in the analysis.

PPMXL. In addition to photometric data, kinematic informa-
tion is also employed to secure the membership in a star cluster.

! http://vizier.u-strasbg.fr/
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Figure 1. Stellar density map of G144. The pluses mark the grids 3o above the

average density. The circle shows the effective size, which is estimated from the
three neighboring pluses.

The PPMXL Catalog (Roser et al. 2010) contains stars down
to about V =~ 20 mag and lists the USNO-B1.0 PMs (Monet
et al. 2003) and 2MASS J H K magnitudes. The stars with PM
uncertainties >5.0 mas yr~! have not been used in our analysis.

Tenagra. Narrow-band imaging observations were carried out
using the Tenagra IT 0.81 meter f/7 telescope in Arizona on 2012
March 30. The CCD camera used an SITe chip with 1024 x 1024
pixels and a pixel size of ~0’8, rendering a field of view of
~15 x 15 arcmin® on the sky. The total exposure times were
540 s for the Ha and R bands, and 300 s for the / band. All
images were reduced with standard routines, including dark and
bias subtraction and flat-field normalization. SExtractor? was
used for photometry. The stellar astrometric solution calibrated
with the 2MASS coordinates was calculated with the astrometry
package from Astrometry.net.’ The Tenagra data reached about
R ~ 18 mag. Supplementary Ho data for fainter stars were taken
from the INT/WFC Photometric Ho Survey of the Northern
Galactic Plane (IPHAS; Drew et al. 2005).

HCT and LOT. Follow-up spectroscopic observations were
taken using the HFOSC on the Himalayan Chandra Telescope
(HCT) with a slit width of 1715 and Grism 8 (A = 5800-8350 A,
dispersion = 1.45 A pixel ") on 2012 July 26. Additional spectra
were taken using the Hiyoyu spectrograph on the Lulin One-
meter Telescope (LOT) with a slit width of 1”5 and grating of
300 mm~! (A = 3800-7600 A) on the night of 2012 November
15. A one-dimensional spectrum was extracted from the dark,
bias-subtracted and flat-field-corrected image in the standard
manner using IRAF. The wavelength calibration was done using
FeNe (HCT) or HeNeAr (LOT) lamp sources.

3. CHARACTERIZATION OF THE CLUSTER

G144 was first recognized by Glushkova et al. (2010) who
used the pipeline developed by Koposov et al. (2008) to search
for density peaks in a star catalog as star clusters. They found
153 previously unknown clusters within the Galactic latitude
|b| < 24°, 23 of which were considered to be embedded
star clusters and were not characterized by their pipeline. This

2 http://www.astromatic.net/software/sextractor
3 http://astrometry.net/
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Figure 2. Radial density profile for G144. Filled dots are surface stellar density
values with each error bar estimated by Poisson statistics. The horizontal line
depicts the background density. The oscillation between the radius of 2’ and 4’
is due to the elongated shape of the cluster.

candidate was also detected as a density peak by our pipeline.
In this section, we present the properties of the cluster derived
from our analysis.

3.1. Density Enhancements and Radial Density Profile

We selected the 2MASS point sources with S/N > 5 in
J, H, K bands within 15’ of the apparent center of the cluster.
Figure 1 shows the stellar density map for which the number of
stars in a grid, whose scale was chosen to include an average
of 10 stars, was counted. The resulting density map was then
smoothed with a 3 x 3 grid width. For G144, a background
density of ~3.1 stars arcmin~2 was estimated by 3o clipping
of the density outliers. A grid in the smoothed density map
30 above the background would be considered a high-density
region, and a grouping of more than three connected high-
density regions would be identified as a density enhancement,
i.e., a cluster candidate. The density map around G144 is shown
in Figure 1.

We estimated the size of G144 based on the radial density
profile, though the cluster appears slightly elongated in shape.
As seen in Figure 2, the density starts to blend with the field at
a radius of ~3’5. We therefore adopted a radius of 3’5 for the
cluster in subsequent analysis. Spatially, the cluster is seen near
the Cam OB1 association and is likely physically related to it.

3.2. Proper Motion Members

Cluster members share the same age, metallicity, distance,
PMs, etc. Accordingly, common PMs would be a necessary
condition for cluster membership. The Cam OB1 association
was first investigated by Morgan et al. (1953), who found
eight early-type stars aggregated at a distance of ~900 pc.
Several studies, e.g., Haug (1970), Humphreys (1978), and
Lyder (2001), append the members of Cam OBI1. However,
the Cam OBI1 members spread over an area on the sky of
~20 x 10 deg? corresponding to a physical dimension of
~320 x 160 pc?, making a coeval formation of the Cam OB1
impossible (de Zeeuw et al. 1999). Straizys & Laugalys (2007a)
divided the association into three subgroups—I1A, 1B, and
1C—and found them all at nearly the same distance of ~1 kpc.
G144 is located between 1A and 1B, which contain 30 and 13
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Table 1
Three Subgroups of the Cam OB1 Association

Distance

d d
Mo

Subgroup L, b Angular Size Age No. of Stars s
(deg) (deg) (pc) (Myr) (mas yr—') (mas yr~!)
1A 140.0, +1.5 ~10 x 10 1010 £ 210 <10? 307 —1.1£2.1 —-19+1.5
1B 148.0, —0.5 ~10 x 10 ~1000 <10 132 —0.8£0.6 -23+1.0
1C 143.7,+7.7 0.1 1180 £ 160 ~10°¢ 76b —-02+£1.5 0.4+2.5
Notes.
2 Straizys & Laugalys (2007a).
b Mostly NGC 1502 members (Weitenbeck 1997).
¢ Paunzen et al. (2005).
d Derived from PPMXL.
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Figure 3. Newly identified OB stars in Cam OB1A and 1B. The filled circles
mark known Cam OB1 members (Straizys & Laugalys 2007a), and the two
purple and one red pluses are supergiants with J— H larger than 0.5 mag
(discussed in Section 3.4). The dashed circle is the 30 range of the mean PMs
of known OB stars in Cam OB1A and 1B. Triangles are OB star candidates in
1A and crosses are those in 1B. Symbols in black represent those with PMs
consistent with being members.

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

OB stars, respectively (Straizys & Laugalys 2007a). The other
subgroup, 1C, has 76 known members mainly from NGC 1502
(Weitenbeck 1997).

To provide the criteria for selecting PM members in G144,
we first extracted the PPMXL PMs of the known OB stars. The
same data would also allow us to identify faint OB members that
might have escaped recognition in previous works. The derived
PPMXL PMs of each subgroup are (ity, s) = (—1.1+2.1,
—1.941.5) mas yr! for 1A, (e, is) (—0.8+0.6,
—2.341.0) mas yr~! for 1B, and (iq, ps) = (—0.241.5,
—0.442.5) mas yr~' for 1C. Indeed the three subgroups share
similar PMs, suggesting a physical association. The parameters
for the three subgroups, including the PMs, are summarized in
Table 1.

To identify previously unknown OB stars, we select stars
within the same area ~10 x 10 degz, as that of the known
Cam OB1 association centered on Cam OB1A and 1B, respec-
tively, which are (1) photometrically consistent with OB spec-
tral types in the NIR color-magnitude diagram (CMD), and
(2) kinematically consistent with the systemic PM of the 1A
and 1B subgroups. The CMD criteria are 2MASS J brighter
than 13.0 mag and J/ — H < 0.2 mag. Only stars with photo-
metric uncertainties better than 0.02 mag in every 2MASS band

(32)
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Figure 4. Stellar proper motions toward G144. Stars within a 3!5 radius of the
cluster are represented by gray dots. The dashed circle, as in Figure 3, shows
the probable PM range for membership. Pluses mark PM candidates. Boxes,
individually labeled, are stars with infrared excess or highly reddened colors
(discussed in Section 3.3).

were considered. The PM criteria include uncertainties less than
5 mas yr~! and within the 3o range of the mean PM of 1A and
1B, as shown in Figure 3. Table 2 lists the 68 and 23 newly
found OB stars in 1A and 1B, respectively. The first column
gives the numerical identification of the stars, in order of de-
scending brightness, followed by subsequent columns listing the
Galactic coordinates, 2MASS magnitudes, and PPMXL PMs of
each star. The last column lists the data belonging in 1A or 1B.
The photometric and color properties of these newly found OB
stars will be discussed later together with the cluster members.

For cluster members, there are 23 stars that are spatially within
the 3’5 radius and kinematically within the 30 range of the
average PM of the known OB stars, as shown in Figure 4 and
listed in Table 3. Again, only stars with PPMXL uncertainties
less than 5 mas yr~! were selected. The PM candidates need to
be further winnowed by photometric selection as discussed in
the next section.

3.3. Young Stellar Objects

Straizys & Laugalys (2007b) have used infrared photometric
data extracted from 2MASS, IRAS, and MSX to identify 35
YSOs in aregion 12 x 12 deg? toward the Cam OB association,
none of which are located within G144. Nonetheless, nebulosity
is clearly seen around G144, suggesting a young age. Generally,
YSOs are identified by their infrared excess, Ho emission, or
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Figure 5. 2MASS color—color diagram in the cluster region. Pluses and triangles
are CTTS candidates (pluses denote 2MASS sources and triangles denote WISE
sources). Crosses represent proper motion members. Gray dots are none of the
above. The thin curves show the giant and dwarf loci (Bessell & Brett 1988)
converted to the 2MASS system. The thick line is the intrinsic CTTS locus
(Meyer et al. 1997). The arrow represents the reddening direction (Rieke &
Lebofsky 1985) for typical Galactic interstellar extinction (Ry = 3.1), and the
dashed lines encompass the region of reddened giants and dwarfs. Stars to the

right of this region have NIR excess and are possible YSOs.
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Figure 6. WISE [3.4] —[4.6] um vs. [4.6] —[12] um colors in the cluster region.
The dashed lines defined by Koenig et al. (2012) are used to identify Class I
and Class II young stellar objects. As in Figure 5, the 2MASS detections are in
pluses and the WISE detections are in triangles.

X-ray emission. No X-ray data are available in the region, so we
used 2MASS and WISE to identify possible YSOs or embedded
stars in G144.

The NIR-excess sources were identified using the 2MASS
(J — H) versus (H — K) and WISE [3.4] — [4.6] versus
[4.6] — [12] color—color diagrams, shown in Figures 5 and 6.
Three classical T Tauri (CTTS; class II objects) candidates were
found in the empirical CTTS region (Meyer et al. 1997) in
the 2MASS color—color diagram. On the other hand, using the
criteria adopted by Koenig et al. (2012), five CTTS candidates
were identified on the basis of the WISE colors, two of which
coincide with the 2MASS sources. Therefore, a total of six
CTTS candidates are selected, whose coordinates, 2MASS and
WISE magnitudes, and PPMXL PMs are listed in Table 4.
The first column gives the alphabetical identification of the
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Figure 7. IPHAS magnitudes of r—Ha vs. r. Each YSO candidate is labeled
and marked with a box. Bright stars (r < 14 mag) are saturated. The typical
error, marked for each magnitude, has been estimated by Poisson statistics. The

line shows the linear regression of r—Ha and r magnitudes of stars between
r ~ 14-21 mag.
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Figure 8. HCT spectrum of star A. A prominent Ho emission line is evident.
Other spectral features are also marked.

star, in order of descending brightness, followed by subsequent
columns of Galactic coordinates, 2MASS as well as WISE
magnitudes, and PPMXL PM of each star. The last column
lists the data used for the classification.

The IPHAS r and narrow-band Ho magnitudes are used to
single out stars with possible He emission. Figure 7 shows the
r—Ho versus r-band magnitude. Star A, the brightest among
our CTTS candidates, is some ~0.5 mag brighter in Ha than
a “normal” star, defined as a star following the trend between
the Ha- and r-band magnitudes for the majority of stars in the
field. Subsequent HCT spectroscopic observations confirmed an
emission spectrum for star A, as seen in Figure 8. On the basis
of the NIR excess and the emission-line spectrum, we conclude
that star A, located near the center of G144, should be a CTTS.

For other YSO candidates, star B, located near the nebulosity
edge, has the most reddened NIR colors among our candidates,
and is a CTTS candidate judging by both 2MASS and WISE
colors. It may have weak Ho emission (see Figure 7), but, un-
fortunately, was too faint for our spectroscopic observations.
Star B is likely a CTTS. Both stars C and D are marginal can-
didates in terms of their PMs and WISE colors. Their 2MASS
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Table 2
New OB Candidates in Cam OB 1A and 1B
ID l,b J H K Mo ns Comments
(deg) (mag) (mag) (mag) (mas yr~) (mas yr~)
1 136.423, —0.948 6.68 6.53 6.44 —0.1£0.9 0.1£0.7 1A
2 135.499, +0.833 7.31 7.14 7.02 —-36+1.1 —02+0.8 1A
3 139.336, +2.513 8.31 8.31 8.26 —-58+1.0 —1.7£0.9 1A
4 135.552, +2.559 8.73 8.65 8.57 —-1.0£ 1.8 —54+1.8 1A
5 135.575, +1.579 8.89 8.82 8.76 -0.1+14 0.8+ 1.1 1A
6 139.909, +0.635 9.16 9.05 8.95 03+1.8 1.7+ 1.7 1A
7 142.940, —0.745 9.23 9.19 9.12 —-1.3+13 -37+13 1A
8 139.404, +2.266 9.26 9.17 9.12 0.8+1.6 —15+1.6 1A
9 143.240, —1.364 9.29 9.19 9.10 —-49+ 1.8 03+1.8 1A
10 144.540, +4.802 9.30 9.29 9.25 —43+1.1 224+1.0 1A
11 140.150, +2.163 9.39 9.37 9.32 —-22+1.6 09+1.7 1A
12 142.818, +2.377 9.55 9.44 9.37 —1.1+£2.1 —-05+2.1 1A
13 135.773, +1.449 9.73 9.65 9.60 -39+£20 04+2.0 1A
14 141.764, —2.567 9.79 9.63 9.53 —49+29 —-1.2+£29 1A
15 139.879, +4.601 9.83 9.75 9.69 —-14+£19 1.3£19 1A
16 144.565, +1.886 9.95 9.80 9.71 —44+1.6 29+1.6 1A
17 140.789, +2.781 9.95 9.78 9.68 0.3+2.0 35420 1A
18 143.333, —0.103 9.96 9.82 9.76 -02+2.1 —4.0+£2.1 1A
19 144.446, —1.431 10.04 9.86 9.76 —-29+2.1 —-19+2.1 1A
20 143.361, +3.974 10.06 9.95 9.87 -03+£1.7 —-1.0£1.7 1A
21 143.964, +3.254 10.25 10.17 10.12 1.1£2.1 —-2.0+2.1 1A
22 144.320, +5.428 10.27 10.28 10.28 —43+1.6 —-24+1.6 1A
23 137.583, +4.872 10.35 10.15 10.10 1.8+2.0 -35+£20 1A
24 143.845, +5.805 10.37 10.22 10.17 —-1.2+19 28+19 1A
25 136.891, +5.032 10.40 10.20 10.15 —-1.0£1.7 1.3£1.7 1A
26 139.130, +1.675 10.41 10.22 10.14 —25+1.7 —26+1.7 1A
27 141.658, +1.215 10.46 10.35 10.27 —-57+£23 —5.1+£23 1A
28 143.742, +1.059 10.46 10.32 10.24 —1.0£22 04+22 1A
29 143.141, +3.525 10.46 10.38 10.29 —-19+1.8 0.1+1.8 1A
30 138.041, —0.551 10.49 10.40 10.31 —1.8+2.1 —12+21 1A
31 143.335, —0.101 10.50 10.37 10.27 —04+£22 —-3.0+£22 1A
32 144.343, +4.769 10.51 10.35 10.28 —25+1.7 3.1+1.7 1A
33 143.773, +2.906 10.56 10.42 10.31 0.0+1.8 —1.5+1.8 1A
34 143.795, +3.308 10.56 10.42 10.35 0.7+1.8 —1.6+1.8 1A
35 139.743, +4.774 10.59 10.44 10.29 3.6+27 —0.7+£27 1A
36 140.181, +2.158 10.63 10.52 10.48 —4.1+2.0 —54+2.0 1A
37 141.804, +2.273 10.66 10.55 10.48 35+1.8 —-59+18 1A
38 144.248, +2.220 10.67 10.54 10.47 09+1.8 1.6 £ 1.8 1A
39 142.569, +0.978 10.70 10.53 10.43 —-14+19 -20+1.9 1A
40 143.314, —0.222 10.76 10.66 10.60 20+1.6 -25+1.6 1A
41 138.486, +3.456 10.77 10.59 10.54 24+£2.7 -3.1+27 1A
42 135.654, +1.584 10.78 10.77 10.71 1.0+2.0 —-08+20 1A
43 144.849, —2.906 10.82 10.67 10.48 -22+4.1 —2.1+4.1 1A
44 138.594, +2.357 10.85 10.66 10.53 22+28 —1.1+£28 1A
45 144.165, +3.279 10.86 10.74 10.67 —2.1+2.1 14+£2.1 1A
46 137.987, —0.541 10.88 10.69 10.58 —-12+1.8 —4.1+1.8 1A
47 141.849, +2.190 10.95 10.80 10.73 30+22 —-12+£22 1A
48 143.304, —0.146 10.98 10.90 10.78 —-2.6+1.8 —-48+1.8 1A
49 138.642, +2.290 10.99 10.89 10.82 -3.6+£20 0.5+2.0 1A
50 144.131, —2.173 11.01 10.89 10.82 0.1+1.8 09+1.8 1A
51 143.997, +3.374 11.02 10.84 10.74 —-1.6£2.1 -39+2.1 1A
52 141.297, +2.745 11.04 10.91 10.83 —2.6+2.1 -3.1+£2.1 1A
53 143.963, —1.950 11.07 10.93 10.87 —47+£23 —35+£23 1A
54 144.713, +2.623 11.09 10.90 10.80 —23+£22 —1.1+£22 1A
55 144.094, +2.151 11.10 11.01 10.91 —-54+1.8 07+1.9 1A
56 143.235, +4.009 11.16 11.04 10.95 —-23+1.7 —-6.0+ 1.7 1A
57 143.371, —0.256 11.19 11.07 11.02 47+ 1.7 —43+1.7 1A
58 143.492, —1.700 11.22 11.06 10.96 —23+£23 —6.5+2.3 1A
59 141.780, —2.387 11.24 11.04 10.95 0.0+29 —-0.1£29 1A
60 137.154, +5.389 11.35 11.16 11.09 —1.6 £4.1 —6.7 £ 4.1 1A
61 137.392, +3.852 11.38 11.24 11.16 1.0+ 1.7 -31+£1.6 1A
62 144.385, +2.014 11.42 11.24 11.13 3.1+29 0.6 £29 1A
63 143.751, +3.354 11.45 11.26 11.19 —4.0+£1.8 —0.7+£1.8 1A
64 143.183, —1.119 11.49 11.32 11.21 1.4+£22 2.1+22 1A

(34)
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Table 2
(Continued)
ID l,b J H K W U Comments
(deg) (mag) (mag) (mag) (mas yr~) (mas yr~)
65 142.926, —0.749 11.53 11.43 11.33 —20+22 —6.7+22 1A
66 144.419, +3.040 11.53 11.39 11.34 —38+1.7 —1.8+1.7 1A
67 138.831, +6.303 11.59 11.46 11.37 —-0.7+£4.0 —1.8+4.0 1A
68 135.975, +1.828 11.88 11.73 11.63 —1.7+£27 -52+2.7 1A
1 146.869, —5.801 6.04 5.89 5.83 04+0.6 1.0+0.7 1B
2 145.762, +3.327 9.32 9.20 9.10 —0.6+£1.38 -32+18 1B
3 146.307, —5.275 9.50 9.43 9.36 —01+£14 1.7+14 1B
4 146.855, —0.543 9.54 9.39 9.31 —4.6+£20 —-19+20 1B
5 146.016, +3.242 9.91 9.85 9.81 —24+£2.1 39+2.1 1B
6 146.804, —0.548 9.94 9.83 9.73 —43+£27 1.7+2.7 1B
7 145.503, —6.755 10.21 10.15 10.07 03+1.7 05+1.7 1B
8 146.309, —0.178 10.40 10.29 10.19 —-13+£17 40+ 1.7 1B
9 151.415, +3.612 10.42 10.31 10.22 —22+£20 —-0.7+£20 1B
10 150.306, —6.250 10.44 10.37 10.28 0.1+14 -76+14 1B
11 151.443, +3.504 10.84 10.64 10.56 —6.5+4.0 —4.1+4.0 1B
12 146.497, +3.146 10.86 10.68 10.60 23+1.8 —-14+£138 1B
13 148.254, +2.582 10.87 10.75 10.70 -23+1.8 33+1.8 1B
14 148.387, +0.963 11.07 10.93 10.85 45+ 1.7 —-1.1£1.7 1B
15 146.421, —5.025 11.14 10.97 10.84 —22+4.1 -38+4.1 1B
16 146.069, +3.633 11.52 11.47 11.39 —-03+£18 -39+138 1B
17 148.234, +2.526 11.52 11.39 11.30 —51+£22 09422 1B
18 146.432, —5.113 11.59 11.39 11.27 -3.0+4.1 —54+4.1 1B
19 151.412, +3.551 11.59 11.43 11.34 1.1 +£4.0 —27+£4.0 1B
20 145.901, —4.777 11.72 11.58 11.49 —32+4.1 —73+4.1 1B
21 145.648, —4.026 11.86 11.67 11.56 30+£4.1 —13+4.1 1B
22 156.362, —6.956 11.99 11.89 11.82 —1.1£39 —4.7+£3.9 1B
23 145.908, —4.784 12.05 11.87 11.80 1.7+4.1 -35+4.1 1B
Table 3
Proper Motion Member Candidates
D L, b J H K o s
(deg) (mag) (mag) (mag) (mas yr™) (mas yr~)

1 144911, +0.395 11.89 11.50 1141 —04+£4.0 —48+4.0

2 144.898, +0.437 11.93 11.25 10.99 —49+4.0 1.2+4.0

3 144.946, +0.409 12.28 11.53 11.15 —1.0£4.0 —23+4.0

4 144.913,+0.418 12.71 12.04 11.71 —03+£4.0 —2.0+£4.0

5 144.903, +0.437 12.96 12.15 11.76 1.34+4.0 32440

6 144.891, +0.391 13.12 12.74 12.62 0.3+4.0 —24+40

7 144918, +0.420 13.14 12.35 12.00 41+40 —42+4.0

8 144.909, +0.462 13.40 12.91 12.81 2.54+4.0 —55+4.0

9 144.940, +0.402 13.43 12.94 12.86 —34+40 1.3+4.0

10 144.858, +0.449 13.66 13.26 13.15 —02+£4.0 —1.4+40

11 144917, +0.465 13.69 13.20 13.02 3.1+4.0 —44+4.0

12 144.896, +0.430 13.94 13.16 12.69 40+4.0 —03+£4.0

13 144913, +0.468 14.58 13.91 13.53 —1.8+4.0 —28+4.0

14 144.955, +0.436 14.63 13.87 13.64 —-38+4.0 —-39+40

15 144.928, +0.430 14.67 13.97 13.72 —1.1£4.0 —1.5+4.0

16 144.942, +0.452 14.73 13.92 13.49 33+£40 —1.0£4.0

17 144.862, +0.464 14.85 14.29 14.00 4.8+4.0 —29+4.0

18 144.877, +0.401 14.90 14.19 14.08 —04+£4.0 —27+4.0

19 144.906, +0.455 14.92 14.10 13.91 2.5+4.0 —3.1+4.0

20 144.872,+0.473 14.92 14.39 14.11 4.6 +4.0 —1.3+40

21 144.948, +0.453 15.13 14.31 13.94 04 +4.0 —35+4.0

22 144915, +0.456 15.43 14.69 14.44 23441 —1.7+4.1

23 144.866, +0.404 15.91 15.04 14.77 —23+4.1 22+4.1

colors do not stand out, though star D, with possible Hx emis-
sion, is much more reddened than star C. Both stars E and F are
very faint, so have large uncertainties in their PM measurements.

They are marginal cases in either 2MASS or WISE colors, and
seem to have motions inconsistent with membership. Hence,

stars E and F should be classified as field stars.

3.4. Extinction, Distance, and Age

The average interstellar extinction to the cluster was estimated

by tracing each of the 23 PM candidates back to the MS locus
along the reddening vector in the 2MASS color—color diagram

(see Figure 5). An average extinction of A; ~ 0.56 mag was

(35)
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Figure 9. J vs. J— H diagrams for Cam OB 1A (left), 1B (right), and G144 (middle). The solid line in each case delineates the ZAMS located at 1 kpc with an
interstellar extinction of Ay ~ 2.0 mag. The dashed lines represent the pre-main-sequence isochrone for 1 and 10 Myr (Siess et al. 2000). The dotted lines represent
the post-main-sequence isochrone for 10 and 15 Myr (left) and 10 and 50 Myr (right; Girardi et al. 2002). The gray dots in the left or right panels mark known 1A
and 1B members, whereas those in the middle panel are stars in the cluster region. The newly found OB stars are represented by triangles (1A) and crosses (1B);
purple, blue, and red pluses are supergiants (discussed in Section 3.4). In the cluster region, the pluses show the 23 PM candidates whereas the boxes represent YSO
candidates (labeled).

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

Table 4
YSO Candidates in G144
1D L, b J H K w1 w2 w3 w4 e s Comments
(deg) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (masyr ') (mas yr™1)
A 144.895,+0.439 114 10.6 10.0 9.4 9.0 6.9 29 —22+£50 —21+5.0 WISE; 2MASS
B 144.881,+0.403 134 12.3 11.6 10.5 9.8 8.3 6.6 —154+53 —63+53 WISE; 2MASS
C 144.896, +0.430  13.9 13.2 12.7 12.1 11.7 9.5 5.3 4.0+4.0 —-03+4.0 WISE
D 144.899,+0.426 142 13.1 12.6 11.9 11.6 10.2 6.1 —62+54 39454 WISE
E 144914, +0.412  16.1 15.1 14.6 14.5 142 12.1 8.7 219+55 45455 WISE; non-member
F 144.853,+0.454 162 15.4 14.9 14.8 14.5 11.0 8.6 —103+55 —133+55 2MASS; non-member

derived. Figure 9 plots the J versus J — H CMD for the Cam OB1
subgroups 1A and 1B, as well as for G144. In each case, a zero-
age main-sequence (ZAMS) is shown with solar metallicity*
at a distance of ~1 kpc with corresponding extinction and
reddening.

The 1C subgroup has a well constrained age (~10 Myr) and
distance (~1 kpc) because of the cluster NGC 1502 (Tapia et al.
1991; Paunzen et al. 2005). A possible abnormal interstellar
reddening has been suggested, as diagnosed by the total-to-
selective extinction, Ry = Ay/E(B — V) from 2.42 (Tapia
et al. 1991) to 2.57 (Pandey et al. 2003), as compared to the
average Ry = 3.1 in the diffuse interstellar medium. A reduced
value of Ry is indicative of a smaller than typical average grain
size, likely as the consequence of photoevaporation by OB stars
in the region. The variation of Ry has little effect on our analysis
of the properties of G144.

The cluster G144 therefore is at the same distance as the
Cam OB1 association which makes it physically a part of that
association. The newly found OB stars in 1A (Figure 9, left
panel) and 1B (Figure 9, right panel) considerably augment the
OB star inventory in the region. For G144 (Figure 9, middle
panel), most PM candidates are distributed along the ZAMS.
YSO candidates such as stars A, B, and D are located above the
MS, i.e., at ages of <1 Myr and have NIR excess. The existence

4 Available from the Padova isochrone database
http://stev.oapd.inaf.it/cgi-bin/cmd.

(36)

of CTTSs sets a stringent age limit for the cluster—no more
than a couple of megayears.

Figure 10 illustrates the positional distribution of the young
stellar population in Cam OBI1. Subgroup 1B is associated
with a molecular cloud ring (Straizys & Laugalys 2008). It
is conceivably a remnant bubble created by a supernova, devoid
of gas and dust, and the newly found OB stars in 1B, like the
known sample, are distributed outside the ring. The OB stars in
1B are also collectively spread toward 1A. The cloud complex
in 1A and 1B has a filamentary shape (see Figure 1 in StraiZys
& Laugalys 2008), along which the majority of the young stars
are densely populated.

It has been proposed that Cam OBI1 has sustained star
formation for the last 100 Myr, with a stellar age progressively
younger toward the northern part of the complex (Lyder 2001).
A few evolved member candidates shed crucial light on the star
formation history in the region. In Figure 9, one sees a handful
of candidates in 1A along the 10-15 Myr post-MS isochrones.
In particular, two very bright candidates, HD 22764 (spectral
type of K4 Ib) and HD 17958 (spectral type of K3 Ib), could be
as old as 15 Myr. Both are well within the spatial (see Figure 10)
and PM (see Figure 3) groupings like other members. Thus the
age spread in 1A should be secure.

In 1B, candidates are considerably older. One candidate
suggests an age as old as 50 Myr. This star, HD 25056 (spectral
type of GO Ib), has a marginal PM (near the boundary circle in
Figure 3) and is relatively isolated in location (see Figure 10);
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Figure 10. Atlas of the Cam OB1 complex and G144. Gray circles are known OB members. The dashed boxes mark the boundaries of Cam OB1A and 1B members.
Black crosses and triangles mark newly found OB stars. The position of G144 is marked with a red star whose expanded view, centered around ¢ ~ 144°9 and
b = (24, is shown as the inset to the bottom right. Green asterisks are PM candidates and red boxes represent Y SO candidates, which are labeled individually. Members

following isochrones of ages 50, 15, or 10 Myr are represented with pluses.
(A color version of this figure is available in the online journal.)

its membership, and hence its isochrone age, is less secure.
The subgroup 1B is at least up to 10-15 Myr old. It is also
possible that, from the distribution of young stars, 1B formed
as the consequence of the “collect-and-collapse” mechanism
(Elmegreen & Lada 1977; Deharveng et al. 2005; Zavagno et al.
2006) with which massive stars sweep ambient material via
photoionization pressure or supernova shocks so dense clumps
are collected in a shell and collapse to form the next-generation
stars. What we witness in G144 is the result of the most recent
star birth in this cloud complex.

4. CONCLUSIONS

We used photometric, spectroscopic, and kinematic data to
characterize the open cluster candidate G144 found in our
OC search pipeline. The cluster is found to be a part of the
Cam OB association. A total of 23 member candidates have
been identified, some still in the pre-main-sequence stage, which
are distributed within an angular diameter of ~7’ at a distance
of 1 kpc, this corresponds to a linear scale of ~2 pc across. The
cluster is no more than a couple of megayears old.

Moreover, we identified a total of 91 additional OB star
candidates in subgroups 1 A and 1B on the basis of the PMs of 43
known OB members. Cam OB is associated with a molecular
cloud complex and is shown to have undergone sustained star
formation in subgroups 1A and 1B (and also 1C which is not
studied here) for at least the last 10-15 Myr. The open cluster
G144 appears to highlight the latest episode of sequential star
formation in the region.
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NSC101-2628-M-008-001 which made this study possible. We
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Radio-Quiet Millisecond Pulsars:

Fermi Discovery of New Type Pulsars
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Abstract: Discovery of a new class of pulsars, “radio-
quiet” millisecond pulsars, with the Fermi gamma-ray
observatory is reported. Currently, a radio pulse and
a gamma-ray pulse from a pulsar are believed to have
different origins and to be beamed in different direc-
tions. Although this picture predicts the existence of
pulsars that emit pulse radiation only in a single ener-
gy band, i.e., gamma-ray quiet radio pulsars or radio-
quiet gamma-ray pulsars, all the known millisecond
pulsar shows pulsations both in radio and gamma-ray
energy bands. The discovery of the two radio-quiet
gamma-ray millisecond pulsars, 2FGL 2339.6—0532
and 2FGL 1311.7—3429, proves that the standard
model based on the young energetic pulsars can be
applied to the recycled pulsars that have experienced
very long accretion phase.
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Abstract

This paper proposes a comprehensive approach to associate origins of space objects newly discovered during optical surveys in the
geostationary region with spacecraft breakup events. A recent study has shown that twelve breakup events would be occurred in the
geostationary region. The proposed approach utilizes orbital debris modeling techniques to effectively conduct prediction, detection,
and classification of breakup fragments. Two techniques are applied to get probable results for origin identifications. First, we select
an observation point where a high detection rate for one breakup event among others can be expected. Second, we associate detected
tracklets, which denotes the signals associated with a physical object, with the prediction results according to their angular velocities.
The second technique investigates which breakup event a tracklet would belong to, and its probability by using the k-nearest neighbor
(k-NN) algorithm.

In this paper we conduct optical observations of breakup fragments to verify the proposed approach. We selected a well-known
breakup event of the rocket body US Titan 3C Transtage (1968-081E) as the primary observation target, and then we conduct optical
observations by campaign between two sensors in Taiwan and one sensor in Japan. While three nights observations, we detect 96 trac-
klets that are uncorrelated with the Space Surveillance Network catalogue at the observation epochs, and finally 50 tracklets among them
are associated with the breakup event of 1968-081E.
© 2013 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Orbital debris; Spacecraft breakup; Optical observation; Tracklet; Origin identification

1. Introduction

This research aims to define the current orbital debris
(OD) environment and to conduct reliable risk assessments
for future space explorations. This paper proposes an
approach to associate origins of tracklets with spacecraft
breakup events occurred in the geostationary region. The
tracklet denotes a spatial-temporal series of signals associ-
ated with a space object. In typical OD observations of the

* Corresponding author. Address: Department of Aeronautics and
Astronautics, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka 819-
0395, Japan. Tel.: +81 928023048.

E-mail address: ve2hara@aero.kyushu-u.ac.jp (M. Uetsuhara).

geostationary region, one usually detects tracklets from
optical images taken during observations. By analyzing a
detected tracklet in the optical images, one can acquire
parameters of a space object at each of the observation
epochs such as position in the celestial sphere, angular
velocity, and brightness. Origin identification of tracklets
is another essential matter in the observations. When main-
taining an orbital catalogue of space objects, one usually
classifies origins of detected tracklets into the catalogued
objects and the uncatalogued objects by associating the
propagated states of a cataloged object with the measured
states of a tracklet at the observation epoch. Once having
found an origin of a tracklet, one can apply the results to
such matters as orbit determination of the space object,

0273-1177/$36.00 © 2013 COSPAR. Published by Elsevier Ltd. All rights reserved.
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population analyses in surveyed regions, and OD environ-
mental modeling. To contribute to the OD environmental
modeling, however, the aforementioned classification is
insufficient. If the uncatalogued objects are unlikely to
associate with newly launched objects, operational debris,
or intentionally uncatalogued objects, one should associate
their origins with events that generated OD. When we
think of the optical observations in the geostationary
region, the majority of the observable OD, whose size is
on the order of ten centimeters or larger, will be associated
with spacecraft breakup events.

Here we review how many breakup events might have
been occurred in the geostationary region. First of all, there
are two confirmed breakup events in the geostationary
region (e.g., summarized in (Johnson, 2001a)): the first
one is a breakup of the Russian communication satellite
Ekran 2 (the International Designator of 1977-092A)
exploded on 23 June 1978, and the second one is a breakup
of the US upper-stage rocket Titan 3C Transtage (the
International Designator of 1968-081E) exploded on 21
February 1992. Along with the confirmed breakup events,
there might have been a number of unconfirmed breakup
events. Large number of uncatalogued space objects was
detected during the optical survey of the geostationary
region, as reported in Schildknecht et al. (2000). This result
became the first definitive evidence that one has to consider
the presence of unconfirmed breakup events in the geosta-
tionary region. Analyzing the optical survey results by iter-
ative estimates, Krag (2002a,b) reported that fourteen
breakup events in total might have been occurred in the
geostationary region. Oswald (2008) further conducted
the iterative estimates with more observation data and
revised down the total event number from fourteen to
twelve.

In the second section, we introduce the details of the
proposed approach. In the third and fourth sections, we
verify the proposed approach through demonstration of
actual observations and evaluation of the observation
results. In the verification sections, we utilize the breakup
event list investigated by Oswald (2008) as will be men-
tioned in the third section (See Table 1).

Table 1

2. The proposed approach

Fig. 1 schematically illustrates the framework of the
proposed approach. The framework consists of the OD
modeling, the predictions, the observation, the detection,
and the two-step origin identifications. The main compo-
nent of the framework is the two-step origin identification,
so that we mention it first, and then the other components.

The first step of the origin identification adopts a com-
mon method: we propagate the orbits of catalogued space
objects to the observation epochs of detected tracklets first,
and then we associate each of the propagated space objects
with a detected tracklet in terms of the angular position
and angular velocity in the celestial sphere. If a space object
matches a tracklet within defined thresholds, we can regard
the tracklet as the space object. The threshold for the angu-
lar position should be the scale of the field-of-view (FOV)
or smaller, whereas the threshold for the angular velocity
should be in the order of arc-minute or smaller. By this
step, we can classify the detected tracklets into the cata-
logued and the uncatalogued space objects. This method
is only valid for space objects involving short-term orbit
propagation (i.e., not months nor not years). The short-
term propagation is capable of predicting appropriate
angular positions, but the long-term propagation is not.
Usually most of orbits of catalogued space objects are
refreshed at days or weeks so that their angular positions
at observation epochs will be predicted appropriately.
Breakup fragments, however, require long-term propaga-
tion from their breakup epochs to an observation epoch
so that their predicted angular positions at observation
epochs become random anymore and therefore another
origin identification step is required.

The second step of the origin identification applies an
observable characteristic of breakup fragments: a group
of fragments associated with a breakup event would have
single and distinct distribution in the angular velocity plane
when we observe them in an inertial point overnight, as
verified in (Uetsuhara et al., 2012). This feature, thus, can
associate tracklets with breakup events. To quantitatively
associate the observations and the predictions, we adopt

Breakup events in the geostationary region (Oswald, 2008).

1D Name Event epoch (yyddd.dddd)
1966-053J TITAN 3C TRANSTAGE R/B 87276.6882
1967-066G TITAN 3C TRANSTAGE R/B 94045.4161
1968-081E TITAN 3C TRANSTAGE R/B 92053.3745
1973-040B TITAN 3C TRANSTAGE R/B 81067.2007
1975-117A SATCOM 1 99257.6799
1975-118C TITAN 3C TRANSTAGE R/B 87072.6430
1977-092A EKRAN 2 78174.0000
1979-053C TITAN 3C TRANSTAGE R/B 82309.0000
1979-087A EKRAN 4 82157.7550
1988-018B TELECOM 1C 02263.0000
(AE-02) - 98180.0000
(AE-03) - 92280.0000
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Fig. 1. The framework of the proposed approach.
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the classification method widely used in pattern recognition
researches: the k-nearest neighbor (k-NN) algorithm (e.g.,
Bishop, 2006). Fig. 2 illustrates the concept of the k-NN
algorithm. The origin of an observation is determined by
the majority voting by the k-predictions near to the obser-
vation in an observable space. The k-NN algorithm is supe-
rior to classification algorithms using histogram, because
accuracy of the classification by the k-NN algorithm does
not depend on the grid scale or origin. We have to be care-
ful about selecting the number of the neighbors (k) to
reduce error judgments. The advantage of this origin iden-
tification method is that we require orbital propagation for
the objects generated by the OD modeling only so that we
do not require orbit determination nor orbit propagation
for detected tracklets. This approach makes us reduce
uncertainty that may come from detected tracklets.

As shown in Fig. 1, we predict the states of
breakup fragments at the observations epochs such as the

distribution in the celestial sphere, hereinafter simply called
population, and the angular velocity during one observa-
tion, hereinafter simply called motion. The population pre-
diction and motion prediction require the orbital elements
of the breakup fragments at the observation epoch, as will
be evaluated by the OD modeling. We select an observa-
tion point where the detection rate for tracklets associated
with a breakup event, which is defined as the primary tar-
get, will be high, so that we can determine the probable ori-
gins for the primary target. We also consider the predicted
motion to optimize an exposure time for the primary
target.

3. Observation planning

In this section, we demonstrate the proposed approach
from the beginning to the population prediction and
motion prediction. Final outcomes in this section include

@ Observation (Not Classified)
@ Prediction (Class A)
@ Prediction (Class B)

Example) Voting by 5-NN

Result) @ is classified as ®
with 80% (4/5) probability

Fig. 2. Concept of the k-NN algorithm.
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Fig. 3. Predicted population of 1968-081E fragments in time-integrated distribution during six hours. Bin size is 1° by 1°.

a single observation point where the high detection rate for
a selected target will be expected, and an optimum expo-
sure time for the selected target.

3.1. Target breakup events

To verify the proposed approach, we are going to
observe breakup fragments by utilizing the breakup event
list investigated by Oswald (2008), as summarized in Table
1. The list includes the breakup events of six Titan 3C
Transtages, four satellites, and two artificial events (AE-
02 and AE-03) that could not be associated with real space
objects. In the list, each of the breakup events also include
such as a probable parent object and its event epoch. The
orbital elements at the event epochs are detailed in the ref-
erence (Oswald, 2008).

We select a primary target from the twelve breakup
events to make the detection rate of the primary target
become the majority among the other events. The most
adequate target is the confirmed event of the Titan 3C
Transtage (1968-081E) because large number of fragments
has been spotted at near the breakup epoch, as reported in
Pensa et al. (1996). The Maui GEODSS system acciden-
tally observed 23 objects clustered within 0.5° of the

nominal location of 1968-081E on 21 February 1992. They
conducted intensive follow-up observations and analyses,
and concluded that the clustered objects must be fragments
of 1968-081E and the breakup epoch estimated was
09:31:12 UTC on 21 February 1992. A breakup cause of
1968-081E is inferred as tank explosion triggered by igni-
tion on remnant fuel. The US Space Surveillance Network
(SSN) now tracks 22 fragments associated with 1968-081E
that are catalogued as of July 2012. It should be noted that,
only eight fragments were catalogued when the observa-
tions for this research were conducted.

3.2. Observation conditions

We conduct an observation campaign for the breakup
fragments from 20 October 2011 to 22 October 2011. To
detect breakup fragments, whose individual presences,
individual orbits, and temporal positions are not confirmed
yet, one should observe a specific coordinate for long per-
iod. Change of weather condition and any operational
troubles will suffer detectability at observation sites. Thus,
the reason to take a campaign style observation is to gain a
good detectability, i.e. to detect a sufficient number of

Angular Velocity of the Fragments at Peak Bin [arcsec/sec]

Geocentric Right Ascension [deg]

Fig. 4. Angular velocity of 1968-081E fragments at peak bins specified in Fig. 3. The observer is at the Lulin observatory in this case.
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tracklets associated with 1968-081E to characterize the
breakup event of 1968-081E.

Observation campaign is conducted between two sites:
one is the National Central University (NCU) Lulin Obser-
vatory in Taiwan, located at 120°52'25"E, 23°28'07"N, and
2862-m altitude, and the other is the Japan Aecrospace
Exploration Agency (JAXA) Nyukasa Observatory in
Japan, located at 138°10'18"E, 35°54'05"N, and 1870-m
altitude. Two sensors at the NCU Lulin Observatory were
used for the observation campaign, so that this paper dis-
tinguishes between them. One, called TAOS, consists of
50-cm aperture telescope and 2 k by 2 k cooled CCD, with
a FOV of 1.74° by 1.78°. The other, called LOT, consists of
1-m aperture telescope and 4 k by 2 k cooled CCD, with a
FOV of 26.4' by 13.2’. On the other hand, this paper calls
one sensor at the JAXA Nyukasa Observatory by JNO.
JNO consists of 35-cm aperture telescope and 2 k by 2 k
cooled CCD, with a FOV of 1.27° by 1.27°. TAOS and
JNO will have a priority in survey observations because
of their large format CCD, and LOT will be suited for fol-
low-up observations by its fine sensor resolution. It should
be noted that the following contents are focused on the
results acquired from TAOS, because TAOS acquires a suf-
ficient number of images that contribute to the verifications
whereas JNO is affected by bad weather conditions and
LOT is troubled by minor issues of sensor instruments.

3.3. Predictions and observation point selection

We adopt the NASA standard breakup model 2001 revi-
sion (Johnson et al., 2001b) to OD generation. In the OD
generation, we have to configure the scaling factor that
governs the number of fragments to be generated by a
breakup event in the NASA model. The scaling factors
for all the twelve breakup events are coordinated to 1.0
for initial guess. For the scaling factor of 1.0, the NASA
model generates 238 fragments larger than 10 cm. Inclusion
of variation of the area-to-mass ratio (4/m) may have a sig-
nificant impact on results of long-term propagation and

Table 2
Comparisons of predicted population and angular velocity of 1968-081E
fragments at TAOS during six hours observation.

Angular velocity ["/s]
Point A Point B
2.01 £0.55 0.87£0.61

Sensor name  Predicted population [#]
Point A Point B

56.47+1.09 39.95+1.80

TAOS

thus may significantly change predicted population and
predicted motion of the targeted fragments. We surely
adopt the A/m probability density functions in the NASA
model to assign an A/m to each of the breakup fragments
in this research. The orbital propagator adopts the general
perturbation techniques including the J, effect, the luniso-
lar gravitational attraction effect, and the solar radiation
pressure effect. One hundred Monte-Carlo runs are applied
to the OD generation and propagation processes to repre-
sent mean and standard deviation of prediction results.

First, this paper overviews the predicted population of
1968-081E fragments. Fig. 3 represents the predicted pop-
ulation of 1968-081E fragments in terms of the time-inte-
grated distribution during a given observation time. For
initial guess, Fig. 3 assumes the observation time as the
operational time of the sensor, which is six hours per night.
In this case, the time-integrated distribution represents the
number of fragments that will pass through a bin (1° by 1°
for this case) at each night. If the observation time is
defined as the sum of exposure time of a sensor at a night,
then the time-integrated distribution represents the detec-
tion rate of the fragments at the bin. As described in the
previous section, the predicted population of 1968-081E
fragments clearly distinguishes a dense region from others
at each geocentric right ascension column. Considering
the Earth shadow and the visible and invisible region dur-
ing the observation period, one should select the observa-
tion point from the dense regions in the right side of
Fig. 3. Up to 51.6 fragments will pass through the densest
bin at («,0) = (6°,5°) during six hours.

Fig. 4 represents the angular velocity of 1968-081E
fragments at a peak bin in each geocentric right ascension
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Fig. 5. Comparison of the detection rates between the twelve breakup events during six hours observation at the point B.
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column that is specified in Fig. 3. As mentioned in the pre-
vious section, an observer measures a space object with
non-sidereal mode (i.e. fixed in azimuth and elevation),
so that TAOS becomes the observer to measure the angular
velocity predicted in Fig. 4. The mean angular velocity has
a maximum difference of approximately 2.0"/s. If one
wants to keep the motion of center-of-light of the frag-
ments within one pixel (e.g. 1pixel =3" by 3”) per each
shot, the maximum difference of the angular velocity will
alternate the exposure time by 1.5s. Such a difference in
an exposure time results in a serious one in the total expo-
sure time of a night.

Second, we determine the observation point by evaluat-
ing the predicted population and motion. Table 2 summa-
rizes the predicted population scaled for the sensor size of
TAOS, and the angular velocity in terms of average + stan-
dard deviation. Two points (A and B) are compared as can-
didates. The point A is the bin of (6°, 5°) where the
predicted population is the highest among whole bins,
whereas the point B is the bin of (43°, 8°) where the travel-
ing speed is almost half the point A but the predicted pop-
ulation is also half. For this observation campaign, we
select the point B as the observation point because the
detectability for individual fragments largely depends on
the signal-to-noise ratio affected by the exposure time.
The detectability resulting from the population is the sec-
ond priority at this observation campaign. To maximize

an exposure time with assumptions of keeping the motion
of the fragment within one pixel or within the seeing size,
we determine the exposure time as 5.9 s at the point B,
whereas this values would decrease to 3.0 s at the point A.
As previously mentioned, we plan to get a high detection
rate for 1968-081E fragments among the targeted twelve
breakup events. Fig. 5 compares the detection rates of frag-
ments from each of the targeted breakup events. In this
evaluation, we assume the detection rate during six hours
for TAOS. The result shows that the detection rates of
1968-081E fragments and 1967-066G fragments become
the majority in the selected observation point. The detec-
tion rate of 1968-081E fragments spares 42% of the sum.
Thus, even if we do not demonstrate the origin identifica-
tion using the k-NN algorithm, we can say from the Bayes-
ian estimation viewpoint that all of the tracklets
uncorrelated with the catalogued space objects will be asso-
ciated with 1968-081E fragments with 42% probability.

4. Origin identification

As a result of the observation campaign, TAOS acquires
189 sets of valid image sequences during three nights. In
this section, we finally verify the proposed approach by
conducting the origin identification of uncorrelated trac-
klets. We summarize tracklet detections at TAOS and
their origin identifications using the SSN catalogue first,
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Fig. 6. Predicted motions of 1968-081E fragments in red gradation and the other fragments in blue gradation. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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and then devote to the demonstration of the origin
identifications using the OD modeling results and the k-
NN algorithm.

4.1. Tracklet detection and the SSN catalogue correlation

In this research we conduct tracklet detections from the
189 sets of images acquired at TAOS by applying the
FPGA-based stacking method (Yanagisawa and Kurosaki,
2011). The FPGA-based stacking method is based on a so-
called track-before-detect (TBD) algorithm, which assumes
the motion vector of tracklets on a sensor frame first, and
then stacks image sequences shifted along with the motion
vector. The TBD algorithm can detect fainter signals by
one or two apparent magnitude than conventional detec-
tion algorithms, which detect signals in an image first and
then track the detected signals in image sequences to iden-
tify tracklets. TBD generally requires, though, very high
computational performance because it has to try a lot of
motion vectors to stack image sequences to detect tracklets.
The FPGA-based stacking method resolves the problem by
implementing the algorithms onto the field programmable
gate array (FPGA). Thirty minutes are taken to process a
set of image sequences with trials of 262,144 motion vectors

10

(i.e. the motion vectors whose components are within the
range of +256 pixels per a image sequence).

In total, 147 tracklets are detected from the TAOS
images by the FPGA-based stacking method. By applying
the first step of the origin identification to the 147 tracklets,
51 tracklets are correlated with space objects in the SSN
catalogue whose release date is near to the observation per-
iod, whereas the others (i.e., 96 tracklets) are judged as
uncataloged ones. The faintest object detected is down to
19.0 apparent magnitude, which corresponds to approxi-
mately 16 cm in diameter assuming a Lambert sphere
object whose albedo is 0.1.

4.2. Origin identification by the k-NN algorithm

This section addresses the origin identification of the 96
tracklets that are uncorrelated with the space objects in the
SSN catalogue. To begin with this step, we evaluate the
predicted motion of the fragments of the twelve breakup
events. In Fig. 6, the predicted motion of 1968-081E frag-
ments is visualized as red, and the others as blue. Transpar-
ent gradient is applied to both colors to distinguish the
frequency of the presence of fragments in the motion
plane grid. The gradient scale is same for both colors. This
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Fig. 7. Comparison between predicted motions of 1968-081E fragments and measured motions of the 96 tracklets uncorrelated with the SSN catalogue.
The origin identification results for the tracklets are visualized by the gradation from blue to red. A red tracklet represents its probable origin is 1968-081E,
and a blue tracklet represents its probable origin is one of the other breakup sources. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 8. Comparison between measured motions of the 50 tracklets associated with 1968-081E and predicted motions of 1968-081E fragments (in left) and

the other fragments (in right).

two-dimensional distribution will give more probable deci-
sion viewpoint to the origin identification than the infor-
mation in Fig. 5. It should be noted that, 1968-081E
fragments near the dense red region are overlapped by
the other breakup fragments. For example, 1967-066G
fragments are appeared in the densest blue region. They
may give some votes to a tracklet to be plotted in and near
the overlapped region.

To apply the k-NN algorithm to the origin identifica-
tion, we have to determine the adequate k for the observa-
tion point of TAOS because too small k or too large k will
result in increasing misclassification for origins of tracklets.
As a preliminary analysis we conduct the cross validation
using the predicted motions of the entire breakup frag-
ments. In the cross validation, we regard one of the predic-
tions as a pseudo tracklet (i.e., an observation) and
perform the k-NN algorithm for each of the pseudo trac-
klets. As a result of the cross validation, we find that 10-
NN is adequate: the misclassification rate well converges
with the minimum degree (the order of 8%) from k= 10.
To prevent a misleading, it should be noted that k=10
does not denote ten nearest “grids” in Fig. 6, but denotes
ten nearest “tracklets” in the raw data of Fig. 6.

Fig. 7 visualizes the result of the origin identification of
the 96 tracklets in comparison with the predicted motion.
In the figure, a detected tracklet is represented as a point
colored by the gradient from blue to red. The color gradi-
ent is linear to the ratio (P) of 1968-081E fragments in the
10-NN. For example, a tracklet of P = 100% is colored red,
a tracklet of P = 50% is colored violet, and a tracklet of
P =0% is colored blue. The 10-NN clearly distinguishes
the probable origins of tracklets between 1968-081E and
the others. Following the classification concept using the
k-NN algorithm, we classify the origin of a detected trac-
klet from the viewpoint that which breakup event among
the twelve becomes the majority of the 10-NN for the
detected tracklet. As a result, 50 tracklets are classified as

1968-081E fragments. Fig. 8 shows the distribution of the
50 tracklets in comparison with the predicted motion of
1968-081E fragments (in left) and the predicted motion of
the other fragments (in right). The 50 tracklets are distrib-
uted in and around the predicted motion of 1968-081E
fragments, and apart from the predicted motion of the
other breakup fragments. Among the 50 tracklets, 29 trac-
klets have P = 100%, 10 tracklets have P = 80%, and 11
tracklets have P = 60%. Some of the tracklets having lower
P are distributed near the dense blue region, and the other
lower P tracklets are distributed apart from the dense red
region. Two tracklets plotted at (AX,AY)=(4.26,0.60)
and (4.43, 0.54) are unlikely to be associated with 1968-
081E, but are voted by 1968-081E fragments because there
are no other predicted fragments between the two tracklets
and 1968-081E fragments. This case is a typical example of
the misclassification by A-NN. One may need to revise
hypotheses used in the predictions such as breakup condi-
tions to reduce unlikely classification. It may be noted that
there are 11 more tracklets voted by 1968-081E fragments
but their votes are too small to take into consideration
major revisions of the hypotheses.

5. Conclusions

This paper proposed a comprehensive approach to asso-
ciate tracklets with the spacecraft breakup events in the
geostationary region. We verified the proposed approach
by conducting the predictive analyses, the actual observa-
tions, the tracklet detections, and the origin identifications.
In this verification study, we adopted the breakup event list
investigated by Oswald (2008) that can be regarded as the
most probable sources at this time for the historical
breakup events in the geostationary region. We selected
the breakup event of 1968-081E from the event list as the
primary target to effectively verify the proposed approach.
The observation campaign for the primary target was
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conducted at the NCU Lulin Observatory and the JAXA
Nyukasa Observatory. From three-nights survey observa-
tions, a significant number of tracklets was detected by
the FPGA-based stacking method, and the two-step origin
identification method finally associated 50 tracklets with
the primary target 1968-081E.

The proposed approach was verified to be capable of
investigating the probable origins of detected tracklets. It
should be noted that the proposed approach may not be
able to deterministically identify the origins of tracklets,
but can evaluate a probability of relation between a
breakup event and origin of a tracklet. Thus, applications
of the proposed approach may include the probabilistic
estimation of breakup event characteristics, and the devel-
opment of an iterative search strategy that can improve the
confidences of hypotheses on breakup events, resulting pre-
dictions, and origin identification.
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1. Introduction

The Japanese Space Agency's Hayabusa II mission is scheduled to rendezvous with and return a sample
from the near-Earth Asteroid (162173) 1999 JU3. Previous visible-wavelength spectra of this object show
significant variability across multiple epochs which has been attributed to a compositionally heteroge-
neous surface. We present new visible and near-infrared spectra to demonstrate that thermally altered
carbonaceous chondrites are plausible compositional analogs, however this is a tentative association
due to a lack of prominent absorption features in our data. We have also conducted a series of high sig-
nal-to-noise visible-wavelength observations to investigate the reported surface heterogeneity. Our time
series of visible spectra do not show variability at a precision level of a few percent. This result suggests
two most likely possibilities. One, that the surface of 1999 JU3 is homogenous and that unaccounted for
systematic effects are causing spectral variation across epochs. Or two, that the surface of 1999 JU3 is
regionally heterogenous, in which case existing shape models suggest that any heterogeneity must be
limited to terrains smaller than approximately 5% of the total surface area. These new observations rep-
resent the last opportunity before both the launch and return of the Hayabusa II spacecraft to perform
ground-based characterization of this asteroid. Ultimately, these predictions for composition and surface
properties will be tested upon completion of the mission.

© 2013 Elsevier Inc. All rights reserved.

space mission target. The current Hayabusa II timeline proposes a
launch in 2014 or 2015, rendezvous with the asteroid in 2018, and

In June of 2010 the Japanese Space Agency’s Hayabusa mission
successfully completed the first ever sample return from an aster-
oid (Fujiwara et al., 2006; Abe et al., 2006; Nakamura et al., 2011,
and references therein). The success of this mission has spawned a
successor, Hayabusa II, which is scheduled to rendezvous with and
return a sample from the Asteroid (162173) 1999 JU3. This object
was discovered by the Lincoln Near-Earth Asteroid Research (LIN-
EAR) survey on 1999 May 10. It is an Apollo-class near-Earth aster-
oid with one of the lowest values of Av for any object with an
absolute magnitude less than H = 20,' and thus is a highly favorable

* Corresponding author at: Massachusetts Institute of Technology, Department of
Earth, Atmospheric and Planetary Sciences, 77 Massachusetts Avenue, Cambridge,
MA 02139, USA.

E-mail address: nmosko@mit.edu (N.A. Moskovitz).
! http://echo.jpl.nasa.gov/~lance/delta_v/delta_v.rendezvous.html.

0019-1035/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.icarus.2013.02.009

return of a sample to Earth in 2020. Like its predecessor this mission
provides the opportunity to directly test the validity of ground-based
analytical techniques with pre-encounter predictions for the physi-
cal and chemical properties of the asteroid (e.g. Binzel et al., 2001b).

Previous observations of 1999 JU3 were conducted following its
discovery in 1999 and during its favorable apparition in 2007.
Ground-based photometry determined a light curve period of
about 7.63 h (Abe et al., 2008; Miiller et al., 2011), which has since
been confirmed with photometry from the 2012 apparition (Kim
et al., 2013). A weighted average of space and ground-based obser-
vations in the mid-infrared suggest an effective diameter of
870+30m and an albedo of 6.954 + 0.005% (Hasegawa et al.,
2008; Campins et al., 2009; Miiller et al., 2011). Prior to the present
study, visible-wavelength spectra had been obtained in May 1999,
July 2007, and September 2007 (Fig. 1, Table 1). These data display
marked variability in spectral slope and in the presence of absorption
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Fig. 1. Normalized visible-wavelength reflectance spectra of 1999 JU3. The data are
vertically offset for clarity. The top panel shows the three previous visible spectra
with the month/year of observation and respective references BO1 = Binzel et al.
(2001a) and V08 = Vilas (2008). The July 2007 data is shown in grey to distinguish it
from the adjacent spectrum. Our spectra are in the bottom panel and are
chronologically ordered from bottom to top with spectra A and B taken on June
1, C on June 2, and D-F taken on June 3. The midpoint times for each of these
observations are given in Table 3. The progressive decrease in signal-to-noise in
spectra A-F is due to the opposition effect, increasing geocentric and heliocentric
distances, and increasing background from a waxing Moon.

features. The spectrum from 1999 shows UV absorption short-
ward of about 0.65 pum and a featureless neutral slope at longer
wavelengths (Binzel et al., 2001a). The July 2007 data, which suffer
from the lowest signal-to-noise, show an overall red slope with a
pronounced absorption feature ~10% deep centered between 0.6
and 0.7 pm (Vilas, 2008). The September 2007 spectrum is a com-
bination of data from two nights (Table 1) and is largely featureless
with neutral slope (Vilas, 2008). Though these three spectra are
broadly consistent with taxonomic classification in the C-complex,
such pronounced variability, in this case at the level of ~10%, is
highly unusual.

This spectral variability has been attributed to a composition-
ally heterogenous surface (Vilas, 2008). The absorption feature be-
tween 0.6 and 0.7 um in the July 2007 spectrum was linked to
Fe?*— Fe®" charge transfer transitions in iron-bearing phyllosili-

Table 1

cates. The absence of this feature in the May 1999 and September
2007 spectra suggests a non-uniform distribution of these aqueous
alteration byproducts. The possible existence of hydrated minerals
on the surface of 1999 JU3 is of considerable interest for the pur-
poses of mission planning and the potential sampling of primitive
Solar System material. Such surface heterogeneity could be inher-
ited from the asteroid’s parent body or could be exogenous in ori-
gin, as may be the case for the “black boulder” seen by Hayabusa I
on Itokawa (Fujiwara et al., 2006) and for the dark material imaged
by the Dawn spacecraft on 4 Vesta (Reddy et al., 2012a).

We present observations of 1999 JU3 from the 2012 apparition,
the last favorable observing window before both the scheduled
launch and return of the Hayabusa II spacecraft. Visible and
near-infrared spectra were obtained to constrain the composition
of the asteroid and to investigate claims of a non-uniform surface.
Other investigators obtained visible spectra during the 2012
observing window (Sugita et al., 2012; Vilas, 2012; Lazzaro et al.,
2013). These other data are not directly addressed here, though
we note that none of these works found evidence for a 0.7 pm
absorption feature or any repeatable spectral variability through
multiple rotation periods. We also present here new visible-wave-
length photometry to constrain the rotational phases of the aster-
oid accessed by our 2012 spectroscopic observations. Our
observations and reduction techniques are presented in Section 2.
Analysis of these data are presented in Section 3. We summarize
and discuss the results in Section 4.

2. Observations and data reduction

Data presented here were taken with seven different instru-
ments at six telescopic facilities and include visible and near-infra-
red spectroscopy, and visible-wavelength photometry. With the
exception of one near-infrared spectrum from 2007, all data were
obtained between October of 2011 and July of 2012. Tables 1 and
2 summarize the observing circumstances.

2.1. Visible-wavelength spectroscopy: LDSS3

New visible wavelength spectra were obtained with LDSS3 at
the Magellan Clay 6.5 m telescope on the nights of UT 2012 June
1-3, coinciding with the opposition of the asteroid at a phase angle
of 0.2° on UT June 1 at 07:30. The instrument was operated with a
1.5”-wide and 4’-long slit and its VPH-AIl grism. These settings
produced a single-order spectrum with a useful spectral range of
0.44-0.94 um at an average resolution of about 430 and a disper-
sion of 1.89 A/pixel. Each individual spectrum represents a set of
4 x 180 s exposures, split between two different nod positions
approximately 20” apart along the slit.

Chronological summary of spectroscopic observations of 1999 JU3. The columns in this table are the UT date of observation, the instrument and facility that were used, the
apparent V-band magnitude (from the Minor Planet Center), geocentric distance (4), heliocentric distance (R), the solar phase angle (), the phase of the Moon ((), the target-

observer-Moon angle (T-O-M), and the solar analog stars used for calibration.

UT date Instrument and facility Vv 4 (AU) R (AU) o (°) [ T-0-M (°) Solar analogs

1999-05-17° DSPEC Palomar 200” 17.7 0.305 1314 6.1 5% 149 SA102-1081, 16 Cyg B

2007-07-11° RCHAN MMT 6.5 m 20.3 0.569 1.381 40.3 12% 78 SA114-654

2007-09-10° RCHAN MMT 6.5 m 179 0.273 1.254 225 2% 150 SA114-654

2007-09-11° RCHAN MMT 6.5 m 17.9 0.271 1.251 22.8 0% 152 SA113-276, SA114-654

2007-09-18 SpeX IRTF 17.9 0.260 1.231 26.5 37% 90 SA112-1333, SA115-271, SA93-101, Hya64
2007-09-20 SpeX IRTF 17.9 0.258 1.226 279 56% 68 SA110-361, SA112-1333, SA115-271, SA93-101
2012-06-01 LDSS3 Magellan 6.5 m 17.7 0.353 1.367 0.2 85% 45 SA110-361, HD149182

2012-06-02 LDSS3 Magellan 6.5 m 17.8 0.354 1.368 1.0 92% 31 HD149182

2012-06-03 LDSS3 Magellan 6.5 m 17.9 0.356 1.370 2.0 98% 15 SA107-998

2012-06-05 FIRE Magellan 6.5 m 18.1 0.360 1.373 4.4 99% 15 SA107-998

2012-07-10 FIRE Magellan 6.5 m 199 0.518 1.410 33.1 60% 127 SA113-276

2 From Binzel et al. (2001a).
> From Vilas (2008).
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Table 2
Summary of 1999 JU3 photometric observations. The columns in this table are the
same as in Table 1.

UT date Instrument and facility Vv A (AU) R (AU)  «(°)
2011-10-30 EEV 1k CCD Lulin 1m 20.1 0438 1.002 76.1
2012-04-05 IMACS Magellan 6.5 m 19.8 0.461 1.237 494
2012-04-06 IMACS Magellan 6.5 m 19.8 0.457 1.240 489
2012-04-07 IMACS Magellan 6.5 m 19.8 0.454 1.243 485
2012-05-31 SITelk Tenagra 0.8 m 17.7 0.352 1.366 0.7
2012-06-07  SITelk Tenagra 0.8 m 18.2 0.366 1.377 7.1
2012-06-08  SITelk Tenagra 0.8 m 18.3 0.368 1.378 8.2
2012-06-09  SITelk Tenagra 0.8 m 184 0.371 1.380 9.2
2012-06-20 Teklk Bosque Alegre 1.5m 19.0 0.409 1.393 194
2012-06-21 Teklk Bosque Alegre 1.5 m 19.0 0.413 1.394 20.3

Solar analog stars were observed several times throughout each
night for calibration purposes (Table 1). With the exception of
HD149182, the calibration stars were selected from a list of well-
vetted analogs that were used extensively throughout the SMASS
survey (Bus and Binzel, 2002). HD149182 was also included be-
cause of its close proximity (<10°) to the asteroid and was selected
based on its photometric colors and G2V spectral classification. The
high degree of consistency amongst our measured spectra (Sec-
tion 3.2) confirms that HD149182 is a good solar analog.

Reduction of these spectra employed standard IDL and IRAF
routines, including a set of IRAF tools developed specifically for
LDSS3. Combined He, Ne and Ar arc lamp spectra were obtained
at the beginning and end of each night to provide dispersion solu-
tions. Exposures of a white screen illuminated by a quartz lamp
were used for flat field calibration.

The extracted asteroid spectra were divided by each of the solar
analogs (typically ~10 individual observations of solar analogs
throughout the night). The best solar analog for a given asteroid
spectrum was chosen based on minimization of residual telluric
features long-wards of ~0.7 pm. After division by an analog, indi-
vidual points in the spectra were then rejected based on a
0.25 pm boxcar sigma-clipping routine with a prescribed cutoff
of 3 sigma. In all cases less than 10% of the data points were re-
jected and those that were removed were predominantly distrib-
uted at the extremes of the spectra outside the useful spectral
range of 0.44-0.94 um. Generally, less than 10 pixels were re-
moved from within this final trimmed spectral range. After clean-
ing, the asteroid spectra were then re-binned by a factor of
13 pixels to produce a dispersion interval very close to
0.0025 pm per channel, similar to that of the 1999 spectrum
(Binzel et al., 2001a) and a factor approximately 3 times larger than
that of the 2007 data (Vilas, 2008). The error bar on each binned
dispersion element was set to the standard deviation of the origi-
nal 13 pixels. The data were finally normalized at 0.55 pm to pro-
duce relative reflectance spectra (Fig. 1).

The wavelength-averaged signal-to-noise ratio (S/N) of these
spectra vary from ~60 on the first night (A and B in Fig. 1), to
~30 on the second night (C), to ~20 on the third night (D-F). Since
exposure times were held constant, this drop in S/N is likely caused
by several effects. First, spectra A and B were taken at solar phase
angles less then 1° (Table 1) and thus may have captured an oppo-
sition surge in brightness. Second, the Moon was both waxing and
increasingly close to the target throughout the run (Table 1), thus
causing a progressive increase in background flux. Third, the tar-
get’s geocentric and heliocentric distances were both increasing,
causing a drop in brightness across the three nights.

2.2. Near-infrared spectroscopy: FIRE and SpeX

Near-infrared spectra were obtained in June and July of 2012
with FIRE at the Magellan Baade 6.5 m telescope and in September
2007 with SpeX (Rayner et al., 2003) at NASA’s Infrared Telescope

Facility (IRTF; Table 1). FIRE was operated in its high-throughput
prism mode with a 0.8 x 50” slit. These settings produced single-
order spectra at a resolution of approximately 400 from 0.8 to
2.45 pm. Individual exposures were limited to 180 s to avoid satu-
ration of telluric emission features and of thermal emission from
the instrument and telescope at wavelengths longer than about
2.2 pm. Exposures were obtained in ABBA sequences with the ob-
ject offset along the slit by 9” for each nod position. On UT 2012
June 5 a total of 4 x 180 s exposures were obtained. On UT 2012
July 10, when the asteroid was nearly 2 magnitudes fainter, a total
of 18 x 180 s exposures were obtained.

At the IRTF, SpeX was configured in its low resolution (R = 250)
prism mode with a 0.8” slit for wavelength coverage from 0.8 to
2.5 pm. All observations were made with the telescope operating
in a standard ABBA nod pattern with individual exposures of
120 s. On UT 2007 September 18 a total of 40 individual exposures
were obtained, on UT 2007 September 20 a total of 50 individual
exposures were obtained.

For both near-infrared spectrographs the slit mask was oriented
along the parallactic angle at the start of each observation to min-
imize the effects of atmospheric dispersion. As with the visible-
wavelength spectra, solar analogs were observed to correct for tel-
luric absorption and to remove the solar spectrum from the mea-
sured reflectance (Table 1). Reduction of the SpeX data followed
Sunshine et al. (2004), reduction of the FIRE data employed an
IDL package designed for the instrument and based on the Spextool
pipeline (Cushing et al., 2004).

A composite visible/near-infrared spectrum of 1999 JU3 is
shown in Fig. 2. The asteroid is a C-type in the DeMeo et al.
(2009) taxonomic system. The visible portion is a weighted aver-
age of the six LDSS3 spectra in Fig. 1. The near-infrared portion is
a weighted average of the SpeX and FIRE data, and thus represents
a combination of data across multiple epochs. Other than some
variability in slope, no significant differences were seen amongst
the near-infrared spectra within the S/N of the data.

2.3. Visible-wavelength photometry: IMACS, Lulin, Tenagra II, and
Bosque Alegre

Photometric observations (Table 2) were conducted with IMACS
at the Magellan Baade 6.5 m telescope at Las Campanas Observa-
tory in Chile, with a Princeton Instruments EEV 1 k CCD at the Lulin
1 m telescope in Taiwan, with a SITe 1k CCD at the Tenagra Il
0.81 m telescope in Arizona, and with a Tektronics 1 k CCD at the
Bosque Alegre 1.5 m telescope in Argentina. These data were taken
on ten separate nights between October 2011 and June 2012.

IMACS was operated using the f/2 camera, which has a 27.5
field-of-view covered by a mosaic of eight 2 k x 4 k CCDs with
plate scales of 0.2”/pixel. We employed only one of the eight chips
with a subraster about 400 x 400” in size. We used a Bessell R-
band filter with exposure times of 60s. These observations
spanned approximately 3 h per night over three consecutive
nights. The Princeton Instruments CCD at Lulin Observatory has a
roughly 11’ field of view with a plate scale of 0.516"/pixel. These
observations were conducted with a Johnson-Cousins R-band filter
over the course of approximately 2 h on a single night. Exposure
times were set to 300 s. The SITe 1k CDD at the Tenegra II tele-
scope has a 14.8’ field-of-view with a plate scale of 0.87”/pixel. A
Johnson-Cousins R-band filter was used. These observations
spanned approximately 4.5 h per night over 4 non-consecutive
nights with individual exposure times set to 360 s. The Tektronics
1 k at the Bosque Alegre 1.5 m has a plate scale of 0.33”/pixel and a
field-of-view of 5.7". Observations were conducted with a Johnson
R-band filter, spanning approximately 3.5 h on two consecutive
nights. Exposure times were 240 s the first night and 200 s the
second.
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Fig. 2. Composite visible (LDSS3) and near-infrared (SpeX and FIRE) spectrum of
1999 JU3. The grey region in the background represents the envelope for C-type
spectra in the DeMeo et al. (2009) taxonomic system. In spite of the low signal-to-
noise in the near-infrared and the presence of residual telluric features around 1.4
and 1.9 pm, this spectrum shows no evidence for prominent absorption bands,
though subtle features may be present around 0.9 um and short-ward of 0.7 pm.
The two best spectral matches from our x? search through RELAB are a thermally
altered sample of Murchison and the unusual CI chondrite Yamato 86029. These
meteorite spectra have been normalized at 1 um and then offset by —0.15 and —0.3
units respectively.

Reduction of these data employed standard IRAF procedures.
Aperture photometry was performed with aperture radii roughly
4 times the measured seeing and a background annulus equal to
twice that separation. Some individual exposures were rejected
based on contamination from nearby field stars. Photometric cali-
bration was achieved for the IMACS data with observations of the
RU 149 Landolt standard field (Landolt, 1992). All other photome-
try was performed differentially relative to at least one half dozen
on-chip field stars and then scaled to match the calibrated IMACS
data. A full table of the collected photometry is included in the On-
line supplementary Data.

3. Rotational and compositional analyses

Our visible-wavelength photometry is used to construct a
phase-folded rotational light curve of 1999 JU3. This provides the
means to constrain the specific rotational phases accessed by the
spectroscopic observations and to quantitatively address the previ-
ously reported surface heterogeneity. The combined visible/near-
IR spectrum is used to place preliminary constraints on
composition.

3.1. Rotational light curve

Miiller et al. (2011) find a rotation period for 1999 JU3 of
763+0.01h and Kim et al. (2013) find a period of
7.625 +0.003 h. We use these periods as a guide to phase-fold
our broadband photometry (Fig. 3). The highest S/N data came
from the three nights of observations at Magellan (Table 2). The
magnitudes of all other observations are scaled to the mean value
of the photometrically calibrated Magellan data. As with previous
light curve measurements (Miiller et al., 2011; Kim et al., 2013),
our data suggest a small peak-to-peak amplitude of about 0.2 mag-
nitudes. Attempts have been made to exclude data points contam-
inated by background field stars, however the low galactic latitude
of the asteroid (<20° for all observations) certainly adds to the scat-
ter in the measured photometry.

The light curve in Fig. 3 has been phase folded with a synodic
period of 7.631 h relative to the first IMACS observation on UT
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Fig. 3. Rotational light curve of 1999 JU3. Filled circles represent the IMACS
Magellan data. Open diamonds represent our additional observations (Table 2) with
magnitudes scaled to the IMACS data. The solid line represents the predicted light
curve from the Miiller et al. (2011) model, the dashed is the model prediction from
Kawakami et al. (2010). The data have been phase folded to a synodic period of
7.631 h. A rotation phase of zero corresponds to the start of IMACS observations on
UT 2012-04-05 at 06:40 (JD 2456022.778). The phases accessed by the visible-
wavelength spectroscopic observations are indicated by the letters A-F. The total
time for each spectrum (4 x 180 s plus readout and telescope offsets) is comparable
to the width of the letters. Spectroscopic coverage was obtained over approximately
60% of rotation phases at a longitudinal resolution of ~45°.

2012-04-05 at 06:40 (JD 2456022.778). Light time corrections have
been applied relative to this first IMACS observation. This light
curve is wrapped such that the first and last few points are re-
peated at phases <0 and >1. Robustly fitting a light curve period
is difficult because the photometric errors are comparable to the
amplitude of the light curve and our best quality photometry from
IMACS does not span a full rotation period. A unique period is not
found when employing the Fourier analysis of Polishook (2012).
Thus we attempt to manually constrain the period based on three
features in the IMACS data: a subtle peak at phase = 0.2, a mini-
mum at phase = 0.4 and another peak around phase = 0.6. The per-
iod is adjusted in increments of 0.001 h until these three features
are roughly aligned for all data. We find that these features are
not aligned for periods within +0.005 h of 7.631 h. This result is
consistent with the range of periods suggested by Miiller et al.
(2011) and Kim et al. (2013), but is not meant to be a more accu-
rate determination.

3.2. Non-detection of spectroscopic variability

The phase folded light curve is used to provide rotational con-
text for each of the new spectroscopic observations (Fig. 3). This
phase folding demonstrates that rotational coverage was obtained
over approximately 60% of the asteroid’s surface at a longitudinal
sampling of ~45°. The spectroscopic observations from previous
epochs (Binzel et al.,, 2001a; Vilas, 2008) are not included in
Fig. 3 because current best estimates for the rotation period (e.g.
Kim et al., 2013) still have an associated error that is large enough
to preclude linking observations separated by several years.

We compute reflectance ratios to investigate the possibility of a
heterogenous surface (Fig. 4). These ratios are computed by med-
ian combining spectra A through F and then dividing that median
into each of the individual spectra. Any deviations from a flat line
would indicate the presence of a heterogenous surface. Typical
deviations are around 1%, with the largest (just under 4%) seen at
the bluest wavelengths in spectrum C. However, all deviations fall
within the S/N of the data and thus suggest that the regions on the
surface accessed by our observations are homogenous to within a
few percent.
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Fig. 4. Visible-wavelength reflectance ratios of 1993 JU3 relative to a median
combination of all spectra. These reflectance ratios have been offset by multiples of
0.4 units. Deviations from a slope-zero line (black curves) would indicate
spectroscopic heterogeneity. No variability is detected within the S/N of the data,
though slight (<4%) deviations from a flat line are seen at the shortest wavelengths
in spectra B and C.

Previously reported spectroscopic variability around 0.8 um
(Lazzaro et al., 2013) is not seen in our data set. This non-detection
suggests the possibility raised by these authors, that it may be
attributed to either instrumental optical fringing or residual effects
from the telluric water absorption band centered near 0.8 pm.

The rotational context for these spectroscopic data provides a
test of our observation and reduction techniques. Fig. 3 shows that
spectra A and F were obtained at nearly identical rotation phases.
The fact that these spectra are indistinguishable (Fig. 4), but taken
on different nights and calibrated with different solar analogs
(Table 1), is a nice validation of the consistency of our
methodology.

3.3. Spectroscopic surface coverage

Shape models of 1999 JU3 based on photometry from 2007 have
been independently developed by Kawakami et al. (2010) and

Table 3

Miiller et al. (2011). In both cases, the small amplitude of the light
curve produces nearly spherical shapes. These models are based
upon different data sets, but because of issues of low S/N, do not
offer a single unique solution. Unsurprisingly then, neither shape
model produces light curves that match our data well (Fig. 3).
Clearly the development of a new shape model that fits photome-
try from 2007 and 2012 is an important task for future work. Due
to this ambiguity it is difficult to absolutely state the surface
latitudes and longitudes accessed by the full ensemble of spectro-
scopic observations dating back to 1999. However we can compare
model predictions for the spectroscopically accessed surface re-
gions to illustrate the plausible spatial extent of any non-uniform
surface features.

The spectra of 1999 JU3 from September 2007 are fully consis-
tent with the new data presented here (Fig. 1). Any surface heter-
ogeneity must then be restricted to regions accessed by the
observations in May 1999, when the asteroid displayed UV absorp-
tion short-ward of about 0.65 pm (Binzel et al., 2001a) and in July
2007 when the asteroid showed a prominent absorption feature
between 0.6 and 0.7 pum (Vilas, 2008). These regions would have
to be limited in extent to avoid violating the lack of absorption fea-
tures in the other spectra.

Table 3 presents the two sets of predicted sub-observer lati-
tudes and longitudes for all visible-wavelength spectroscopic
observations. Fig. 5 illustrates the sub-observer points predicted
by the two shape models. Though these sub-observer points are
not meant to be absolute and may change with future improve-
ments to the shape model, their relative separations are informa-
tive. In particular, we are most interested in the distance that
separates the sub-observer points for featureless spectra (Septem-
ber 2007, June 2012) from the sub-observer points for spectra that
display absorption bands (May 1999, July 2007; B and V in Fig. 5).
We can roughly calculate the physical distance between sub-ob-
server points by assuming a spherical body with a diameter of
870 m, a reasonable approximation for this asteroid (Kawakami
et al,, 2010; Miiller et al., 2011). The physical distance between
sub-observer points is then just the distance along the great circle
that connects these points.

According to the Kawakami et al. (2010) model, the observa-
tions from May 1999 were taken at a sub-observer point about

Sub-observer points for all published visible-wavelength spectra of 1999 JU3. Columns in this table are the UT midpoint of observation, reference [BO1 = Binzel et al. (2001a);
V08 = Vilas (2008); letters A-F indicate the corresponding spectra in Fig. 1], the apparent V-band magnitude (from the Minor Planet Center), geocentric distance (A), heliocentric
distance (R), solar phase angle (o), and the sub-observer longitude and latitude. These data are presented for both shape models of 1999 JU3.

UT midpoint Reference Vv 4 (AU) R (AU) o (°) Sub-observer long. and lat.
Miiller et al. (2011) Shape model

1999-05-17 07:49 BO1 17.7 0.305 1.314 6.1 -169°, 19°
2007-07-11 10:05 Vo8 203 0.569 1.381 40.3 —40°, 8°
2007-09-10 07:00 V08 17.9 0.273 1.254 22.5 169°, 25°
2007-09-11 05:50 V08 17.9 0.271 1.251 22.8 172°, 25°
2012-06-01 07:07 A 17.7 0.353 1.367 0.2 158, 27°
2012-06-01 08:09 B 17.7 0.353 1.367 0.2 109°, 28°
2012-06-02 03:54 C 17.8 0.354 1.368 1.0 —102°, 28°
2012-06-03 01:54 D 17.9 0.356 1.370 2.0 —59°, 28°
2012-06-03 03:34 E 17.9 0.356 1.370 2.1 —137°, 28°
2012-06-03 04:54 F 17.9 0.356 1.370 22 159°, 28°
Kawakami et al. (2010) Shape model

1999-05-17 07:49 BO1 17.7 0.305 1.314 6.1 -19°, 10°
2007-07-11 10:05 V08 20.3 0.569 1.381 40.3 25°, —71°
2007-09-10 07:00 Vo8 17.9 0.273 1.254 225 —61°, —77°
2007-09-11 05:50 Vo8 17.9 0.271 1.251 22.8 —57°, —78°
2012-06-01 07:07 A 17.7 0.353 1.367 0.2 —34°, —9°
2012-06-01 08:09 B 17.7 0.353 1.367 0.2 —83°, —9°
2012-06-02 03:54 C 17.8 0.354 1.368 1.0 65°, —9°
2012-06-03 01:54 D 17.9 0.356 1.370 2.0 107°, —8°
2012-06-03 03:34 E 17.9 0.356 1.370 2.1 29°, —8°
2012-06-03 04:54 F 17.9 0.356 1.370 22 —35°, —8°

(61)
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Fig. 5. Cylindrical projections of 1999 JU3’s surface with circles indicating the sub-
observer latitudes and longitudes from the two available shape models (Kawakami
et al., 2010; Miiller et al., 2011). The circles are not meant to indicate the physical
extent of the surface accessed by the observations. Black circles represent sub-
observer points from our new 2012 observations and are labeled A-F. Grey circles
represent sub-observer points for the observations from 1999 and 2007. The two
spectra that display absorption features are indicated with hatched regions and
labeled B (Binzel et al., 2001a) and V (Vilas, 2008). Surface regions that produce
absorption features must be limited in extent to avoid overlapping those
corresponding to featureless spectra. The loss of rotational information across
epochs (see text) suggests that the locations of these regions relative to the 2012
points could lie anywhere along the horizontal bands. This demands that any
heterogeneity on the surface be confined to regions no more than a few hundred
meters in extent.

180 m away from the next closest point which corresponds to
spectrum F (June 2012). And the observations from July 2007 cor-
respond to a sub-observer point about 160 m away from the Sep-
tember 2007 spectra. According to the Miiller et al. (2011)
model, the observations from May 1999 were taken about 140 m
from the September 2007 points, and the observations from July
2007 correspond to a sub-observer point about 200 m away from
spectrum D (June 2012). Taken as a whole, and independent of
which shape model is employed, these calculations suggest that
the reported spectroscopic variability would be a consequence of
regional surface heterogeneity on spatial scales smaller than about
400 m in extent (200 m in radius). Regions of this size would occu-
py about 5% of the asteroid’s total surface area.

The ambiguity in shape models emphasizes that rotational
information is not correlated over multiple years. This is indicated
by the horizontal bands in Fig. 5. The sub-observer points for those
spectra with absorption features could lie anywhere along these
bands. This provides some freedom for the spectrally anomalous
regions to “hide” in the gaps between those sub-observer points
corresponding to featureless spectra. However, the sub-observer
points for both the Binzel et al. (2001a) and Vilas (2008) spectra
would have to be shifted by very specific amounts to reconcile
the full suite of visible spectra. This issue is further complicated
upon consideration of the sub-observer hemispherical footprints
of our spectroscopic observations (see online Supplementary Fig-
ure A). These footprints indicate that we accessed a significant
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majority of the surface, leaving very little surface area in which
spectroscopically anomalous regions could exist.

3.4. Compositional analogs

With the full visible/near-infrared spectrum (Fig. 2) we can
make preliminary statements about the composition of 1999 JU3.
However, these statements must be interpreted with some skepti-
cism due to the lack of prominent absorption features and issues of
degenerate compositional interpretations when dealing with such
featureless spectra (e.g. Vernazza et al., 2009; Reddy et al,
2012b,c). A preliminary attempt at compositional analysis is
justified by the potential for predictions to be directly tested with
a returned sample. We base this analysis solely on our new obser-
vations; see Vilas (2008) for an interpretation of previous visible-
wavelength spectra.

Our visible and near-infrared spectra confirm a C-type taxo-
nomic classification, but show no evidence for the previously de-
tected 0.7 um phyllosilicate band (Vilas, 2008) or a prominent
UV drop-off short-wards of about 0.65 um (Binzel et al., 2001a).
The data may indicate weak bands around 0.9 pm and short-ward
of 0.7 um, but these features are near the limit of the S/N and are
not robust detections. Without any strong features to directly ana-
lyze we employ spectral matching techniques to constrain plausi-
ble compositional analogs. Comparison spectra were obtained
from a July 2012 release of Brown University’s RELAB database
(Pieters, 1983) containing reflectance spectra for just over 17,000
samples. Our search began by selecting only those samples with
a spectral range overlapping that of the asteroid and only those
samples with an albedo within 5% of that measured for 1999 JU3.
This narrowed the list of comparison spectra to 8024 samples.
For each of these, either the asteroid or the meteorite data were
interpolated to match the wavelengths of the spectrum with the
smallest dispersion interval. Both spectra were then normalized
at the minimum asteroid wavelength (0.44 um) before a reduced
% difference was calculated.

The two meteorite spectra with the lowest y? values are shown
in Fig. 2. These meteorites are a thermally altered sample of the CM
carbonaceous chondrite Murchison and the unusual CI chondrite
Yamato 86029. The reduced x? values for these meteorites were
2.89 and 3.25 respectively. These were clearly the best fits as the
next lowest x? was 6.75 for a sample of a mid-ocean ridge basalt
(RELAB ID RB-CMP-023) that was ground to particle sizes 125-
250 pm. This spectrum of oceanic basalt matched the general slope
of 1999 JU3 but showed a subtle 1 pum absorption band and thus is
unlikely to be a good analog.

The mean albedos of the two best-fit samples (6% for Murchi-
son, 3% for Yamato) are by design of the search algorithm close
to the ~7% measured for 1999 JU3 (Hasegawa et al., 2008; Campins
et al., 2009; Miiller et al., 2011). The two best-fit spectra both cor-
respond to the smallest available particle size sorting, <63 pum for
Murchison and <125 pm for Yamato. The Murchison spectrum rep-
resents one in series of heating experiments where the tempera-
ture of the sample was raised in increments of 100 °C from 300
to 1000 °C (Hiroi et al., 1996). At each temperature increment a
reflectance spectrum was measured. Heating was shown to reduce
spectral slope and decrease the depth of absorption bands. The
Murchison spectrum corresponding to a temperature of 900 °C
was the closest match to 1999 JU3. Yamato 86029 has unusual
textural properties and a chemical composition indicative of a rare
class of CI chondrites that experienced moderate thermal alter-
ation at temperatures of 500-600 °C (Tonui et al., 2003). 1999
JU3 has been previously linked to carbonaceous chondrites (Vilas,
2008; Lazzaro et al., 2013), the analysis here expands upon these
results by specifically identifying thermally altered samples as
the best available spectral analogs.
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4. Discussion

We have presented new observations of the Hayabusa II target
asteroid 1999 JU3 taken during the favorable 2012 apparition, the
last opportunity before both the launch and return of the space-
craft to perform ground-based characterization. Visible wave-
length photometry was used to produce a rotational light curve.
A period of 7.631 £ 0.005 h and a small amplitude of a few tenths
of a magnitude are consistent with independent light curve mea-
surements (Miiller et al., 2011; Kim et al., 2013). Visible and
near-infrared spectra were used to constrain taxonomy and com-
position. The asteroid is a C-type in the DeMeo et al. (2009) taxo-
nomic system and the best spectral analogs are thermally altered
carbonaceous chondrites. However, the lack of any prominent
absorption features makes this compositional association tenta-
tive. High quality spectra that extend into the near-UV (0.3-
0.4 pm) or the 3 um region could provide further compositional
clues if diagnostic absorption bands are detected (e.g. Hiroi et al.,
1993; Rivkin et al., 2002) and may serve as a test of the collisional
and thermal evolution of primitive asteroid types (Vilas and Sykes,
1996).

The putative link to carbonaceous chondrites and particularly
those that are thermally altered is interesting and merits some pre-
liminary speculation. CM and CI chondrites are primitive meteor-
ites with appreciable quantities of organics and water of
hydration (Cloutis et al., 2011a,b). The possible return of such sam-
ples would be relevant to issues of astrobiology and to understand-
ing primordial chemistry in the solar nebula (e.g. Morbidelli et al.,
2000). The suggested link to heated carbonaceous chondrites could
imply that surface temperatures on 1999 JU3 were significantly
higher at some point in its past. There is roughly a 50% probability
that the chaotic orbital evolution of 1999 JU3 resulted in a perihe-
lion inside of 0.5 AU (its current perihelion distance in 0.96 AU),
which translates to surface temperatures of approximately 500 K
(Marchi et al., 2009; Michel and Delb6, 2010). This is comparable
to the in situ alteration temperatures experienced by Yamato
86029, but is less than the 900 °C experienced by the Murchison
sample. Nevertheless, this highlights that thermally altered primi-
tive meteorites could be relevant to understanding the composi-
tion of 1999 JU3. Ultimately, the results from Hayabusa II will
provide the first-ever direct test of such compositional interpreta-
tions from largely featureless asteroid spectra.

We have also presented a time series of visible spectra to ad-
dress previously reported spectroscopic variability (Vilas, 2008;
Lazzaro et al., 2013). Our spectra show no variability at the level
of a few percent. There are several possible explanations for this
non-detection. First, the asteroid’s surface may be spectroscopi-
cally and compositionally uniform, in which case some unac-
counted for systematic effects would be the cause of spectral
variation across epochs. The hemispherical footprints of our spec-
tral observations cover nearly the entire surface of the asteroid
(Supplementary Figure A), thus supporting this hypothesis. Varia-
tions in spectral slope are common with asteroid observations
and can be attributed to observational issues such as weather,
phase angle (Sanchez et al., 2012; Reddy et al., 2012d), or the use
of imperfect solar analogs, but it is unclear how these issues would
result in variable absorption features. Other than a moderately
high airmass of ~1.9 for the Binzel et al. (2001a) spectrum, we find
no obvious observational reasons why the two spectra with
absorption features should be different.

Multi-epoch spectral variability could alternatively be linked to
recent alteration events that induced global or near global changes
in surface properties. Planetary encounters (Binzel et al., 2010) or
impacts (Richardson et al., 2004) can alter reflectance properties,
however these seem unlikely because two such events would be

required in just 13 years to explain the observed spectroscopic var-
iability from 1999 to 2007 to 2012.

A final explanation is that the surface of 1999 JU3 is in fact het-
erogenous. In this case spectral variability could result from the
obscuration of surface regions by local topography as a conse-
quence of changing viewing aspect. However, the orbital longi-
tudes of both the Earth and the asteroid were very similar during
the May 1999 and June 2012 observations. This would then require
a highly irregular shape (i.e. large topographic relief) to result in
significant obscuration and spectral variability. A highly irregular
shape is inconsistent with current shape models (Kawakami
et al,, 2010; Miiller et al., 2011). Therefore, spectral variability
caused by a non-uniform surface would have to be attributed to
rotational effects. The combination of rotational data and time re-
solved spectra provides a means to address this possibility. Exist-
ing shape models (Kawakami et al., 2010; Miiller et al., 2011)
suggest that the maximum physical separation of sub-observer
points for the full ensemble of spectroscopic data is about 200 me-
ters (assuming that the asteroid is 870 m in diameter; Fig. 5).
Therefore any surface heterogeneity must be confined to regions
no larger than about 400 m in extent, which corresponds to a size
independent surface area fraction of around 5%. However, we note
again that current shape models do not predict light curves consis-
tent with photometry across multiple epochs. Therefore, the anal-
ysis here constrains the plausible spatial extent of non-uniform
surface features, improved shape models will be required to refine
the spectroscopically accessed terrains indicated in Fig. 5.

Few asteroids, particularly sub-km objects like 1999 JU3, have
been so extensively observed across multiple epochs. However,
non-uniform surfaces are generally believed to be rare. The long-
time exception is asteroid 4 Vesta, one of very few objects where
variability over multiple rotation periods has been confirmed with
remote observations. Vesta displays regional and hemispherical
color heterogeneity, in some cases well in excess of several 10’s
of percent (e.g. Bobrovnikoff, 1929; Gaffey, 1997; Reddy et al.,
2012a). However, Vesta is much larger than 1999 JU3, is a different
spectral class, and thus may not be the best object for comparison.

There have been reports of rotational spectroscopic heterogene-
ity amongst C-class asteroids. For instance, 10 Hygiea, 105 Artemis,
135 Hertha, and 776 Berbericia each show variability at levels less
than about 5% in the depths of their 0.7 pum features (Rivkin et al.,
2002; Vilas, 2008). Detecting such subtle variability is intrinsically
difficult and as far as we are aware remains to be verified for any
asteroid over multiple rotation periods. Asteroid 21 Lutetia, which
was visited by the Rosetta spacecraft, shows variability in visible-
wavelength spectral slope at the level of a few percent (Barucci
et al., 2012). The S/N of our data for 1999 JU3 may be insufficient
to detect such muted variability. But again, these examples of spec-
tral variability occur on asteroids that are much larger than 1999
Ju3.

The former target of the European Space Agency’s Marco Polo
mission (175706) 1996 FG3 and asteroid 25143 Itokawa, the target
of the Hayabusa I mission, are examples of well-studied asteroids in
a size regime closer to that of 1999 JU3. 1996 FG3 shows prominent
(~10’s of percent) spectral variability in the near-IR (de Leén et al.,
2011). The origin of this variability remains a mystery. Itokawa dis-
plays up to 15% color variability on its surface (Saito et al., 2006; Abe
etal.,, 2006). This non-uniformity is limited to regions on the order of
10’s to 100 m in extent or at most a few percent of Itokawa’s surface
area. This extent is similar to the constraints we have placed on 1999
JU3’s surface, though it remains unclear whether such small regions
could significantly influence ground-based observations that only
capture hemispherical averages. Ground-based observations of
Itokawa prior to arrival of Hayabusa I did not exhibit any variability
(Binzel et al., 2001b; Abell et al., 2007).

(63)
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For now, the issue of heterogeneity on the surface of 1999 JU3
remains an open question that may find some resolution from
updated shape models. The arrival of the Hayabusa II spacecraft
will ultimately determine whether the full ensemble of visible
spectra are truly indicative of a non-uniform surface. More gener-
ally, the possibility of multiple planetary missions to near-Earth
asteroids in the coming decades will provide an opportunity to
further investigate the extent of surface heterogeneity on sub-km
asteroidal bodies, and thus provide clues about formational and
evolutionary processes in the Solar System.
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1. INTRODUCTION

As with most scientific endeavors, the history of asteroid and
comet studies depicts an exponential increase in the rate of dis-
covery since the identification of Ceres by Piazzi more than 200
years ago. This work describes the next step in the evolution of
asteroid surveys—an integrated, end-to-end moving object pro-
cessing system (MOPS) for the Panoramic Survey Telescope
and Rapid Response System (Pan-STARRS Kaiser et al. 2002;
Kaiser 2004; Hodapp et al. 2004). The system’s prototype tele-
scope (PS-1) employs a 1.4 gigapixel camera able to detect as-
teroids and comets faster than ever before.

The first asteroids were discovered serendipitously and labo-
riously by eye until the dedicated photographic surveys of the
1950s and 1960s like the Yerkes—McDonald (Kuiper et al.
1958) and Palomar Leiden Surveys (van Houten et al. 1970).
The photographic surveys required a major effort due to the
need for human ‘blinking” of the images to identify the moving
objects. The realization in the early 1980s by Alvarez et al.
(1980) that the extinction of the dinosaurs ~65 million years
ago was precipitated by the impact of a large asteroid or comet
with the Earth stimulated enhanced funding for wide field
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asteroid surveys. While those surveys identified many asteroids
and comets that may eventually strike the Earth, only one object
has been discovered that actually hit the Earth—2008 TC; (e.g.,
Jenniskens et al. 2009).

The photographic searches leveraged decades of experience
in wide field astronomical surveying but Spacewatch (Gehrels
1991; McMillan 2007) spearheaded the first use of CCDs in
asteroid surveys. In the beginning, the small CCDs of the time
limited the success of this search program, but the asteroid dis-
covery rate improved dramatically when they obtained a high
quantum efficiency 2 K x 2 K CCD with an ~30 arcmin field
of view and adopted a ‘drift scanning’ survey technique that
eliminated the need for long readout times. At the same time,
Rabinowitz (1991) developed the first automated moving object
detection program to identify asteroids and comets in Space-
watch’s drift-scan images that launched the contemporary gen-
eration of wide field surveys such as NEAT (Helin et al. 1997),
LONEOS (Bowell et al. 1995), LINEAR (Stokes et al. 2000),
and CSS (Larson 2007).

These modern wide field asteroid surveys were prompted
and subsequently funded by the NASA Spaceguard Program
(Harris 2008) with the goal of identifying 90% of near-Earth
objects' (NEOs) larger than 1 km diameter before the end of
2008. All the surveys broadly employ similar techniques for as-
teroid and comet identification. Their wide field cameras have
large pixel scales (typically >1") and image a field 3-5 times
within about an hour. Their moving object detection software
identifies ‘sources’ in each image, and then spatially correlates
the detections between the images to identify and remove sta-
tionary objects. All the ‘transient detections’ are then searched
for consistency with a single object moving linearly across the
sky at a constant rate of motion between the exposures. The
constant motion requirement allows the software to achieve
per-detection signal-to-noise (S/N) levels of ~1.5 to 3o0. Sets
of 3-5 linked detections (a ‘tracklet’) representing candidate
real moving objects are reported to the Minor Planet Center
(MPC), though some groups review the detections by eye before
submission to reduce the false detection rate. Overall, these
groups were wildly successful, identifying ~79% of the >1 km
NEOs before 2008 June 10 (Harris 2008). Mainzer et al. (2011)
report that the Spaceguard goal of discovering 90% of the
>1 km diameter asteroids was actually met some time later,
but before 2011.

The CCD surveys described above were designed to discover
large, extremely hazardous NEOs, not to characterize the size—
frequency distribution (SFD) of various solar system popula-
tions. While the process of searching for the NEOs, they

' Near-Earth objects are asteroids or comets with perihelion distances of
<1.3 AU. Most of these objects are in unstable orbits with dynamical lifetimes
of <10 Myrs (e.g., Gladman et al. 2000) and will quickly be ejected from the
Solar System or impact the Sun or Jupiter, but a small fraction will eventually
strike Earth.

discovered several objects interesting in their own right
(e.g., Comet Shoemaker—Levy 9 [Shoemaker 1995]; very fast
moving objects, typically very small and nearby asteroids
[Rabinowitz et al. 1993]; the Centaur object (5445) Pholus;
2008 TC; [Jenniskens et al. 2009]); and post facto determina-
tions of their surveying efficiency allowed new estimations of
the SFD of many small body populations (e.g., objects with or-
bits entirely interior to Earth’s orbit, or IEOs [Zavodny et al.
2008]; NEOs [Rabinowitz 1993]; main belt [Jedicke & Metcalfe
1998]; Centaurs [Jedicke & Herron 1997]; trans-Neptunian ob-
jects, or TNOs [Larsen et al. 2001]; and distant objects [Larsen
et al. 2007]). Despite the success of these programs, there is
room for improvement in surveying techniques, moving object
detection software, and reporting and follow-up methods:

1. Survey Technique and/or depth

The surveys in operation in 2003 were not capable of meet-
ing the Spaceguard goal due to their sky-plane coverage and/or
limiting magnitude (Jedicke et al. 2003). These surveys concen-
trated on the region of sky near opposition because asteroids are
generally brightest in that direction but objects on orbits that will
impact the Earth are under-represented towards opposition.
Their sky-plane density increases at relatively small ecliptic la-
titudes and solar elongations <90 deg (e.g., Chesley & Spahr
2004; Veres et al. 2009). However, asteroids in this region of the
sky are notoriously difficult to observe because of the limited
time that they are above the horizon, the high air mass when
they are visible, their large phase angle (reduced illumination
of the visible surface) and faintness. Furthermore, the 3-5 repeat
visits/night to the same field is wasteful of survey time. More
sky could be covered, or the same sky could be imaged to
greater depth, if there were fewer visits to the same field
each night.

2. Follow-up

To maximize survey coverage and their discovery rate most
of the surveys visit a field on only one night per lunation to
obtain a set of 3-5 linked detections. The detections provide
the sky plane location and velocity vector for the object rather
than an orbit. To identify NEOs, the surveys flag objects with
unusual rates of motion (e.g., Rabinowitz 1991; Jedicke 1996)
as NEO candidates and then reacquire the objects in special
follow-up efforts that reduce the time available for discovery
of new objects. Alternatively, they report the detections to the
MPC, who then perform a more sophisticated probabilistic anal-
ysis to determine the likelihood that the object may be a NEO. If
the object meets their likelihood cutoff, it is posted on their NEO
confirmation webpage' and hopefully recovered by profes-
sional and amateur astronomers around the world. Given that
telescope time is a valuable commodity and that the next
generation of professional asteroid survey telescopes will dis-
cover more and even fainter objects, it is clear that the survey

' See http://www.minorplanetcenter.net/iau/NEO/ToConfirm.html.
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telescopes must provide their own target follow-up and it should
be incorporated directly into their survey pattern.

3. Moving object detection and orbit determination software

With limited follow-up resources and inefficiency in the abil-
ity to determine if a candidate asteroid is likely a NEO based on
its magnitude and apparent rate of motion (its ‘digest’ score), it
would be useful for a survey’s moving object detection system
to determine orbits from observations over multiple nights in-
stead of merely reporting sets of detections (tracklets) to the
MPC. This allows for improved discovery rates of NEOs that
are ‘hidden in plain sight’, indistinguishable from main-belt as-
teroids by their brightness and velocity vectors alone, and there-
fore scoring too low using the MPC’s NEO digest scoring to
warrant follow-up.

4. Reporting

The system of reporting sets of detections to the MPC has
been very effective and the follow-up response of the interna-
tional community of amateur and professional observers has
been fantastic as amply demonstrated by the case of 2008
TC; (Jenniskens et al. 2009). Still, the process of submission
by e-mail to the MPC, posting on the NEO confirmation page,
downloading and acquisition by observers is unwieldy. Since
there is little coordination between observers there is the poten-
tial for wasted time with multiple and unnecessary follow-up. A
modernized, automated reporting system tuned specifically to
the capabilities and interests of each follow-up observatory
would be useful to coordinate the follow-up effort.

5. Measured system efficiency

Existing asteroid detection software packages do not monitor
their own detection efficiency and accuracy. Instead, analysis of
the survey data must be performed post facto. It would be con-
venient if the packages incorporated an intrinsic near real-time
measure of both their efficiency and accuracy for the purpose of
system monitoring and subsequent data reduction.

Some of the problems itemized above have been addressed
by other surveys, in particular the well-characterized main belt
program of Gladman et al. (2009) using software developed by
Petit et al. (2004). They generate synthetic detections in the
same images used to identify their TNO candidates to measure
the detection efficiency and accuracy.

The future of wide field moving object processing systems is
embodied in software such as the Panoramic Survey Telescope
and Rapid Response System (Pan-STARRS; Kaiser et al. 2002;
Kaiser 2004) Moving Object Processing System (MOPS), de-
scribed in the remainder of this article. MOPS incorporates
state-of-the-art spatial searching, orbit computation, and data-
base management into a cohesive package. MOPS resolves
many of the issues described above and the system is capable
of very high efficiency and accuracy.

2. Pan-STARRS AND Pan-STARRS1

The University of Hawai‘i’s Pan-STARRS project was
formed in 2002 to design and build a next-generation distributed-
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aperture survey system called Pan-STARRS4 (Kaiser et al.
2002). The Pan-STARRS4 design incorporates four distinct
telescopes on a common mount on the summit of Mauna Kea.
Shortly after inception, the project began development and
construction of a single-telescope prototype system called
Pan-STARRS1 (Hodapp et al. 2004; Morgan et al. 2006) on
Haleakala, Maui, to validate essential components such as op-
tics, camera and software pipelines. As of 2013, the Pan-
STARRS project is constructing a second telescope called
Pan-STARRS2, essentially identical to Pan-STARRSI, at the
same site on Haleakala. The combination of Pan-STARRSI1
and Pan-STARRS?2 is called PS1+2, and it is expected that
the two telescopes will be operated together as part of a single
science mission.

The Pan-STARRSI1 telescope on Haleakala, Maui, began
surveying for asteroids in the spring of 2010. This 1.8 m diam-
eter telescope has a ~7 deg? field of view and a ~1.4 gigapixel
orthogonal transfer array (OTA) CCD camera (Tonry et al.
1997, 2004) with 0.26” pixels. Pan-STARRS1’s large aperture,
field of view and <13 s between exposures allows imaging of
the entire night sky visible from Hawai‘i to r ~ 21.2 in about
five or six nights. In practice, two to eight images of the same
field are acquired each night, and consequently it takes longer to
cover the entire night sky.

The Pan-STARRSI telescope is operated by the Pan-
STARRSI Science Consortium (PS1SC; Chambers 2006, 2007)
with a nominal mission of 3.5 surveying years. The PS1SC sur-
vey plan incorporates about a half dozen subsurveys, but only
three are suitable for moving object discovery (all the surveys
are suitable for moving object detection because they all obtain
at least one pair of images of each field each night)—the 37 all-
sky survey, the medium deep (MD) survey, and the solar system
survey.

The Pan-STARRS1 detector system employs six passbands:
gpis Tp1s tp1s Zp1s Yp1 and wpq. Tonry et al. (2012) provide
a detailed description of the Pan-STARRS1 photometric
system—the first four passbands were designed to have similar
characteristics to the SDSS (e.g., Karaali et al. 2005), yp; was
designed to take advantage of the good sensitivity of the Pan-
STARRSI camera near 1 ym and the YW p, has a wide bandpass
with high- and low-wavelength cutoffs designed to optimize the
S/N for S and C class asteroids. Transformations from each filter
to the V' band are provided in Table 1 for an object with solar
colors and also for an object with an average S+C class spec-
trum. The difference between the solar and mean asteroid class
transformations are significant since the Pan-STARRS1 photo-
metric system currently provides better than 1% photometry
(Schlafly et al. 2012) in at least the 37 survey’s filters.

The 37 survey images the entire sky north of —30° declina-
tion multiple times in three passbands (gpy, 7p1, 1p1) in a single
year. About half the sky within £30° (2 hr) of opposition in R.A.
is imaged in the different passbands each lunation. The solar
system survey is performed in the wide filter (VVp;) and most
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TABLE 1
MOPS PAN-STARRS1 FILTER TRANSFORMATIONS

Transform Solar Mean S+C texp (8)°
V-gp1 «oooiiiil —0.217 —0.28 43
Verpy oo 0.183 0.23 40
Veipy ool 0.292 0.39 45
V-zpy ool 0.311 0.37 30
Vaypy eeennn. 0.311 0.36 30
V-wpy ool 0.114 0.16 45

NoTE.—Transformations from Johnson V' to the six Pan-
STARRS filters are provided for both a standard solar spec-
trum and asteroids with a mean S+C spectral type. These
transformations have been implemented by the Minor Planet
Center and AstDyS. From Tonry et al. (2012).

*Exposure times as of October 2012.

of that time is spent near the ecliptic and near opposition to
maximize the NEO discovery rate. A small percentage of solar
system survey time is used to image the ‘sweet spots’ for po-
tentially hazardous asteroids® (PHAs) within about £10° of the
ecliptic and as close to the Sun as possible, subject to altitude,
sky brightness constraints, etc. The MD survey obtains eight-
exposure sequences at 10 different fixed footprints on the sky,
with an integration time of 1920s per sequence. MD sequences
are observed using either 8 x 240 s exposures in a single filter
(ip1, 2p1> Yp1)s Or back-to-back sequences of 8 x 120 s expo-
sures in gp; and 7rpy.

Visits to the same footprint within a night are usually sepa-
rated by about 15 minutes, a ‘transient time interval’ (TTI), suit-
able for asteroid detection. The Image Processing Pipeline (IPP;
Magnier [2006]) produces a source list of transient detections,
i.e., In new sources at some position in the image and/or those
that change brightness but are otherwise not identifiable as false
transients like cosmic rays or other image artifacts. The IPP then
publishes the catalogs of transient detections to MOPS which
searches for moving objects.

3. THE Pan-STARRS MOVING OBJECT
PROCESSING SYSTEM (MOPS)

3.1. Overview

MOPS software development began in 2003 under manage-
ment by the Pan-STARRS Project, with a mission to discover
hazardous NEOs and other solar system objects while providing
real-time characterization of its performance. Initial funds for
Pan-STARRS construction and engineering were obtained by
the University of Hawai‘i via a grant from the United States
Air Force Research Laboratory (AFRL). MOPS was the first
and only science client to be funded by the Pan-STARRS

PHAs are NEOs with orbits that approach to within 0.05 AU of the Earth’s
orbit and have absolute magnitudes H < 22.

Project—systems engineering, testing, performance tuning, and
creation of the synthetic solar system model (S3M, § 3.10) were
directly supported by project resources. Additional in-kind soft-
ware contributions from external collaborators in the areas of
orbit determination (Granvik et al. 2009; Milani & Gronchi
2010), spatial searching (Kubica et al. 2007) and algorithm de-
sign (Tyson & Angel 2001) were incorporated via memoranda
of understanding (MOUs). In 2008, the NASA Near Earth Ob-
jects Observations (NEOO) Program Office began its support of
continued MOPS development and Pan-STARRS1 operations.

MORPS is the first integrated detector system that processes
data from per-exposure transient detection source lists through
orbit determination, precovery, and attribution. We sought to
create a system that could independently measure our system’s
end-to-end throughput and efficiency for the purpose of correct-
ing for observational selection effects (Jedicke et al. 2002). Our
philosophy was that it is more important to accurately know the
system efficiency than to be place all our effort in optimization.
Figure 1 provides a high-level view of data flow into, through
and from MOPS. Each of the MOPS data processing substeps is
described in the following subsections.

In the Pan-STARRS system design there is a functional sep-
aration between the image processing (IPP) and moving object
processing (MOPS). Unlike the object detection algorithm of,
e.g., Petit et al. (2004), the MOPS design mandates no integra-
tion with the image data. This was an intentional design deci-
sion based on the scale and organization of the Pan-STARRS
project. The IPP is responsible for monitoring and reporting
its detection efficiency and accuracy as is MOPS. In this way,
each Pan-STARRS subsystem can be developed and character-
ized independently.

MOPS data processing consists of assembling groups of
transient detections into progressively larger constructions until
there are enough detections to produce a high-quality orbit be-
lieved to represent a real asteroid—a ‘derived object’. Intranight
(same night) detection groupings are called ‘tracklets’ and inter-
night (multinight) groupings are called ‘tracks’. All tracks cre-
ated by MOPS are evaluated by an orbit computation module
after which a track is either (1) deemed to represent a real as-
teroid, or (2) rejected and its constituent tracklets returned to the
pool of unassociated tracklets. When a derived object is created
MOPS uses the object’s computed (derived) orbit to search for
additional detections of the asteroid in MOPS data to further
refine the orbit.

MOPS expects its incoming transient detection stream to be
organized by exposure, or field in MOPS parlance. Each field
within MOPS is defined by its metadata, e.g., (right ascension,
declination [R.A., decl.]) boresight coordinates, exposure date
and duration, filter. A MOPS detection by definition occurs in
exactly one field and is defined by its position, e.g., (R.A., decl.)
in the field, observed magnitude, signal-to-noise (S/N), and as-
sociated uncertainties.
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MOPS Flowchart
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F1G. 1.—High-level flowchart for the Pan-STARRS1 Moving Object Processing System (MOPS). The data processing proceeds from left to right in the figure, then

repeats for every additional night of data ingested by MOPS.

3.2. Pipeline Design

The MOPS pipeline operates by using a linear nightly pro-
cessing model in which data are ingested and processed in the
order they are observed. Nightly data are ingested from a live
transient detection stream and discrete processing stages are ex-
ecuted until all processing is completed for the entire night.
Many of the MOPS processing stages build upon data structures
created from prior nights.

Out-of-order processing can be handled in a limited number
of modes of operation as necessitated by the current Pan-
STARRSI system. Enhancements to the MOPS pipeline to per-
form full processing on out-of-order data while preserving
essential MOPS efficiency computations is still under develop-
ment. The fundamental difficulty in out-of-order processing lies
with the amount of data that needs to be recomputed when new
observations are inserted in the middle of the temporal data
stream. The existing MOPS design prefers nights to be added
incrementally; insertion into the middle of the existing dataset
essentially forces all subsequent nights to be reprocessed.

Pipeline resource scheduling and management are handled
by the Condor high-throughput-computing software (Thain et al.
2005). Condor provides effective, flexible management of hard-
ware resources that need to run the MOPS production pipeline
simultaneously with test simulations or experimental processing
of MOPS data.

The MOPS pipeline is designed to be reliable in the event of
cluster resource limitations and hardware failure (e.g., power
outages, node failures). Working in tandem with Condor’s
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process management infrastructure, the MOPS pipeline can be
restarted easily at the proper point in the pipeline with all data
structures intact. As an example, in 2011 the MOPS production
MySQL database suffered a complete failure yet the MOPS
pipeline was back online within hours after restoring the data-
base from a backup.

The discussion of each element of the MOPS pipeline is de-
ferred to § 5 where we follow the processing of detections from
beginning to end of the pipeline and quantify the performance of
each step using Pan-STARRSI data.

3.3. Hardware

The Pan-STARRS1 MOPS runs on a modest cluster of stan-
dard Linux rack-mounted computers. MOPS makes no special
demands on hardware so long as the cluster can keep up with
incoming data. During early stages of MOPS design, we based
hardware requirements on estimates for transient detections
stored and orbits computed per night of observing for a Pan-
STARRS4-like mission, and scaled down the storage for Pan-
STARRSI volumes. The current Pan-STARRSI processing
hardware is capable of keeping up with a Pan-STARRS4-like
data stream, except for the storage of detections in the database.
Table 2 lists the major hardware components employed by the
Pan-STARRS1 MOPS production processing cluster, and
Figure 2 shows the functional relationships between the MOPS
hardware components.

To ensure against most of the types of disk failures we are
likely to encounter, we use a multiple-parity redundant array of
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TABLE 2
PAN-STARRS1 MOPS HARDWARE COMPONENTS (SEE FIG. 2)

Item Purpose Number Total capacity
Disk ...l Database storage 2x10TB 20 TB*
Disk ... Administrative 2x2.7TB 54 TB
CPU ... Cluster processing 8 x 4 cores 32 cores (~100 GFLOPS)
CPU ..o Administrative® 2 x 4 cores 8 cores (~25 GFLOPS)
Network switch .......... Network 32 ports 1 Gbps/port

* All database storage employs RAID6 for data integrity.
" Administrative functions include a user console, pipeline and Condor workflow management, and the web

interface.

independent drives (RAID6) for our database storage, meaning
multiple parity bits for every byte stored on disk. This allows up
to two drives to fail concurrently and still keep the disk array
operational.

Condor’s workflow management automatically detects host-
level failures and redistributes jobs appropriately. An entire
cluster computation node can fail during a processing step
and the MOPS pipeline will adjust seamlessly.

MOPS pipeline administrative functions are handled by a
‘fat’ workstation-class computer that runs the main MOPS

pipeline, Condor manager and MOPS web interface (described
later). We distribute these functions between two identically
configured hosts so that one can fail completely, its responsi-
bilities then assumed by the other node at slightly degraded
performance. During Pan-STARRS1 commissioning and op-
erations we have experienced complete database host failures,
accidental deletion of a production MOPS database by a
MOPS administrator, and numerous compute node failures,
without loss of data or significant interruption of MOPS
processing.

MOPS PS1 Cluster Organization

MOPS Administrative Host(s) Cluster Processing
Computation Computation
CPU CPU
Condor
IPP-MOPS i i
Operator Console MOPS Web WMS Computation Computation
Datastore | . and Pipeline Interface > CPU CPU
(transient detection M np r - -
catalogs) anagel Backup console | Computation | | Computation |
o CPU CPU
and pipeline
SVN Repository Computation Computation
CPU CPU
A
Database Storage
PSMOPS Backup
Database Server PSMOPS
(MysQL) Database Server
—P g

Off-site Backup

(PSPS) Internal

10TB Disk

Internal

10TB Disk

F1G. 2.—MOPS Pan-STARRSI cluster configuration.
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3.4. Database

Table 3 shows the storage required for MOPS database com-
ponents under Pan-STARRS1 and estimates for Pan-STARRS4.
The catalog of high-significance detections and derived data
products are stored in an industry-standard relational database
to maximize interoperability with external analysis software and
provide data mining capability. Data are organized into multiple
row—column tables in which rows of one table may be related to
rows in another table (see Fig. 3). For example, the MOPS
FIELDS table contains exposure metadata describing the tele-
scope pointing, exposure time, filter, etc., for a single exposure.
Each FIELD record is additionally assigned a unique identifier
called FIELD_ID. A second table called DETECTIONS con-
tains all transient detections ingested by MOPS and, to relate
detections to a particular exposure, all detections from the ex-
posure are assigned a FIELD_ ID upon ingest that matches their
exposure’s FIELD_ID. Subsequent derived relations (e.g.,
groupings of detections into an asteroid ‘identification’ and
computation of its derived orbit) are similarly maintained and
are described in detail later.

A relational database allows MOPS data to be manipulated,
analyzed and queried by any external software that supports
structured query language (SQL). Requests for both a small
amount of data (such as a detection) or a large amount of data
(e.g., all derived objects with ¢ < 1.3) are made through a SQL
query and the results are returned in a tabular representation.

The MySQL relational database management system
(RDBMS) was selected for MOPS because of its combination
of performance and cost but other database vendors such as
PostgreSQL and Oracle were considered and evaluated early
in MOPS development. Any modern database system would
work for MOPS as they all scale to billions of rows and have

additional features that promote data integrity and system
reliability.

3.5. Low-Significance Database

MOPS was designed to perform searches for recovery obser-
vations using a lower-significance data archive called the ‘low-
significance dataset’ (LSD). In normal MOPS processing a
nominal confidence level, typically 50, is used as a baseline
for all processing. The Pan-STARRS4 camera and image pro-
cessing are expected to deliver ~1500 50 detections per expo-
sure. Below this confidence level, the density of false
associations becomes so great that it overwhelms the data pro-
cessing. However, the search for recovery or precovery obser-
vations of an object with a known orbit may constrain the
predicted position and velocity enough to make it possible to
identify observations in the LSD.

Due to the much larger number of lower-significance sources
in an astronomical image (there are 1000x more 30 than 50
detections) LSD detections are not stored in the MOPS rela-
tional database. Instead, they are stored in flat files on the local
or network file system. The LSD archive is designed to be com-
pact and efficiently searchable by exposure epoch, right ascen-
sion and declination. During only the attribution and precovery
phases of MOPS processing, candidate 30 recovery observa-
tions are extracted for analysis from this dataset based on pre-
dicted positions, and successful recoveries are than ‘promoted’
into the high-confidence database.

3.6. Data Exchange Standard

Significant work related to early MOPS development and si-
mulations led to creation of the Data Exchange Standard (DES)

TABLE 3
MOPS DATABASE STORAGE REQUIREMENTS

Data component PS4 estimated (GB)  PS1 estimated (GB)  PSI actual®* (GB)

Fields ........ocoociiiiiiiiiin, 0.2 0.06 0.02

30 Detections ................... 500,000 150,000 N/A®
5o Detections ................... 500 150 122

Derived object parameters ...... 1,000 300 0.152¢
Synthetic object parameters ..... 1,100 330 2.43¢
Tracklets ......................... 1,200 360 2.19°
Image postage stamps .......... N/A N/A 1,800

* As of October 2012, 2.5 years into the 3.5 year Pan-STARRS] survey.

"Processing of transients below 3¢ confidence is currently untenable for Pan-STARRS1 MOPS due to
the systematic false tracklet rate.

“MOPS produces derived object parameters for only a small subset of Pan-STARRS1 data until the
pipeline can be tuned for Pan-STARRS1 performance.

¢ Pan-STARRS|1 operations uses a 1/10 sampled synthetic solar system model (S3M). A final Pan-
STARRSI processing of its transient catalog will include a full S3M.

“Pan-STARRSI single-exposure sensitivity reduces the actual tracklet count on top of the reduction
from a shorter survey than Pan-STARRS4.

"Image postage stamps (200 x 200 pixels) are stored on a network file system, not in the MOPS
database. They are locatable using database records.
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MOPS Database Design

tracklet_attrib derivedobject_attrib

TRACKLET_ID DERIVEDOBJECT_ID
DET_ID —l TRACKLET_ID
surveys fields detections tracklets derivedobjects
.SURVEY_ MODE *FIELD_ID -DET_ID ‘TRACKLET_ID *DERIVEDOBJECT_ID
SURVEY DESC EPOCH_MJD FIELD_ID FIELD_ID ORBIT_ID
EPOCH_SIGMA_MJD RA_DEG V_RA OBJECT_NAME
OCNUM RA_SIGMA_DEG V_RA_SIGMA TAXONOMIC_TYPE
RA_DEG DEC_DEG V_DEC ROTATION_PERIOD_D
RA_SIGMA_DEG DEC_SIGMA_DEG V_DEC_SIGMA ROTATION_AMPLITUDE
DEC_DEG . MAG ACC_RA ROTATION_EPOCH_MJD
DEC_SIGMA_DEG MAG_SIGMA ACC_RA_SIGMA G
LIMITING_MAG S2N ACC_DEC ALBEDO
OBSCODE ORIENT_DEG ACC_DEC_SIGMA POLE_LAT_DEG
TIME_START ORIENT_SIGMA_DEG MID_EPOCH_MJD POLE_LONG_DEG
TIME_STOP LENGTH_DEG MID_RA_DEG MOID1_AU
SURVEY_MODE LENGTH_SIGMA_DEG MID_DEC_DEG MOID1_LONG_DEG
FILTER_ID ] S3M_ID MID_MAG MOID2_AU
; DE1-DE10 I | STATUS MID_MAG_SIGMA MOID2_LONG_DEG
filters STATUS : PROBABILITY D3
“FILTER_ID : DIGEST D4
FILTER_DESC \ CLASSIFICATION CREATED
Other data TBD ! STATUS UPDATED
— : -1 S3M_ID CLASSIFICATION
: 1 STATUS
1 I S3M_ID
Legend : : :
. ! ! ! orbits
e Aggrc-egatlon ' ! * s3m *ORBIT_ID
—» Relation [ —— T | -S3M_ID Q_AU
----» Synthetic Label OBJECT_NAME E
Q_AU I_DEG
. E NODE_DEG
*BULLETED Primary Key |_DEG ARG_PERI_DEG
BOLD Foreign Key NODE_DEG TIME_PERI_MJD
ARG_PERI_DEG EPOCH_MJD
TIME_PERI_MJD H_V
EPOCH_MJD RMS_RESIDUAL
HV CHI_SQUARED
COVARIANCE
CONV_CODE

FiG. 3.—MOPS database schema. S3M columns indicate synthetic data for efficiency assessment.

for Solar System Object Detections and Orbits.”’ The DES de-
scribes a file format for dissemination of observations and orbits
of solar system objects and is used within MOPS and between
MOPS and add-on MOPS software developed by Milani and the
OrbFit Consortium (Milani et al. 2008, 2012). It provides me-
chanisms for reproducing detection <> tracklet and tracklet <
derived object relations that exist in the MOPS database, and
allows for specification of statistical uncertainties for observa-
tional measures. The DES includes provisions for propagating

. orbit covariance and normal matrices,

. detailed per-detection residuals,

. ephemerides for real and synthetic asteroids,

. detailed tracklet metrics beyond the scope of MOPS, and
. radar and spacecraft observations.

O O R S

2 See Pan-STARRS document PSDC-530-004 by Milani et al., Data Ex-
change Standard (2.03) for solar system object detections and orbits: A tool
for Input/Output definition and control.

3.7. Web Interface

Early in MOPS development we realized the utility of visual,
Web-based interrogation of the MOPS database, leading to the
creation of the MOPS Web interface. The MySQL RDBMS pro-
vides software ‘hooks’ into its internal code that allow Web-
friendly scripting languages to perform queries so that web-based
user interfaces and reporting tools can be developed rapidly.

The MOPS database user has ready visual representation of
the MOPS processing stream, from a sky map of the nightly
survey pattern, detection maps of each observed field indicating
both synthetic and real detections, to the orbit distributions of
derived objects, to the efficiency and accuracy of each of the pro-
cessing steps. Pages for a single MOPS derived object show the
object’s linking history and the evolution of its orbit at each step.
Figure 4 shows the nightly sky map of an active MOPS database.

3.8. Data Export

The primary consumer of MOPS exported data products
is the IAU Minor Planet Center (MPC) that maintains the
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Configuration | Alerts | Lookup: 'Sca\__rg/'

MID, TJD, UT date (YYYYMMDD), trackiet 1D, derived object name, “today”. “latest”
MPC Obs Search

Nonsynthetic All | Nonsynthetic NEOs | Known Objects | Tabular (first 100) | Tabular (all) | e vs. a 10AU | S0AU | e vs. g 10AU 50AU

TID 6210
WED 10 OCT 2012 UT
0C 157
All Chunks By Observation Time
156.3PLO0.PW+1 )y 18:44 HST POSTTRACKLET 28
156.3PL.O0O.W-4.).2 19:05 HST POSTTRACKLET 42
MD09 21:11 HST POSTTRACKLET 8
157.3P1.00.BNW3.).g 21:47 HST POSTTRACKLET 36
157.0585.A.Q.w 22:24 HST POSTTRACKLET 84
157.3PLO0.PS).g 00:05 HST POSTTRACKLET 38
157.3PL.00.PN2.).g 01:08 HST POSTTRACKLET 20
MD10 01:29 HST POSTTRACKLET 8
MDO1 02:04 HST POSTTRACKLET 8
MDO2 02:39 HST POSTTRACKLET 8
157.3P1.00.BNE3 J.r 03:15 HST TRACKLET 38
157.3PL.00.BNE3.Li 03:49 HST TRACKLET 38
156.3PLO0.E-4.K.2 04:27 HST INGESTED 44
157.3PL.O0.E-3.K.z 05:01 H5T INCESTED 2
157.3PL00.E-3.K.y 05:22 HST INGESTED 22
By Run ID

Run 259 updated 2012-10-10 08:58:40

157.3P1.00.BNE3 )i

157.3P1.00.BNE3 ).r TRACKLET

Run 258 updated 2012-10-10 06:35:03

( '"u:plur

Lenys

13h12h 11h 10h Sh 8h 7n 6h 5h Tang 3h 17n 16h 15h 14h

157.08S.AQ.w
157.3PL00.PS.).g
157.3PL00.PN2.J.g
157.3PL00.E-3.Kz
157.3PLO0.E-3.Ky
157.3PL00.BNWA..g
157.3PLO0.BNEI.J.f
157.3PL00.BNE3.) i
156.3P100.W-4.).
156.3P1L00.PW+1.J.y

156.3P1.00.E-4 Kz Ciick in plot to rotate

Hammer | Spherical

(. TID 6209
TUE 09 OCT 2012 UT

Chunk Name Type Status
MD10 MD POSTTRACKLET 1
156.3PL.00.PW+1Jy PAIR POSTTRACKLET 14
156.3P1.00.W-4..2 PAIR POSTTRACKLET 21
157.3PL.O0.BNW3.J.g PAIR POSTTRACKLET 18
157.3PLO0.PN2.).g9 PAIR POSTTRACKLET 10
157.3PL.00.PS).9 PAIR POSTTRACKLET 19

Run 257 updated 2012-10-10 05:14:31

Chunk Name Type Status Footprints
157.0S5.A.Q.w QUAD POSTTRACKLET 21
MDO1 MD POSTTRACKLET 1
MDO02 MD POSTTRACKLET 1

Run 256 updated 2012-10-10 00:34:56
Chunk Name Type Status Footprints
MDO09 MD POSTTRACKLET 1

0C 157

FI1G. 4—Pan-STARRS1 MOPS Web interface showing the sky map for the night of MJD 56210. On the left are lists of observing blocks executed by the telescope for

the night.

authoritative catalog of observations and orbits for minor pla-
nets, comets and natural satellites. As of early 2013, the MPC
prefers e-mail data submission because the Pan-STARRSI sur-
vey is oriented toward reporting single-night tracklets, not
multiple-night derived objects.

Under the Pan-STARRS4 processing model in which MOPS
produces derived objects with secure orbits on a regular basis,
MOPS is capable of exporting monthly DES catalogs of detec-
tions, tracklets, orbits and identification records for known and
unknown derived objects. Pilot submissions to the MPC showed
that this export and publication model works as long as the false
derived object rate is suitably low (e.g., <0.1%; Spahr, personal
communication).

Early Pan-STARRSI processing revealed a false derived ob-
ject rate too high for automatic submission to the MPC and an
unsatisfactory NEO discovery rate so, to improve the short-term
science output and satisfy funding agency requirements, the
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PS1SC abandoned the derived object processing model in favor
of the traditional tracklet reporting method employed by other
asteroid surveys. Processing of derived objects will be restored
for the final postsurvey MOPS processing, but the derived ob-
ject throughput will be small due to the Pan-STARRSI1 survey
strategy being optimized for single-night NEO discovery.
Detections are distributed to the MPC via email after a hu-
man ‘czar’ visually verifies that candidates are real using the
MOPS Web-based interface. (NEO candidates consume most
of the czar’s time because of the high rate of false tracklets
at high rates of motion.) In this display, a page lists nightly prob-
able real asteroid tracklets with highlighted NEO candidate
tracklets (see Fig. 5). Tracklets that belong to known numbered
and multi-opposition objects are identified by a MOPS add-on
module called known_server (Milani et al. 2012) and automati-
cally submitted to the MPC. A MOPS administrative e-mail ac-
count receives MPC confirmation email to verify the MOPS
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MOPS Solar System Processing \

psmops_psl_mdrm152

Nonsynthetic All | Nonsynthetic NEOs | Known Objects | Tabular (first 100) | Tabular (all) | & vs. a 10AU | 50AU | & vs. q 10AU 50AU

Configuration | Alerts | Lookup:
TID (e.g. 5649}, UT date (YYYYMMDD), tracklet ID, derived abject name, “today”, “latest”

Logged in as denneau

Nonsynthetic Tracklets, 3+ Detections, 157.0S5.A

TJD 6210 (MOPS Night Number 56209)
2012-10-10UT

Shawing 1 through 10 of 3342.
First | Next 10 | Next 10 ) No stamps ( Go ) | Last

Check All | Uncheck All

Tracklet ID  digest2 Source Chunk

Vyor (deg/day) Apparent Mag (V) Pos Ang (deg) Known As Known q GCR (arcsec) Probability Submission

7358107 100.0 | 157.055.A.Qw | 0.800 °/day 218V 115.7° N/A
Review
7359055 | 100.0 | 157.0s5.80w | 0386 */cay 209V -114.1° | 2001 wL1s bl
Review @, riw)
7359805 100.0 | 157.055.AQw | 3.616 ‘/day 215V -68.7° N/A
Review
73?9306 100.0 | 157.055.A4.Qw | 0.608 */day 216V 97.3* N/A
eview
7360478 100.0 | 157.055.A.Qw | 1.031 “/day 212V 91.5° N/A
Review
7361730 | 190,0 | 157.0ss.00w | 0.423/cay 224V 75.3° N/A
Review
7362301 | 100.0 | 157.0554Qw | 0799 */day 212V 53.6° N/A N/A 0.18° 0.99 g
Review (1, 1w
7359361 100.0 | 157.055.A.Qw | 1.027 *jday 2.1V -142.8° N/A N/A 0.18° 0.83 =]
eview
7355945 100.0 | 157.055.A.Qw | 0.658 “/day 19.9V 76.8* N/A N/A 0.19° 0.73 =]
eview
7360780 100.0 | 157.055.A.Qw | 4.550 */day 21V -51.8° N/A N/A 0.23" 0.83 O
Review

Submit Batch ) Check All | Uncheck All

Showing 1 through 10 of 3342,
First | Next 10 | Next 10 ) No stamps ( Go ) | Last

F1G. 5.—Pan-STARRS1 MOPS Web interface showing the NEO ‘czar’ page. From this page, NEO candidates can be submitted to the IAU Minor Planet Center. Rows

2 and 7 are 2001 WL;5 and 2012 TNj3, respectively.

submissions. MOPS maintains its own table of submitted
tracklets to the MPC for easy reproduction of submitted detec-
tion details and to prevent multiple submissions of the same
tracklets.

3.9. Alert System

The MOPS Alert System is a software agent that runs inde-
pendently of standard MOPS processing and searches for events
that require immediate notification or follow-up. The specific
type of event is user-configurable using a small piece of Python
code written by a MOPS scientist or engineer to query for

interesting events. A typical example would be a fast-moving
near-Earth object (NEO) candidate tracklet that is unlikely to
be observed again by the survey telescope and/or needs imme-
diate follow-up so that it is not lost. In this case, the alert system
identifies the candidate tracklet by its sky-plane rate of motion
and the fact that the tracklet’s positions cannot be attributed to a
known asteroid. Additional examples of alerts are tracklets of
unknown objects with comet-like motion or extended morphol-
ogy, or known objects with magnitude anomalies that indicate
activity.

The alert system allows alerts to be triggered from either
a MOPS derived object or an individual tracklet. The alert

2013 PASP, 125:357-395

This content downloaded from 133. ﬂdi 6 on Tue, 4 Jun 2013 01:34:19 AM
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

PAN-STARRS MOVING OBJECT PROCESSING SYSTEM 367

payload itself is an extensible markup language (XML)
VOEvent (e.g., Seaman et al. 2011), a standardized data struc-
ture that can be consumed by automatic data-processing agents.
The alert deployment infrastructure can be changed easily; the
current MOPS implementation uses both a restricted internet
email distribution list and a private Twitter feed to PS1 Science
Consortium partners.

Alerts are organized using a publish-subscribe paradigm in
which multiple alert definitions can be published to various
‘channels’ that may be subscribed to by multiple users. For ex-
ample, a ‘NEO channel” might publish alerts for near-Earth ob-
ject alerts (¢ < 1.3 AU) and potentially hazardous objects
(NEOs with H < 22.5 and minimum orbital intersection dis-
tance <0.05 AU). Such a channel could be subscribed to by
NEO follow-up organizations. Alerts currently in use by the
PS1SC include unusual lightcurves within a single night and
detections of objects from asteroid families of interest (e.g.,
Hildas).

3.10. Synthetic Solar System Model

One major MOPS innovation is the incorporation of a syn-
thetic solar system model (S3M; Grav et al. 2011) that allows us
to monitor MOPS development and measure its performance in
real-time operations as quantified by the metrics defined in
§ 3.1. It is important to introduce realistic detections of solar
system objects into the processing system to ensure that it
can handle real objects and to measure a realistic detection
efficiency. The solar system model has been described in
detail by Grav et al. (2011) and we only provide a brief over-
view here.

The S3M is a comprehensive flux-limited model of the major
small body populations in the solar system that consists of ob-
jects ranging from those that orbit the Sun entirely interior to the
Earth’s orbit to those in the Oort cloud. It even includes inter-
stellar objects passing through the solar system on hyperbolic
orbits. The S3M contains a total of over 13 million synthetic
objects from 11 distinct small body populations, with the only
requirement being that they reach V' < 24.5 during the time pe-
riod from roughly 2005-2015 (the anticipated operational life-
time of the Pan-STARRS survey). The time period requirement
only affects a subset of the populations in the distant solar
system.

The S3M has proven invaluable for developing and testing
MOPS but suffers from one major limitation—it only tests the
software system for known types of objects. Since we cannot
anticipate the properties of an unknown population, we supple-
mented the S3M with an artificial 575,000 object ‘grid’ popu-
lation. Grid objects have a random and flat distribution in
eccentricity (0 < e < 1), sin (inclination) (0° <14 < 180°) and
in the angular elements (0° < 2, w, M < 360°). The semimajor
axes of the objects were generated using uniform random dis-
tributions over six different ranges as provided in Table 4. The
ranges and number of objects were selected so that the sky-
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TABLE 4

S3M GRID MODEL SEMIMAJOR AXIS NUMBER DISTRIBUTION
(SEE FiG. 7)

Semimajor axis range (AU) Number of objects

0.75-1.5 o 50,000
1.5-6.0 ... 200,000
6.0-32 .. 50,000
32-50 Lo 200,000
50-500 ... 50,000
500-5000 ... 25,000

Note.—The number of objects in each pseudo-logarithmic
range and their absolute magnitudes were selected so that the
sky-plane density of detected objects in the simulations will be
similar.

plane density of objects in each range is roughly equal and
to provide denser coverage in the semi-major axis ranges that
have large numbers of known objects. The absolute sky-plane
density of the grid population is 50 per field, a factor of 20-30
less than the realistic S3M on the ecliptic and much higher than
the S3M off the ecliptic.

The absolute magnitudes of the objects in the grid population
were generated with uniform distributions in each semi-major
axis range but with lower limits that decrease (i.e., the objects
are made larger) according to the square of the semimajor axis
so that the objects are visible from Earth.

A major benefit of testing MOPS with the grid population is
that they can appear at the poles where the sky-plane density
of real or S3M objects is small; § 4.3 discusses the results of
simulations with the grid population.

3.11. MOPS Efficiency Concepts

During ~4 calendar years of MOPS development we contin-
uously benchmarked its performance using 3 metrics for each
MOPS subcomponent. The metrics count the correct and incor-
rect associations of synthetic sources available at each MOPS
processing step. The metrics are:

1. Efficiency

The fraction of available associations that were correctly
identified.

2. Accuracy

The fraction of associations that are correct, e.g. consisting of
detections from the same synthetic object definition.

3. Quality

The fraction of correct associations that meet or exceed a
predefined quality metric.

To provide the detailed accounting required to measure
system efficiency and accuracy, data structures for each associ-
ation created in a MOPS processing phase are decorated with a
label describing their disposition after processing. These labels
describe the detections incorporated in the resulting data
structure:
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4. AVAILABLE—the data structure should have been
created in the processing phase and is available to be assigned.

5. CLEAN—the data structure contains only synthetic detec-
tions or tracklets that belong to the same synthetic object, i.e., is
a ‘correct’ data structure. This label might describe a tracklet
that is created from two detections of the same synthetic object,
or a derived object consisting of three tracklets that are each
CLEAN and belong to the same synthetic object.

6. MIXED—the data structure contains only synthetic objects
but the detections or tracklets are from different synthetic
objects.

7. BAD—the data structure contains both synthetic and non-
synthetic detections. For tracklets this is a common and normal
occurrence since we expect that synthetic detections will occa-
sionally fall near real detections.

8. UNFOUND—an expected data structure for a synthetic ob-
ject was not created. UNFOUND data structures are ‘dummy’
structures that represent an operation that should have hap-
pened. For example, if two sequential fields at the same bore-
sight contain two detections of the same asteroid but a tracklet is
not created, a dummy tracklet containing tracklet metadata is
created so that the event can be counted and characterized.

9. NONSYNTHETIC—the data structure contains ‘real’ de-
tections from actual telescope data. NONSYNTHETIC data con-
sists of true detections of asteroids and false detections from
image artifacts.

The pipeline must ‘peek’ at the input and output data struc-
tures before and after a MOPS processing step to assign syn-
thetic labels but this is the only time that the pipeline knows
that a data structure is synthetic—the labels are never examined
during any MOPS computation or algorithm. Data structures
that are ‘contaminated’—contain mixtures of real and synthetic
detections or different synthetic objects—continue to be propa-
gated through the pipeline. The only exception is for UNFOUND
objects for which dummy structures are created and decorated
with the UNFOUND label so that these occurrences can be
counted by analysis tools.

MOPS uses the labels to calculate the incremental efficiency
after each processing stage. For a derived object, the state at
each processing stage is preserved so that a ‘paper trail’ exists
for each modification. This allows a complete step-by-step re-
construction of a derived object’s history from its tracklets in-
cluding the ability to identify the exact processing step where an
object was lost or incorrectly modified by MOPS.

3.12. Simulations

The MOPS pipeline is exercised through the creation and
execution of a ‘simulation’. Each simulation begins with a col-
lection of telescope pointings called ‘fields’ and a population of
synthetic solar system objects whose positions and magnitudes
are computed for every field. Objects that ‘appear’ in fields are
converted into detections and stored in the MOPS database as
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though they were reported from an actual telescope. Detections
can be ‘fuzzed’ astrometrically and photometrically using para-
meters that model the telescope performance; these include sky
background, detector noise, and the point-spread function (PSF).
The full fuzzing model incorporates a baseline astrometric un-
certainty from the plate solutions added in quadrature with a
flux-dependent positional uncertainty. Poisson-distributed (in
S/N) false detections may be inserted in the fields to simulate
noise from a real detector. After the injection of synthetic detec-
tions for a night the MOPS pipeline is invoked as though oper-
ating on real data.

MOPS simulations are used both to verify correct operation
of the pipeline and to interrogate performance of a hypothetical
survey. A simple verification test consists of creating a small
main belt object (MBO) simulation with several nights of syn-
thetic fields spanning two lunations, executing the pipeline, and
verifying that all expected MBOs were ‘discovered’ through
creation of a derived object and ‘recovered’ via attribution or
recovery where possible. In this fashion all essential elements
of the pipeline are exercised and verified after software
modifications.

For comprehensive testing, a larger, more realistic synthetic
population of objects is inserted into the simulation, the MOPS
pipeline is executed, and the output provides a quantitative as-
sessment of the system’s efficiency and accuracy. The pipeline
is designed to be essentially 100% efficient at creating tracklets
and derived objects for MBOs with the designed Pan-STARRS
performance.

When evaluating survey performance we configure MOPS to
more precisely mimic the astrometric and photometric charac-
teristics using filter- and field-dependent limiting magnitudes
and FWHMs. Given the calculated V-band apparent magnitude
for a synthetic asteroid, we calculate its expected signal-to-noise
(S/N) using per-field detection efficiency parameters, and then
generate a fuzzed magnitude and S/N. From the fuzzed S/N and
the field’s FWHM we compute the asteroid’s fuzzed right as-
cension and declination. If there is variation in sensitivity due
to sky brightness or airmass, these effects can be modeled by
supplying appropriate values for photometric zeropoint or sky
noise in the field’s detection efficiency parameters.

During MOPS development we ran thousands of small-to
medium-scale simulations for software unit testing and verifi-
cation. More importantly, we ran several large simulations with
synthetic solar system models containing millions of asteroids
spanning several years of synthetic PS1 observations. These si-
mulations were run on our modest PS1 MOPS production clus-
ter and took many weeks or months to simulate the multiyear
Pan-STARRS mission. For instance, our full_S1b simulation
used the full S3M population in a 2 yr simulation and required
~180 calendar days (see § 4.1) while our 4 year NEO-only sim-
ulation (neo_4yr) required 88 calendar days (see § 4.2). At
various times during the pipeline processing the cluster was
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offline for maintenance or power outages but MOPS is designed
to be interrupted and restarted.

The upstream image processing subsystem (e.g., the Pan-
STARRS IPP) can improve MOPS fidelity by providing a live
pixel server (LPS) that reports whether a pixel at or near a spe-
cific (R.A., decl.) in an image falls on ‘live’ camera pixels. This
service improves MOPS simulations in two ways: (1) by gen-
erating synthetic moving object data with behavior that simu-
lates real observations (e.g., to account for the loss of field
due to the camera fill factor), and (2) accounting for missing
detections when attempting to recover known asteroids that
are in the field of view. In a single Pan-STARRS1 exposure
there are many reasons an area of the detector can be inactive
besides simple chip gaps, such as saturation from a bright object
in the field of view, or a cell used for guide star tracking. Thus
the LPS tells MOPS what areas of the detector are active for any
given exposure. If a LPS is not available from the upstream im-
age processing subsystem, MOPS has provisions for allowing
static specification of a detector mask that defines areas on a
detector where detections cannot occur (see Fig. 6). Synthetic
detections that land on a dead part of the detector (as determined
by the LPS) are marked with a special ‘unfound’ decorator so

Synthetic PS1 Detector Mask

Detector Y Position (degrees)

Detector X Position (degrees)

FIG. 6.—Synthetic 7.0 deg? field-of-view static focal plane mask for Pan-
STARRS1 MOPS simulations that simulates losses due to chip gaps and other
masked area. The horizontal and vertical bands simulate the chip gaps while the
remaining squares represent losses due to bad cells or those used for guide stars.
The squares do not correspond to actual masked area on the real Pan-STARRS1
detector; they exist simply to simulate additional area loss. The actual distribu-
tion of masked area on the real Pan-STARRS1 detector is very different—there
is more power on small scales than shown here. The overall simulated camera fill
factor is fixed at 75% in agreement with the measured values shown in Figure 23.
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that they can be accounted for but otherwise omitted from all
subsequent processing.

For increased simulation fidelity MOPS can accept a per-
field detection efficiency for point sources and trailed detections
as a function of S/N and rate of motion so that MOPS can gen-
erate more realistic synthetic photometry.

4. MOPS VERIFICATION

During MOPS development we undertook several large-
scale simulations to probe the performance limits of the MOPS
design and implementation and understand where further atten-
tion was needed in software development. These simulations
consisted of a complete S3M or large S3M subpopulation, a
multiyear set of telescope pointings, and detector performance
that simulated a Pan-STARRS4 system. Our motivation was to
investigate MOPS performance for the Pan-STARRS4 system
as specified in its design requirements, not the reduced, chang-
ing performance of the single Pan-STARRSI prototype tele-
scope undergoing development and commissioning.

4.1. Two-Year S3M Simulation (full_S1b)

The MOPS 2 yr S3M simulation consists of the full S3M and
100,424 fields spanning 245 distinct nights over nearly 2 years
(2007 Dec 29 through 2009 Oct 22). The simulation took
~3 months to execute including various interruptions for cluster
downtime and maintenance. It assumes a nominal positional
measurement uncertainty of 0.01”, a FWHM of 0.7”, a fill factor
of 100%, and a constant limiting magnitude of R = 22.7, repre-
senting a single idealized Pan-STARRSI telescope. Poisson-
distributed false detections were added to each field at a density
of ~200/deg?. The simulated field pointings were generated by
the TAO survey scheduler” configured to produce a Pan-
STARRS-like survey covering ~3,600 deg” near opposition
and ~600 deg? near each of the morning and evening sweet-
spots. Each area is visited three times per lunation, with some
nights lost due to simulated poor weather. MOPS achieved an
overall 99.99997% tracklet efficiency and 99.26% derived ob-
ject efficiency. Tables 5 and 6 detail the tracklet and derived
object efficiencies per S3M subpopulation.

For classes other than NEOs, Jupiter-family comets (JFCs)
and long-period comets (LPCs), MOPS has an efficiency better
than 99% for converting three or more tracklets to a differen-
tially corrected orbit when observed within a 14 day window.
For NEOs, our performance is not as good, but as stated else-
where in this work, we have been more concerned with quanti-
fying MOPS performance for various populations than in
optimization. MOPS contains many runtime configuration para-
meters that allow performance of individual modules to be
tuned, often at the cost of greater false results. Pan-STARRS1

2 © 1999-2006 Paulo Holvorcem; http://sites.mpc.com.br/holvorcem/tao/
readme.html.
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TABLE 5
TRACKLET (INTRANIGHT) EFFICIENCY AND ACCURACY IN THE 2 YEAR PAN-STARRS4 MOPS FuLL-DENSITY
SIMULATION
Avail. Clean % Unfound % Mixed % Bad %  Non-syn.
24056199 ..... 24056191  100.0 8 0.0 417774 1.7 553475 23 1854648

Note.—This simulation used a realistic solar system model (S3M) and “next-generation” (0.01") astro-
metric uncertainty (about 10 times better than delivered by the best contemporary surveys like Pan-
STARRSI1). The tracklet terminology in the headings is described in detail in § 3.11. See § 3.1 and 3.11

for definitions of efficiency and accuracy.

operations have led the project to a different mode of NEO dis-
covery than originally envisioned, so we have not focused on
improving NEO derived object performance. Similarly for LPCs,
we can again improve efficiency by tuning MOPS orbit determi-
nation modules to reject fewer parabolic or hyperbolic orbits.

Our differential correction performance (§ 5.5) is probably
overstated because the OrbFit initial orbit determination (IOD)
software (Milani et al. 2005; Milani & Gronchi 2010) employed
by MOPS can perform its own differential correction after IOD,
and we elect to use it in this mode. Therefore orbits handed to
the JPL differential correction module are almost always close
to a minimum in the solution space where convergence will oc-
cur. MOPS supports other packages besides OrbFit to perform
IOD, and in early evaluation of these packages we saw outstand-
ing performance from the JPL differential corrector.

4.2. Four-Year NEO Simulation (neo_4yr)

We ran the neo_ 4yr simulation to calculate upper limits on
the NEO detection and discovery rates with a Pan-STARRSI-
like system. This system differed from the full S1b

simulation by using a 0.1” baseline astrometric uncertainty
and by containing almost 4 years of TAO simulated opposition
and sweetspot observations over the expected Pan-STARRS1
mission from March 2009 through January 2013. The simula-
tion only used the 268,896 NEO subset of the S3M. We were
not able to simulate the Pan-STARRS1 focal plane fill factor, as
the code had not been incorporated into MOPS yet, but we felt it
would be reasonable to use a 100% fill factor and scale down
our results based on true Pan-STARRS1 detector performance.
False detections were not added to this simulation to speed up
execution time, but the full_S1b results showed that this
would not impact our results.

The neo_4yr simulation found over 9405 derived objects
of which nearly half had orbital arc lengths greater than 30 days.
As with the 2 yr full_S1b simulation, the tracklet efficiency
is essentially 100%, with 10 out of 105,439 tracklets lost.
MOPS linking performance is similar to full_S1b (See
Table 7) but we find that orbit determination performs less well,
at 81.7%, purely due to greater RMS residuals across the orbit
from the larger astrometric uncertainty. Again, this acceptance
threshold can be relaxed to improve efficiency (fraction of

TABLE 6

DERIVED OBJECT EFFICIENCY FOR EIGHT DIFFERENT CLASSES OF SYNTHETIC SOLAR SYSTEM OBJECTS IN
THE 2 YEAR PAN-STARRS4 MOPS FULL-DENSITY SIMULATION

Object class® Avail.? Clean” (Linked) % Pass 10D¢ % Pass diff.! %
NEO ........ 5203 4994 96.0 4924 94.6 4924 94.6
MBO ........ 2043584 2032676 99.5 2029618 99.3 2029618 99.3
TRO ......... 56214 56061 99.7 55923 99.5 55923 99.5
CEN ......... 557 556 99.8 556 99.8 556 99.8
JEC .......... 551 546 99.1 541 98.2 541 98.2
LPC ......... 1714 1713 99.9 1584 92.4 1584 92.4
SDO ......... 2289 2286 99.9 2281 99.7 2281 99.7
TNO ........ 12719 12710 99.9 12686 99.7 12686 99.7

Note.—This simulation used a realistic solar system model (S3M) and “next-generation” (0.01”) astrome-
tric uncertainty (about 10 times better than delivered by the best contemporary surveys like Pan-STARRS1).
The tracklet terminology in the headings is described in detail in § 3.11. The impactor and hyperbolic models
are omitted because they did not exist in the S3M at the time of this simulation.

* NEO—Near Earth Objects; MBO—Main Belt Objects; TRO—Trojans; JFC—Jupiter Family Comets;
LPC—Long Period Comets; CEN—Centaurs; SDO—Scattered Disk Objects; TNO—Trans-Neptunian

Objects.

®See § 3.1 and 3.11 for definitions of efficiency and accuracy.
“The number (and percentage) for which initial orbit determination was successful.
4The number (and percentage) for which a differentially corrected orbit was successfully computed.
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TABLE 7
DERIVED OBJECT EFFICIENCY FOR THE 4 YEAR PAN-STARRS1 MOPS NEO-ONLY SIMULATION

Object class® Avail.® Clean” (Linked)

Pass IOD* % Pass diff. %

NEO ......... 11515 11025

95.7 9404 81.7 9404 81.7

Note.—This simulation used a realistic population of ~250, 000 NEOs with Pan-STARRS 1-like astrome-
tric uncertainty (0.1”) simulation and a 100% fill-factor detector. This simulation was run during commis-
sioning of the Pan-STARRSI telescope before the actual Pan-STARRS]1 survey was implemented

*The number (and percentage) for which initial orbit determination was successful.

"See § 3.1 and 3.11 for definitions of efficiency and accuracy.

¢ The number (and percentage) for which a differentially corrected orbit was successfully computed.

correct linkages surviving orbit determination) at a cost of an
increase in false linkages.

4.3. Grid Simulations

We have run several grid simulations to ensure that we were
not tailoring the efficiency to localized regions in (a, e, ) phase
space. However, we do not inject the grid population into the
detection pipeline during normal MOPS operations as this
would needlessly increase the tracklet linking combinatorics
in an artificial and unrepresentative manner.

To illustrate MOPS operations over the entire phase space we
ran the real Pan-STARRSI survey (i.e., actual pointings and
cadence) for two consecutive lunations with the grid popula-
tion and a realistic (0.1") astrometric error model. Figures 7
through 9 show that MOPS is ~100% efficient for semimajor
axes in the range from 0.75 AU to 5,000 AU, eccentricities
in the range [0,1] and all possible inclinations. Fifteen fast-
moving objects were rejected (out of 190,973) by the rate limit
of 5.0 deg day~! in the current Pan-STARRS1 production con-
figuration to reduce false tracklets.

Figures 10 through 12 show that the derived object efficiency
is consistently high for all synthetic grid objects on orbits rang-
ing from those with semi-major axes well within the Earth’s or-
bit to beyond 100 AU, over all inclinations with no deterioration
in the efficiency for retrograde orbits, and for nearly circular
orbits to those with e < 1. There is a degradation in the effi-
ciency for e ~1 due to the orbit determination failing at the
highest eccentricities.

One important feature of the grid population is that it in-
cludes objects that can appear near the poles where the sky-
plane density of real solar system objects is negligible, i.e. it
allows us to check that MOPS works correctly even for objects
at high declinations as shown in Figures 13 and 14. While track-
let creation efficiency is nearly 100% for all declinations <88°,
within 2° of the pole the grid simulation revealed that slightly
conservative tracklet acceptance parameters rejected several
fast-moving objects. The derived object efficiency is typically
295% for declinations ranging from —30° to the north celestial
pole indicating that the tracklet linking algorithm works across
the entire sky. The drops in efficiency to ~90% are largely
due to an inability to compute an initial orbit (see § 5.6) which
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is in turn usually due to a sparse observation cadence for
the track.

5. MOPS VALIDATION AND REAL DATA

Processing of data from the current generation of surveys has
been addressed by software pipelines already employed by
Spacewatch (e.g., Rabinowitz 1991; Larsen et al. 2001), the
Catalina Sky Survey, LINEAR, etc. We did not want to repro-
duce their work. MOPS was designed for use with a high-
quality transient detection stream delivered by a next-generation
Pan-STARRS4 or LSST-class survey system with nearly 100%
fill-factor and a relatively modest number of systematic false
detections. In many respects, despite the much higher data vo-
lumes expected from these telescopes, moving object algorithm
design is simpler due to the high quality astrometry and pho-
tometry of the input data. MOPS performs less effectively with
real Pan-STARRS1 data because it is the prototype for the next-
generation Pan-STARRS4 survey—not a next-generation sur-
vey itself.

That said, the Pan-STARRSI telescope represents a signifi-
cant step forward in wide field survey astronomy, and has be-
come a major contributor in NEO detection and discovery and
the largest single-telescope source of asteroid observations
while satisfying multiple, disparate survey programs. We have
adapted MOPS to Pan-STARRS]1 to maximize asteroid detec-
tion and NEO discovery from the Pan-STARRSI data stream
through the creation of tools to reject false detections and track-
lets and allow for human review of data before they are submit-
ted to the Minor Planet Center. Additionally, due to a realized
survey cadence that is inefficient at producing enough repeat
observations to compute reliable orbits, we have de-emphasized
MOPS’s derived object functionality in normal Pan-STARRS1
processing. In practice, the MOPS pipeline is executed through
the tracklet-creation stage, with some “add-on” tools that are
described below. MOPS is still used to its full capability as a
simulation and research tool.

In this section we describe in detail all the Pan-STARRS1
MOPS processing steps and quantify its performance on the
transients provided by the prototype telescope.

This content downloaded from 133. ﬂﬁ 6 on Tue, 4 Jun 2013 01:34:19 AM
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

372 DENNEAU ET AL.

MOPS Grid Tracklet Efficiency vs. Log(Semi-Major Axis a)
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FiG. 7.—Tracklet creation efficiency as a function of semimajor axis for a one lunation MOPS simulation using S3M grid objects. Note the truncated Y-axis range of
0.95-1.0. Fifteen fast-moving objects with sky-plane rates that exceed the configured limits for the production Pan-STARRS1 MOPS account for the reduced efficiency
at small semimajor axis. These limits will be tuned upon reprocessing the full Pan-STARRS] survey.

5.1. Pan-STARRSI1 Surveying

The Pan-STARRSI ‘effective’ camera fill factor (f) as mea-
sured by MOPS is ~75%. The loss of image plane coverage
results from gaps between the OTAs, dead cells, and gaps on
the CCDs themselves, problematic pixels (e.g., anomalous dark
current or non-linearity), and the allocation of subsections on
the OTAs (known as cells) to high-speed acquisition of bright
guide stars. The original MOPS design assumed f~ 100%
(Pan-STARRS4) and three two-detection tracklets per lunation
for new object discovery, so that with f < 100% the maximum
achievable system efficiency (e,,,) for moving objects must be
somewhere in the range of f% < ¢, < f!, depending on the
object’s rate of motion, the distribution of ‘dead’ image plane
pixels unit area and the telescope pointing repeatability. This
implies that the maximum Pan-STARRS1 MOPS end-to-end
derived object efficiency for objects in the field of view must

lie in the range 26—75% even for objects that would be imaged
at high S/N.

In part to compensate for the fill-factor, in October 2010 the
Pan-STARRS1 survey was modified to obtain a four-exposure
‘quad’ in a manner similar to other NEO surveys instead of a
single pair of exposures. The four images of a quad are typically
acquired at the same boresight and rotator angle with a transient
time interval (TTI) of about 15 minutes between sequential de-
tections. Thus, a tracklet containing four detections would have
a typical arc length of about 45 minutes. We then search for
tracklets with three or four detections in the quad. The false
tracklet rate decreases as the number of detections in the tracklet
increases, but even with four detections per tracklet there are
still false tracklets. To cope with the false tracklet rate we im-
plemented a NEO ‘czaring’ procedure and an associated infra-
structure for extracting ‘postage stamp’ 100 x 100 pixel images
centered on every detection incorporated into a tracklet.

2013 PASP, 125:357-395
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MOPS Grid Tracklet Efficiency vs. Eccentricity e
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FiG. 8.—Tracklet creation efficiency as a function of eccentricity for a one lunation MOPS simulation using S3M grid objects. Note the truncated Y-axis range of

0.95-1.0.

A human observer, the ‘czar’, vets every tracklet before submis-
sion to the MPC.

The tracklet processing for pair observations by other Pan-
STARRSI surveys is specifically directed towards NEO detec-
tion and is divided into two rate-of-motion regimes—slow and
fast, corresponding to 0.3° to 0.7° day ! and 1.2° to 5° day !,
respectively—i.e., tracklets containing just two detections are
not detected if they have rates of motion between 0.7° and
1.2° day~!. The reason for the two-regime processing is that the
confusion limit from false detections becomes unmanageable
around 0.7° deg day~!, but beyond ~1.2° day~! we can use
trailing information to reduce the false tracklet count. The slow
regime’s lower limit corresponds roughly to a rate of motion that
easily distinguishes between NEOs and main belt asteroid mo-
tions at opposition. The upper limit in the slow regime is set em-
pirically at the rate at which the confusion limit becomes too high
for the czar. The gap between 0.7° day ! and 1.2° day ! leaves

2013 PASP, 125:357-395

a ‘donut hole’ in the velocity space where pairwise tracklets will
not be found. Recent improvements in our ability to screen false
detections will allow this hole to be removed when Pan-
STARRSI is observing away from the Galactic plane.

In the fast pairwise tracklet regime MOPS makes use of mor-
phological information (e.g., moments) provided by the IPP as a
proxy for trailing information. Quality cuts require similar mor-
phology between the two detections and that the position angles
(PA) calculated from the detection moments be aligned with the
PA of the tracklet.

5.2. Detections

The false detection rate delivered by the Pan-STARRS1 IPP
to MOPS is shown in Figure 15. The rate is dominated by sys-
tematic image artifacts rather than statistical noise. At high
Galactic latitudes the transient detection rate is about the ex-
pected value from statistical fluctuations in the background but
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MOPS Grid Tracklet Efficiency vs. Inclination i
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F1G. 9.—Tracklet creation efficiency as a function of inclination for a one lunation MOPS simulation using S3M grid objects. Note the truncated Y-axis range of

0.95-1.0.

the rate increases dramatically as the field center approaches the
galactic plane where the false detection rate is 10-50 xhigher
than expected. The increase in false detections with proximity to
the galactic plane is due to image subtraction issues in regions
with high stellar sky plane density and residual charge in the
CCDs from bright stars. The transient rate in the YV p; filter does
not have data for galactic latitudes <30 deg because this filter
was solely used for solar system surveying and detection of
moving objects. The solar system team does not survey into
the galactic plane because we learned early-on that the false de-
tection and tracklet rates are too high to efficiently detect solar
system objects.

Overall, the rate of transient detections at >Ho is
~8200/deg?—orders of magnitude higher than expected with
Poisson statistics and with far more systematic structure, e.g.,
from internal reflections and other artifacts. This structure is es-
pecially problematic because, unlike Poisson-distributed false

sources that are evenly distributed across the detector, system-
atic false sources tend to be clumped spatially and form many
false tracklets that can clog and contaminate subsequent data
processing. A large number of reported false detections for
which the S/N is much lower than expected at a given magni-
tude could easily be removed with a field-dependent cut on S/N
versus magnitude (see Fig. 16).

Figure 17 shows a representative sample of the types of false
detections provided to MOPS by the IPP. Accurate machine
classification of these artifacts using methods such as those de-
scribed by (Donalek et al. 2008) can greatly reduce contamina-
tion and is under exploration by the PS1SC. We use imaginative
monikers like ‘arrowheads’, ‘chocolate chip cookies’, ‘feath-
ers’, ‘frisbees’, ‘pianos’ and ‘UFOs’ to classify them when it-
erating with the IPP on improving the detection stream. Many of
the false detections are easily explained as internal reflections,
ghosts, or other well-understood image artifacts, but some are as
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MOPS Grid Derived Object Efficiency vs. Log(Semi-Major Axis a)
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FI1G. 10.—Derived object creation efficiency as a function of semi-major axis for a one lunation MOPS simulation using S3M grid objects. The total efficiency is
97.5%. Losses at small semi-major axis are due to conservative acceptance limits in the current Pan-STARRS1 production MOPS that reject objects with large sky-plane
accelerations and/or large RMS residuals. These limits will be tuned upon reprocessing the full Pan-STARRSI survey.

yet unexplained. MOPS screens false detections using their
morphological parameters but many survive the cuts into track-
let formation because they must be conservative so that diffuse
comet detections are not removed.

Finally, when the density of false detections spikes to rates
that are difficult to manage, e.g., near a very bright star, we in-
voke a last-ditch spatial density filter to reduce the local sky-
plane density to no more than 10,000 detections per square
degree in a circle of 0.01° radius. The filter eliminates false de-
tections by discarding those with the highest PSF-weighted
masked fraction until the detection density is manageable.

Even real detections are often not well formed PSFs, as il-
lustrated in Figure 18. Trailed detections often intersect with
cell and chip gaps (Fig. 18a), PSF-like detections of slower
moving objects have overlapping PSFs (2012 PF,), or sit on
the boundary of a masked region (e.g., Fig. 18¢). Whenever
a detection is poorly formed, it creates difficulties in astrometry

2013 PASP, 125:357-395

and photometry and therefore in linking the detections into
tracklets and tracks.

Despite these problems, Pan-STARRSI1 astrometry and
photometry reported to the MPC for slow-moving objects is cur-
rently excellent by contemporary standards. The average RMS
astrometric uncertainty is about 0.13” (Milani et al. 2012). The
intrinsic photometric uncertainty in the calibrated® Pan-
STARRSI data is <10 mmag in the gpy, 7p;, and ip; filters
and ~10 mmag in the zp; and yp; filters (Schlafly et al. 2012).
The asteroid photometry is not yet as good as in the five primary
Pan-STARRSI filters because (1) much of the data is in the still
to be fully calibrated wp, filter, and (2) the detections are often
trailed enough to cause problems with the photometric fit. We
expect to solve these problems soon and begin reporting

* Pan-STARRS1 began reporting calibrated magnitudes in May 2012.
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MOPS Grid Derived Object Efficiency vs. Eccentricity e
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FI1G. 11.—Derived object creation efficiency as a function of eccentricity for a one lunation MOPS simulation using S3M grid objects. The failures at high eccentricity
(e > 0.99) occur in initial orbit determination (IOD) for grid objects with semi-major axis a < 5. These failures can be corrected by modifying IOD acceptance

parameters.

Wp: band photometry for moving objects with a calibration ac-
curacy of a few tens of mmag.

5.3. Tracklets

Kubica et al. (2007) provide detailed information on our al-
gorithms and their performance for linking detections of mov-
ing objects on a single night into ‘tracklets’ or linking tracklets
between nights into ‘tracks’. Their techniques rely on the use of
‘kd-tree’ structures to provide fast and scalable performance.

Their Table 1 shows that the algorithms yield nearly 100%
tracklet creation efficiency for the S3M in the presence of the
expected but random false detection rate of 250 deg~2. About
10-15% of the generated tracklets are MIXED or BAD but this
tracklet accuracy is perfectly acceptable because false tracklets
should not link together across nights to form a set of detections
with a good orbit. The mixed tracklets cause no loss of objects
because the tracklet creation is non-exclusive ie. the same

detection can appear in the correct CLEAN tracklet and in mul-
tiple other tracklets. Kubica et al. (2007) note that the technique
still worked with high efficiency even without using the detec-
tions’ orientations and lengths but at the expense of a much
higher false tracklet rate. Furthermore, they showed that the sys-
tem maintains its integrity even at >10 x higher random false
detection rates.

The algorithm for linking tracklets between nights uses a kd-
tree to quickly identify candidate tracks. Each track is then fit to
a quadratic in RA and Dec with respect to time to eliminate
tracks based on their fit residuals. The number of candidate
tracks increases exponentially with the number of detections as
shown in Table 3 in Kubica et al. (2007)—while 98.4% of the
correct tracks are properly identified only 0.3% of the tracks that
pass all the cuts are real. The false tracks are eliminated in the
next step through initial orbit determination (IOD) described in
the following sub-section.

2013 PASP, 125:357-395
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FI1G. 12.—Derived object creation efficiency as a function of inclination for a one lunation MOPS simulation using only grid objects.

As discussed in the previous section, tracklet formation must
take place in the presence of false detections due to statistical
fluctuations on the sky background but also the usually much
more numerous and problematic systematic false detections. We
note that Kubica et al. (2007) performed their tests using two-
detection tracklets and with assumptions on the astrometric and
photometric performance expected for the cosmetically clean
images of an idealized Pan-STARRS 4 survey. Their simula-
tions are thus not directly applicable to the real Pan-STARRSI1
system that includes more noise and degraded astrometry. The
Pan-STARRSI1 false detection rate is 10-50 x greater than ex-
pected at >50 and almost all of them are systematic. They pose
problems for MOPS in that the detections “line up” well enough
to pass the tracklet formation cuts and the tracklets represent
objects with asteroid-like rates of motion. The high false tracklet
rate significantly slows down derived object processing because
of the resulting tremendous false track rate.

The realized tracklet creation efficiency and accuracy
was measured with synthetic detections injected into the real

2013 PASP, 125:357-395

Pan-STARRSI1 data. In this data stream typically four images
are acquired at the same boresight with roughly a TTI separating
each image in the sequence. We form tracklets of two, three, or
four detections with some limits on the effective rate of motion
depending on the number of detections in the tracklet. Table 8
shows that the tracklet creation efficiency is 99.98%—the algo-
rithm correctly identifies almost every possible set of detections
in a tracklet even in the presence of real detections and noise.

The algorithm returns additional MIXED and BAD tracklets
though at a small fraction of the CLEAN rate (see § 3.1 and
3.11 for definitions). Tracklets are also identified for the non-
synthetic detections, i.e., detections of real objects or false
detections. For the purpose of the efficiency and accuracy cal-
culation both types of nonsynthetic detections are ‘noise’ as
viewed from the perspective of the synthetic solar system ob-
jects. Thus, nonsynthetic tracklets may be sets of detections of
real solar system objects—but the numbers in Table 8 indicate
that there is a problem. There are roughly seven times more non-
synthetic detections than synthetic but, if our simulation and

This content downloaded from 133. QSI 6 on Tue, 4 Jun 2013 01:34:19 AM
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

378 DENNEAU ET AL.

MOPS Grid Tracklet Efficiency vs. Declination
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FiG. 13.—Tracklet creation efficiency as a function of declination for a one lunation MOPS simulation using PS1 telescope pointings and S3M grid objects with Pan-
STARRSI realistic (0.1") astrometric uncertainty. The uneven declination coverage is due to uneven coverage of the Pan-STARRS]1 survey during the lunation (2011
Aug 14 through 2011 Sep 12). Several fast-moving objects in the declination = 89° bin were lost due to overly conservative tracklet acceptance parameters.

synthetic population are an accurate representation of reality,
and all the nonsynthetic detections are real, the two values
should be roughly the same.

Tracklets can only be formed from detections in images ac-
quired within a reasonably short time frame with sequential de-
tections of the same object separated by about a TTI. Linking
detections into tracklets across longer time intervals creates a
combinatoric explosion that can not be addressed by the current
linking algorithms. On the other hand, it often happens that mul-
tiple tracklets for the same object are created on the same night
separated by time intervals large compared to a TTL. The most
common cause is overlap between adjacent fields acquired at
times separated >>TTI. Even more problematic are ‘deep-
drilling’ situations where >>4 images are acquired at the same
boresight in rapid succession. In this situation a real object mov-
ing between the images is not necessarily detected in every
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image due to, e.g., chip and cell gaps, passing over a star, mask-
ing, photometric fluctuations, etc., and detections from the same
object may appear in different tracklets. Furthermore, the detec-
tions within the tracklets may overlap in time due to astrometric
fluctuations. (e.g., detections from images 1, 3, and 6 appear in
tracklet A and detections from images 2, 5, and 8 appear in
tracklet B with no detections in images 4 and 7.) Thus, when
there are >4 exposures in a sequence at the same boresight we
post-process the tracklet list with collapseTracklets.
collapseTracklets merges colinear tracklets within a
single night or data set using a method similar to a Hough trans-
form. The approximate sky plane location of each tracklet is
determined at the midtime of all tracklets in the set assuming
that their motion is linear in R.A. and decl. during the time
frame (cv and 6, respectively). Colinear tracklets corresponding
to the same object should have similar positions and motion
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MOPS Grid Derived Object Efficiency vs. Declination
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F1G. 14.—Derived object creation efficiency as a function of declination for a one lunation MOPS simulation using S3M grid objects with Pan-STARRS] realistic
(0.1") astrometric uncertainty. The uneven declination coverage is due to uneven multi-night coverage of the Pan-STARRS]1 survey during this particular lunation (2011
Aug 14 through 2011 Sep 12). While the total grid derived object efficiency is 97.5%, we believe this number can be improved further by tuning of MOPS linking

parameters.

vectors making them straightforward to identify as ‘clumps’ in
(o, 6, &, 5)—space using a series of range searches implemented
with a four-dimensional kd-tree. Given candidate groupings of
tracklets in the transform space, collapseTracklets at-
temps to merge them using straight forward rms residual accep-
tance criteria, where there is a basic tradeoff between creating
false merges versus allowing too many duplicates. The cost of
duplicate tracklets in the deep-drilling sequences is that if there
are duplicate tracklets for the same object, a potential derived
object will rightly use the distinct tracklets to create two distinct
derived objects for the same object, and derived object discor-
dance rejection (see § 5.5) will disallow the derived objects on
the grounds that multiple tracklets for an object cannot exist in
the same set of fields.

We adopted collapseTracklets essentially unmodi-
fied upon delivery from the development team at LSST, and
beyond simple tests that verify basic capability, we have not

2013 PASP, 125:357-395

attempted to maximize its efficiency with Pan-STARRSI
deep-drilling cadences or data quality. Informal evaluations
against the Pan-STARRSI1 eight-exposure medium deep (MD)
sequences show a duplicate ratio of ~25% with essentially zero
lost tracklets.

In the time span from February 2011 through May 2012,
MOPS created 1,513 x 10? tracklets of which 534 x 10% were
real (35%) and 345 x 10® were automatically attributed to
numbered or multiopposition objects (see § 5.9). The situation
is much worse for tracklets containing just two detections:
11,691 x 103 created with just 780 x 10 attributed (6.7%). As-
suming that the attributed:real ratio is the same as for the three-
and four-detection tracklets it implies that only ~10% of two
detection tracklets are real.

In theory, the Pan-STARRS1 +MOPS system is capable of
detecting the highest proper motion stars within a single luna-
tion. Consider the unusual case of Barnard’s star with an annual

This content downloaded from 133. £71 6 on Tue, 4 Jun 2013 01:34:19 AM
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

380 DENNEAU ET AL.

Pan-STARRS1 Detection Density vs. Galactic Latitude
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FiG. 15.—Number of transient detections reported to the MOPS by the IPP as a function of galactic latitude in all six Pan-STARRSI filters. Almost all the transient

detections are false.

proper motion* of ~10.3" year™' or about day~!.
STARRS1’s average RMS astrometric uncertainty is about
0.13"” (Milani et al. 2012) so that Barnard’s star shows notice-
able astrometric motion in about 5 days. Barnard’s star would be
provided as a transient detection to MOPS if the Pan-STARRS1
IPP created difference images using a static sky created from
earlier images (Magnier et al. 2008). On each night MOPS

* See http://simbad.u-strasbg.fr/simbad/sim-id ?Ident=V*+V2500+Oph.

Pan- would create a ‘stationary’ transient and if the survey provided
more detections 5 and 10 days later MOPS would link the
tracklets together. Thus, even in normal operations it is theoret-
ically possible that MOPS could provide detections of high
proper motion stars light years from the Sun. It takes little imag-
ination to realize that MOPS could process ‘stationary’ tracklets
identified in three successive months to discover proper motion
stars to even larger distances. The false detection rates for image
differencing using a static sky should be no worse than pairwise
image differences at the same S/N.

2013 PASP, 125:357-395
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Pan-STARRS1 w-band Transient Detections, MJD 56028
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FiG. 16.—Pan-STARRSI transient detections reported to MOPS by the IPP as a function of S/N and WWp; magnitude on MJID 56028. Grey dots are detections in
tracklets that are real asteroids. Black dots are all other detections. The ‘fork’ in the distribution at YWp, ~ 18 is due to a change in observing conditions that caused

distortion of PSFs for bright objects.

5.4. Tracks

Tracklets are linked into ‘tracks’ across previous nights over
a time window of typically 7—14 days using another kd-tree im-
plementation called 1inkTracklets (Kubica et al. 2007).
The MOPS runtime configuration specifies how many days pri-
or to the current night to search and how many tracklets are
required to form a linkage. The tracklets search locates combi-
nations of tracklets that collectively fit quadratic sky-plane mo-
tion to within some configured error. Of course actual asteroid
motions are not truly quadratic, but within the time interval of
track creation this approximation holds for most objects.

Column 4 in Table 9 shows that the tracklet linking efficiency
is ~80% for most classes of solar system objects ranging from
the inner solar system to beyond Neptune. The linking effi-
ciency is reduced from our grid simulations for several reasons:

2013 PASP, 125:357-395

(1) linkages are contaminated with false tracklets and fail orbit
determination; (2) medium deep sequences generate multiple
tracklets for the same object, causing rejections in the discor-
dance checks (see § 5.5); and (3) we simply have not yet tuned
linkTracklets’ operational parameters to Pan-STARRSI ’s
current survey mode and astrometric performance. Early MOPS
tests with synthetic and real data obtained from Spacewatch
(e.g., Larsen et al. 2001) showed that the derived object effi-
ciency can be increased to nearly 100% with a suitable survey
strategy, false detection rate, and set of 1inkTracklets con-
figuration parameters

Table 9 does not show 1inkTracklets’s accuracy but it
is similar to the <« 1% accuracy reported by Kubica et al. (2007),
i.e. 299% of all the tracks are not real. However, very few of the
tracks survive the subsequent motion, acceleration, astrometric
and photometric residual cuts, etc. Those that do pass all the
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Pan-STARRS1 Systematic False Detection Gallery
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F1G. 17.—A sample of false source detections delivered to MOPS. The cause of the detection is provided under the image when known. The source detections are in
the positive image (white pixels). Each image is a 200 x 200 pixel difference image with the original source detection in the center, i.e., the difference between two
successive images acquired at the same boresight. Solid dark grey regions represent gaps between CCDs or cells or masked regions.

cuts are subject to initial and differential orbit determination to
eliminate essentially all the bad tracks as described in the fol-
lowing two subsections.

5.5. Orbit Determination

MOPS identifies tracks that represent a real or synthetic as-
teroid through ‘orbit determination’. A six-parameter orbit is
calculated for each track and only those that do not exceed a
rms residual requirement are accepted and passed on to the next
processing phase. Orbit determination is a two-stage process
within MOPS beginning with initial orbit determination (I0D)
and followed by a least-squares differentially corrected orbit de-
termination. Tracks that do not satisfy the residual requirement
are discarded and their tracklets made available for use in other
linkages.

Occasionally there may be cases where a tracklet is included
in multiple distinct linkages whose fitted orbits produce rms re-
siduals that meet MOPS acceptance thresholds. When this oc-
curs the tracklet cannot logically be included in both derived
objects, so MOPS includes code ‘discordance identification’
software that identifies this situation and either

1. chooses one linkage as ‘correct’ if its rms residual is sig-
nificantly smaller than all others, or

2. rejects all linkages as bad since no correct linkage can be
determined.

Similarly, two distinct tracklets may share a common detec-
tion and be included in otherwise separate linkages with accept-
able rms residuals. In this case it is logically impossible for the
detection to belong to two different objects, so the discordance
identification routines select one linkage as described above or
rejects them all if none stands out as correct. Tracklets in re-
jected linkages can be recovered later in processing through pre-
covery (see § 5.10).

5.6. Initial Orbit Determination (IOD)

Orbit determination using a small number of observations
over a short time interval has been studied for centuries, since
Kepler first described the laws of planetary motion. Many tech-
niques have been devised, each with its own advantages, and
modern computers allow many different methods to be evalu-
ated for a set of input detections.

For MOPS’s purposes, IOD is a module that produces six-
parameter orbits given a set of detections. We implemented the
‘OrbFit’ package developed by the OrbFit Consortium (Milani
and Gronchi 2010). Our selection criteria for an orbit determi-
nation package were (1) efficiency at producing an orbit given a
‘true’ linkage; (2) orbit accuracy for observations using Pan-
STARRS cadences and astrometric uncertainties; (3) speed of
computation; and (4) availability and support. We tested the or-
bit determination software against millions of synthetic tracks to
measure performance. As with other MOPS software, while we

2013 PASP, 125:357-395
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Pan-STARRS1 Object Detection Gallery

2012 PA (37655) 2001 5J227

(55621) 2012 PF12 (509)

P/2012 F5 C/2011 L4 C/2011 L4

P/2011 U1 (28014) 2012QL14

FiG. 18.—A sample of real object detections delivered to MOPS via difference imaging. Each image is a 200 x 200 pixel difference image with the positive source
detection in the center. Many detections lie near artifacts or in heavily masked regions or are difficult to distinguish from systematic false detections. Objects (a) through
(f) are unknown asteroids. Solid dark grey regions represent gaps between CCDs or cells or masked regions.

wanted high efficiency and accuracy in our orbit determination
software, it was equally important to precisely measure the orbit
determination efficiency.

Table 9 shows that the IOD efficiency is essentially 100% for
all classes of solar system objects. i.e., OrbFit successfully pro-
vides an orbit when provided a correctly linked set of tracklets
(a track).

5.7. Differential Correction

MOPS attempts to improve the IOD by navigating the pa-
rameter space of orbit solutions to minimize the least-square
rms residual of the fitted detections. As with initial orbit deter-
mination, differential correction is a long-studied problem,
spanning many decades of research, made routine by today’s
computer hardware. Modern differential correction techniques
use precise models for the motion of the Earth and other large

solar system bodies and are able to predict positions on the sky
to within hundreths of an arcsecond many years into the future
given enough input observations.

Through a memorandum of understanding (MOU) with the
Jet Propulsion Laboratory (JPL) Pan-STARRS obtained permis-
sion to use a subset of JPL’s Solar System Dynamics (SSD)
software to compute asteroid ephemerides and differentially
corrected orbits. SSD is a workhorse of solar system analysis,
used for guiding spacecraft missions to their asteroid and comet
destinations and for assessing impact probabilities for high pro-
file NEOs.

Table 9 shows that the differential correction efficiency for
objects that have passed IOD is essentially 100% for all classes
of solar system objects.

Despite the overall effectiveness of the OrbFit IOD+JPL dif-
ferential corrector combination, certain geometric configura-
tions can lead to convergence to an incorrect orbit—the motion

TABLE 8

TRACKLET EFFICIENCY AND ACCURACY IN PAN-STARRS1 OBSERVING CYCLE 143 (2011 AUG 13 THROUGH
2011 Sep 10)

Avail. Clean %

Unfound % Mixed % Bad %

Non-syn.

246596 ...... 246558 100.0 38

0.0 1969 0.8 8884 3.6

1429073

NoTE.—Measured performance for a single observing cycle of real Pan-STARRSI telescope pointings
using realistic astrometric uncertainty (0.1”) and a simplistic 75% fill-factor model. See § 3.1 and 3.11
for definitions of efficiency and accuracy. Fields within 15° of the Galactic plane excluded.

2013 PASP, 125:357-395
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TABLE 9

CUMULATIVE DERIVED OBJECT EFFICIENCY FOR 10 DIFFERENT CLASSES OF SYNTHETIC SOLAR SYSTEM
OBJECTS IN PAN-STARRS1 OBSERVING CYCLE 143 (2011 AuG 13 THROUGH 2011 SeP 10)

Object class®  Avail” Clean” (Linked) %  Pass IOD° %  Passdiff’ %  Dup® %
IMP ....... 88 68 71.3 67 76.1 67 76.1 0 0.0
NEO ...... 24 18 75.0 18 75.0 18 75.0 0 0.0
MBO ...... 18301 14608 79.8 14551 79.5 14461 79.0 6 0.0
TRO ....... 662 538 81.3 538 81.3 522 78.9 0 0.0
CEN' ...... 0 0 0.0 0 0.0 0 0.0 0 0.0
JEC ........ 22 18 81.8 18 81.8 18 81.8 0 0.0
LPC ....... 50 39 78.0 36 72.0 36 72.0 0 0.0
SDO ....... 7 1 14.3 1 14.3 1 14.3 0 0.0
TNO ...... 17 15 88.2 15 88.2 15 88.2 0 0.0
HYP ....... 32 27 84.4 19 59.4 19 59.4 0 0.0

NoTtE.—Measured performance for a single observing cycle of real Pan-STARRSI telescope pointings using
realistic astrometric uncertainty (0.1”) and a simplistic 75% fill-factor model. Fields within 15° of the Galactic

equator excluded.

*IMP—Earth Impactor; NEO—Near Earth Objects; MBO—Main Belt Objects; TRO—Trojans; JFC—Jupiter
Family Comets; LPC—Long Period Comets; CEN—Centaurs; SDO—Scattered Disk Objects; TNO—Trans-
Neptunian Objects; HYP—Hyperbolic (Interstellar) Objects.

"See § 3.1 and 3.11 for definitions of efficiency and accuracy.

¢ The number (and percentage) for which initial orbit determination was successful.

¢The number (and percentage) for which a differentially corrected orbit was successfully computed.

¢The number (and percentage) of duplicate derivations. The duplicates contain non-identical but intersecting

sets of detections of the same object.

"Centaurs were inadvertently omitted from the S3M for this study.

of objects in the small-solar-elongation sweetspots leads to dual
solutions for orbits computed with short arcs. For short win-
dows around the orbit computation, typically up to 30 days,
the ephemeris uncertainty using the ‘wrong’ orbit is small en-
ough that an attribution or precovery tracklet can still be found.
With the additional arc length from the attribution or precovery
the new orbit will collapse to a single solution.

5.8. Derived Objects

The tracklets and orbital parameters of tracks that survive the
rms residual cuts for orbit determination are stored in the MOPS
database as a ‘derived object’. A derived object represents a
moving object ‘discovered” by MOPS; in other words, the de-
tections are believed to belong to the same body with an orbit
that allows the body’s motion to be predicted well enough
to recover the body in an adjacent lunation to the discovery
lunation.

The derived object efficiency and accuracy is provided in
Table 9. The realized efficiency for the Pan-STARRS1 survey
is currently in the 70-90% range for most classes of solar sys-
tem objects. Due to the high false detection rates the survey has
concentrated on identifying candidate NEO tracklets by their
anomalous rates of motion (e.g., Rabinowitz 1991; Jedicke
1996) and has temporarily abandoned the idea of creating
derived objects. Despite a survey pattern, cadence and unopti-
mized MOPS configuration that are not particularly well-suited
to creating derived objects, the system still achieves 70-90%

efficiency for objects that appear in multiple tracklets within
a lunation.

5.9. Attribution of Known Objects

MOPS was designed to operate agnostically on all tracklets
regardless of whether they correspond to known or unknown
objects, i.e., no a priori information about known objects is used
when creating MOPS tracklets, tracks or derived objects. The
motivation was to create a final set of ‘derived objects’ from
Pan-STARRS1-only data with good controls on observational
selection effects.

On the other hand, for the purpose of extracting more science
from the data, and as an alternate means of measuring the sys-
tem’s detection efficiency and accuracy, we also attribute track-
lets to known numbered and multiopposition asteroids using the
known_server module from Milani et al. (2012). They show
that it has essentially 100% efficiency and 100% accuracy using
Pan-STARRSI1 data for those classes of objects and § 5.13 dis-
cusses the realized Pan-STARRS1 +MOPS detection efficiency
characteristics using the known objects.

As of October 2012, we have reported detections for approx-
imately 240,000 numbered and 84,000 multiopposition objects
identified by known_server to the MPC. These detections
represent about 73% of the total 3.4 million detections, the re-
mainder being mostly previously unknown asteroids. The frac-
tion of known objects decreases with increasing V-magnitude
such that 50% of the reported objects are unknown for V' > 21.6
(see Fig. 19).

2013 PASP, 125:357-395
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Pan-STARRS1 Known vs. Detected Asteroids, MJD 56214
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FiG. 19.—Overlapping detected and known asteroid distributions for a single night of Pan-STARRSI solar system observing.

5.10. Precovery and Attribution (‘PANDA’) of Derived
Objects

In keeping with the principle of MOPS agnosticism with re-
spect to previously known objects we implemented the capabil-
ity within MOPS to ‘attribute’ new tracklets each night to
MOPS’s derived objects. Recall that the time window for cre-
ating a MOPS derived object is typically 7-14 days, but we
want to associate individual tracklets from new data with exist-
ing derived objects if possible (attribution), and search the
MOPS database for individual tracklets observed previously
that did not form a derived object because not enough tracklets
were observed at the time (precovery). Early Pan-STARRS
work showed that with sufficiently high-quality astrometry, an
orbit with arc length of typically 10-14 days would have a pre-
diction uncertainty small enough to locate the object in an
adjacent lunation. Then, after a successful precovery or attribu-
tion extends the arc to beyond 30 days, the orbit is secure.

2013 PASP, 125:357-395

The PANDA algorithm is a simplified version of that de-
scribed by Milani et al. (2012)—in essence we integrate every
derived object’s motion to the time of observation of each image
and compare the predicted location and velocity to all nearby
tracklets to see if there is a match. If there is a match, we attempt
a differential orbit computation and if the resultant fit and re-
siduals are within acceptable bounds we attribute the tracklet
to the derived object. In practice, we predetermine the locations
and velocities of all derived objects at the beginning, middle and
end of the night and then use fieldProximity (Kubica etal.
2005) which interpolates their locations and velocities to each
image time and uses a kd-tree implementation to make candi-
date associations between derived objects and tracklets.

Table 10 shows that the attribution efficiency is ~93% but it
is important to keep two points in mind: (1) this is the cumula-
tive efficiency for all possible attributions on that night and
(2) the statistics are dominated by the main belt asteroids. In
regard to the first point, our efficiency determination software
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TABLE 10

ATTRIBUTION EFFICIENCY AND ACCURACY IN PAN-STARRS1 OBSERVING
CycLE 143 (2011 AuG 13 THROUGH 2011 SEP 10)

Avail. Clean % Mixed % Bad %  Non-syn.
9684 ..... 8971  92.6 5 0.1 26 03 3625

NoTE.—Measured performance for a single observing cycle of real
Pan-STARRSI telescope pointings using realistic astrometric uncertainty
(0.1") and a simplistic 75% fill-factor model. See § 3.1 and 3.11 for defini-
tions of efficiency and accuracy. Fields within 15° of the Galactic plane
excluded.

knows when a new synthetic tracklet is detected for an existing
synthetic derived object but it does not account for the accuracy
of the derived orbit’s ephemerides at the time of observation,
e.g., the derived object’s arc-length. It may be that the available
attribution was for a derived object detected on each of the last
three nights or it may be a derived object whose last observation
was 3 years beforehand. Thus, we expect that attribution effi-
ciency will decrease as a function of time. Even though the re-
sults in Table 10 are dominated by the main belt the attribution
efficiency mostly increases with the semimajor axis of the
object—it is relatively easy to attribute distant, slow moving ob-
jects because their sky plane density is low and their motion is
mostly along a great circle, and it is difficult to attribute nearby
objects for the opposite reasons.

The mixed and bad attributions in Table 10 are of particular
concern (see § 3.11 for definitions of the terms). In these types
of attributions unassociated detections are added to the derived
object, i.e., the derived object is being contaminated by noise or
detections of other objects. Since the synthetic MOPS objects
are intended to mimic the behavior of the real objects we assume
that the real objects suffer the same ‘contamination’ levels (from
real and synthetic detections and from false detections). Some
level of contamination is always unavoidable but it will degrade
the quality of the derived orbits so that future attributions are
less likely to be real.

There are several ways to mitigate the contamination includ-
ing (1) tighter controls on the residuals of candidate detections
added to derived objects or (2) post facto ‘scrubbing’ of all de-
rived orbits to identify outlying detections associated with de-
rived objects. We never implemented these techniques and
have essentially abandoned improvement of the attribution
algorithm because it was designed for a survey pattern that
would provide >3 tracklets for most observed asteroids in each
lunation.

The complement to attribution is ‘precovery’ in which his-
torical unattributed tracklets are linked to new derived objects.
Our precovery algorithm is essentially identical to attribution
but applied backwards in time. The only enhancement is that
when a successful precovery enhances the derived orbital ele-
ment accuracy with a consequent reduction in the ephemeris
errors we iterate on the precovery attempts until all possible

precoverable tracklets are associated with the new derived
object.” We also allow for the precovery of tracklets interme-
diate in time between existing tracklets in the derived object.

When the observed arc length of a derived object exceeds a
configurable time span such that the prediction uncertainty over
the entire survey is below some threshold, the object has
reached a stage where the orbit solution is stable, all possible
detections have already been associated with the object, and
it no longer needs to be precovered. This optimization reduces
the processing time required for precovery (see Fig. 20) because
over a long enough survey many objects will be ‘retired’ out of
precovery when their orbits become sufficiently accurate. For
synthetic objects, MOPS records all successful and failed pre-
coveries so the pipeline can produce statistics on objects that
have reached orbit stability but still have recoverable tracklets
(see Table 11).

Figure 21 illustrates the sequence of events within MOPS for
a hypothetical asteroid that is observed over three successive
lunations. For synthetic objects, the ‘paper trail’ allows us to
interrogate derived object performance and understand how
and what kinds of objects get lost in the system. For each de-
rived object ‘event’ (derivation, attribution, or precovery), the
object’s orbit is modified (hopefully improved) and recorded,
allowing easy inspection of the orbit history for the derived ob-
ject within MOPS.

5.11. Orbit Identification

When a new derived object (A’) is created it is automatically
checked for possible precoveries as described above. If the arc
length is still short even after precovery it is possible that much
earlier detections of the object A" appear in the database that can
not be precovered because the ephemeris uncertainty becomes
too large when the current derived orbit is integrated backwards
in time. On the other hand, those much earlier detections may
also have been incorporated into a derived object (A) that simi-
larly can not be attributed to the current detections because in-
tegrating derived object A forward in time generates too large an
ephemeris uncertainty. Thus, the same object may exist in two
separate derived orbits that are unlinkable by our precovery and
attribution techniques.

Rigorous techniques exist for ‘orbit identification’—
associating short arcs of detections within an apparition to the
same object observed with a short arc in another apparition (e.g.,
Granvik and Muinonen 2008; Milani et al. 2005)—but given the
high astrometric quality we could assume for Pan-STARRS4,
we adopted a simplified strategy that searches for neighboring
orbits in orbit parameter space.

» The precovery algorithm is invoked any time any orbit changes. i.e. the
attribution of a new tracklet to an existing derived objects also triggers the pre-
covery algorithm.
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MOPS Derived Object Processing
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FIG. 20.—Processing times for different MOPS pipeline stages over one simulated year of a 2-year simulation using Pan-STARRS4 data volumes. Some data prior to
MIJD 54850 was discarded because MOPS pipeline software was not separating processing times for synthetic and tracklet stages.

If each of the two derived orbits are themselves reasonably
accurate and precise then it is possible to identify the two de-
rived objects as being identical simply by checking that the de-
rived orbit elements are similar. Given that we expected to find
>107 objects with Pan-STARRS and thousands of new derived
objects each night we implemented the search for similar de-
rived orbits in a kd-tree (orbitProximity). For any new
derived object A’ orbitProximity identifies a set of can-
didate derived orbits (X = {A, B, C, D}) for which all six orbit
elements match A’ to within the tolerances shown in Table 12.
Then we attempt a differential correction (§ 5.7) to an orbit in-
cluding all detections from pairwise combinations of A’ with
each of the candidate orbits, e.g., {A, A'}, {B, A’}. If the dif-
ferentially corrected orbit meets our rms residual requirements
then the two derived objects are merged into one derived object
(e.g., A and A').

Our MOPS simulations for a Pan-STARRS4 system showed
that the orbit identification efficiency and accuracy were close to

TABLE 11

MOPS PRECOVERY EFFICIENCY AND ACCURACY IN PAN-STARRS1
OBSERVING CYCLE 143 (2011 AuG 13 THROUGH 2011 Sep 10)

Avail. Clean % Mixed % Bad %  Non-syn.
8557 ... 6635 715 14 02 23 03 1966

NotE.—Measured performance for a single observing cycle of real Pan-
STARRSI telescope pointings using realistic astrometric uncertainty (0.1")
and a simplistic 75% fill-factor model. See § 3.1 and 3.11 for definitions
of efficiency and accuracy. Fields within 15° of the Galactic equator
excluded.

2013 PASP, 125:357-395

100% using the tolerances in Table 12. The realized orbit iden-
tification efficiency for Pan-STARRSI is ~26% as show in
Table 13. The reduced efficiency is because the Pan-STARRS|1
cadence and astrometry yields orbits with uncertainties larger
than our configured orbit identification tolerances.

5.12. Data Rates and MOPS Timing

Figure 20 shows execution times for various MOPS proces-
sing stages over 1 year of a 2-year MOPS simulation with the
S3M. Processing times for per-night stages within the pipeline
(generation of synthetics and tracklets) are generally constant,
while stages that operate on the simulation’s internal catalog of
derived objects grows linearly or worse, depending on gross al-
gorithmic considerations. Naively, the precovery stage exhibits
quadratic growth, as the number of derived objects seen by
MOPS and the number of precovery images to search both grow
linearly as a function of simulation time, but optimizations in
the precovery algorithm that limit the search windows reduces
this growth below quadratic [~O(n - logn)].

The bimodality of timing results in Figure 20 is due to the
survey containing nights with either sweetspots (168 exposures)
or opposition regions (660 exposures) or both. The slow growth
of the synthetic generation stage is due to the increased integra-
tion time required to produce a position for an asteroid at the
observation epoch from the survey start date. Recent MOPS ver-
sions eliminate this overhead by periodically propagating the
epoch of S3M orbits to the current end-of-survey. Internight
linking and orbit determination computation time grow slowly
as the size of the MOPS database increases.
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F1G. 21.—MOPS derived object processing overview for a single hypothetical asteroid, showing observed tracklets and the created derived object. In lunation 132, no
derivation is available because there is only a single tracklet observed. In lunation 133, three tracklets are observed in a 10 day window, so a derived object is created and
the precovery in lunation 132 becomes available. In lunation 134, two attributions are available using predictions from the object’s derived orbit. Numbers in circles show

the sequence of ‘paper trail’ records inserted into the MOPS database.

5.13. Detection Efficiency

Figure 22 illustrates the realized tracklet detection efficiency
of the combined Pan-STARRS1 +MOPS systems as measured
using asteroids attributed (or not) by known_server (see
§ 5.9). The data in each filter were fit to the function € = ¢;[1+
exp([V — L]/w)]~! where ¢, represents the maximum efficien-
cy for bright but unsaturated detections, V' and L are the appar-
ent and limiting V-band magnitudes respectively, and WV is the

TABLE 12
ORBIT IDENTIFICATION MATCHING TOLERANCES

Orbit element” Tolerance
Perihelion ... 0.1 AU
Eccentricity ...........ciiiiiiiiiiii 0.05
Inclination .............ccoiiiiiiiiii 0.1°
Ascending node .............ooiiil. 1°
Arg. of perihelion ....................... 1°
Time of perihelion” ...................... 0.1

Note.—The maximum difference between two derived ob-
ject’s orbits before they are tested for consistency with being
the same object.

“Cometary form.

°In terms of fractional orbit period.
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‘width’ of the transition from maximum to zero efficiency. The
limiting magnitude L is the magnitude at which the efficiency is
50% of the maximum value. The magnitudes in all bands were
converted to V using a mean C+S class asteroid type as shown
in Table 1. The function is a good representation of the effi-
ciency near the limiting magnitudes and the scatter at bright va-
lues is simply due to low statistics.

The maximum efficiency in all four filters in Figure 22 is
~78% which is almost entirely driven by the effective Pan-
STARRSI camera fill factor of ~80%. This implies that when
a asteroid is imaged on a live and unmasked camera pixel it is

TABLE 13
MOPS ORBIT IDENTIFICATION EFFICIENCY AND ACCURACY IN PAN-
STARRS1 OBSERVING CYCLES 143 AND 144 (2011 Auc 13
THROUGH 2011 Oct 10)

Avail. Found
..... 7

% Mixed
17.5 1

% Bad %

5.0

Non-syn.

22

2.5 2

NotE.—Measured performance for a single observing cycle of real
Pan-STARRSI telescope pointings using realistic astrometric uncer-
tainty (0.1”) and a simplistic 75% fill-factor model. See § 3.1 and 3.11
for definitions of efficiency and accuracy. Fields within 15° of the
Galactic equator excluded.
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Pan-STARRS1 Estimated Moving Object Detection Sensitivity, Night 55803
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FIG. 22.—Pan-STARRS1 moving object detection efficiency on a single night (MJD 55803) for detections of known numbered and multi-opposition asteroids in each
filter as a function of V magnitude. The data in each filter were fit to the function € = ¢;[1 + exp([V — L]/W)] ! as described in § 5.13. The vertical dashed line is at the
V magnitude where the efficiency drops to 50% of the maximum (L). The vertical dotted lines provide the range [L — W, L + W] over which the efficiency drops

quickly.

detected with ~97% efficiency. The limiting magnitudes in gp;,
rp1, and ip; are roughly equal at V' ~ 20.5 and any difference
between the bands is due to unbalanced exposure times. The
wide-band filter Wp, goes ~1 V-mag deeper through a combi-
nation of the 45 second exposure time and its ~3 xhigher
bandwidth.

Figures 23 and 24 show that Pan-STARRS1 +MOPS perfor-
mance was roughly constant over the first year of operations.

2013 PASP, 125:357-395

The dip in efficiency in the range 55,700 < MIJD < 55,800
is due to overly aggressive filtering of false detections during
that time period. The fit to the limiting magnitude in each pass-
band as a function of time is consistent with there being no
change in any filter.

In Figure 25, we compare the predicted number of tracklets
using the S3M to Pan-STARRSI tracklets reported to the MPC
during the period 2011 Aug 13 through 2011 Oct 11. For bright
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Pan-STARRS1 Estimated Moving Object Detection Efficiency, MJDs 55649-56054
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FiG. 23.—Pan-STARRS1 moving object detection efficiency for bright non-saturated detections as a function of MJD corresponding to the time period from ap-
proximately Feb 2011 through Jun 2012. Around MJD 55820, MOPS began employing less-aggressive false detection filtering of IPP transient detections, boosting per-
exposure detection efficiency to 75% consistently. The dashed line is a spline-fit to the data.

main-belt asteroids with Wp; < 19, Pan-STARRSI1 reported
about 1/3 the predicted number. Fainter than WWp; = 19 the re-
ported rate drops further until the sensitivity limit is reached.
Many factors account for the discrepancy between the predicted
and realized rates:

1. objects can be lost (primarily MBOs) in image differenc-
ing when observing away from opposition because of stationary
points (i.e., the differencing subtracts all or part of the detection)

2. tracklets submitted to the MPC might not yet be assigned a
designation (a ‘one night stand’ tracklet)

3. per-exposure live detector fraction may fall below the
nominal 75% due to e.g. aggressive masking in regions with
high stellar sky-plane density

4. true night-to-night sensitivity in Wp, is poorer than the
constant model used for synthetics

5. the synthetic S/N model overestimates faint-end
performance

2013 PASP, 125:357-395
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Pan-STARRS1 Estimated Moving Object Detection Sensitivity, MJDs 55649-56054
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FIG. 24.—Pan-STARRS1 nightly limiting magnitude in each of the four main filters used to detect moving objects as a function of MJD corresponding to the time
period from approximately Feb 2011 through Jun 2012. The dashed lines represent fits to the passband data as a function of time.

6. the S3M may overstate the number of objects in some
sub-populations.

The situation is better for the NEOs that show better agree-
ment between the model and Pan-STARRS1 down to the sen-
sitivity limit. The effect of (1) almost disappears because NEOs
will rarely have stationary sky-plane motion, and (2) is reduced
because of the NEO confirmation process for one-night tracklets
coordinated by the MPC.

2013 PASP, 125:357-395

6. CURRENT Pan-STARRS1 PERFORMANCE

As of late 2012, great strides have been made image proces-
sing and telescope scheduling to increase the yield of asteroids
from the Pan-STARRSI survey. Better measurement and
modeling of detector readout noise has resulted in greater de-
tection sensitivity in image processing. Finer characterization
of detection morphology by the IPP allows MOPS to reject
many classes of false detections upon ingest so that they do
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PS1 w-band Simulated vs. Measured Performance

MBOs
o Synthetic ]
8 | —
« = (Catalogued
o
o | —
o
—
g —~
o o
O 8 A
©
o
S |
o
5
o
S |
o
N
o
I T T T T 1
14 16 18 20 22 24
Wpy mag
o
@© |
o
? <o |
ﬂ:’ o
o
<@ o
e e
<+ o
8 o 7l o “oo o Ogg
o o og
DDD
N DD o Yo
o o
DDDDDD
o o o,
o
o Cogg
o
T T T T T T
14 16 18 20 22 24
Wp1 Mag

NEOs

QA Synthetic

= Catalogued

Count
15

10

14 16 18 20 22 24

1.0

0.6

Completeness
0.4
o

0.2
o

0.0

14 16 18 20 22 24

Wp1 Mmag

F1G. 25.—Comparison of MOPS synthetic tracklet counts to Pan-STARRSI submitted tracklets during the period 2011 Aug 13 through 2011 Oct 11 for (leff) main

belt objects and (right) near-Earth objects.

not contaminate the NEO tracklet review process. The Pan-
STARRS1 Modified Design Reference Mission survey
(Chambers 2012) has increased the fraction of 37 survey time
spent observing in quads. With the recent completion of the 37
static sky processing, there will be additional improvement in
the system limiting magnitude of at least 0.4 mag as IPP moves
from pairwise difference imaging to static sky differencing.
Figure 26 shows NEO discovery and submitted object totals
for Pan-STARRS1 and other NEO surveys. Although monthly
totals can vary with weather losses, since late 2010 the Pan-
STARRS1 NEO discovery rate has been increasing. Using IPP’s
morphological characterization and a MOPS comet candidate

review procedure similar to that for NEOs, Pan-STARRS|1 has
become a capable comet finder, discovering 30 to date and 8 in
October 2012 alone.

7. AVAILABILITY AND ONGOING DEVELOPMENT

The MOPS software is available under the GNU General
Public License Version 2, and can be retrieved by sending a
query to the PS1 Science Consortium.* MOPS has become a
large and somewhat unwieldly package, employing (too many)

* See http://www.pslsc.org.
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Pan-STARRS1 NEO Discoveries by Month
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FiG. 26.—Pan-STARRSI discovery statistics as of November 2012 (from the Minor Planet Center).

different programming languages preferred by third-party soft-
ware (not all available directly from the PS1SC), and containing
many installation dependencies for Perl and Python modules.
Fortunately, documentation and development notes are avail-
able via the PS1SC web site.

Not all MOPS subcomponents are freely available and some
are not integrated into the MOPS software distribution. In par-
ticular, the JPL Solar System Dynamics package that performs
MOPS differential correction must be obtained directly from

2013 PASP, 125:357-395

JPL. Other packages such as OrbFit and the SLALIB positional
astronomy library must be downloaded separately.
Approximately 15-20 full-time equivalent (FTE) years have
gone into the development of MOPS and the S3M, and devel-
opment continues in support of Pan-STARRS1’s ongoing NEO
survey and upcoming NEO surveys such as ATLAS (Tonry et al.
2012). Prior to handling live Pan-STARRS1 data, MOPS
processed testing data from Spacewatch (e.g., Gehrels 1991;
Gehrels and Jedicke 1996) and raw data in support of the
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Thousand Asteroid Light Curve Survey (TALCS; Masiero
et al. 2009). MOPS has additionally been instrumental in pro-
viding simulation results for Pan-STARRS, LSST and ATLAS,
and as a research tool for many graduate students and
postdocs.

8. FUTURE IMPROVEMENTS
The future of MOPS likely falls in several areas:

1. Optimizing execution speed for next-generation Pan-
STARRS4-like data volumes through reduction of database I/0
and greater in-memory processing.

2. Improved MOPS installation and configuration for non-
Pan-STARRS surveys.

3. Modeling of photometric artifacts, e.g., partially masked
PSFs and trails.

4. The linear processing model employed by MOPS is ap-
propriate for a mature survey but can be inadequate when eval-
uating production parameters. It is difficult to merge separate
MOPS databases created under different runtime configurations
into a single coherent database. Future versions of MOPS
should be more agile in its ability to perform non-linear proces-
sing and merge datasets.

5. Increased fidelity of synthetics. For example, although our
simulations coarsely avoid the moon they do not incorporate the
effects of varying sky sensitivity or effects due to the presence of
bright objects in the field of view. In one sense, however, these
effects are really an aspect of detector sensitivity and not MOPS
itself, and they can be integrated via per-field detection effi-
ciency parameters if they are measured by IPP.

6. Fill-factor modeling. There is experimental code to use the
mask of Figure 6 as a crude live-pixel server (LPS, § 3.12) to
simulate detections lost on dead areas of the detector.

7. Simplified processing for large-scale simulations,
e.g. two-body ephemerides instead of a perturbed dynam-
ical model.

9. SUMMARY

MOPS has proven to be a capable tool for detecting moving
objects in the Pan-STARRSI transient detection stream. Despite
the differences between the targeted Pan-STARRS4 capability
and current Pan-STARRS1 performance, we have deployed
MOPS effectively in our search for NEOs and comets and in
characterizing the main belt. Importantly, we have estimates
of our efficiency of object detection so that we can provide a
foundation for large-scale population studies.

Additionally, we have made progress toward our design goal
of creating a system that can detect objects and compute their
orbits with >99% efficiency for most solar system populations
when provided next-generation survey astrometry and data
quality. Our experience with Pan-STARRS1 shows that the de-
sired performance is challenging to achieve with real tele-
scope data.

With nearly 1 year remaining in the Pan-STARRSI survey,
we expect further broad improvements in astrometry, photome-
try, difference imaging and sensitivity in the final Pan-
STARRSI data release. The Pan-STARRS? telescope (Burgett
2012) is under construction adjacent to the Pan-STARRSI fa-
cility and will have a raw detector sensitivity and optical per-
formance exceeding that of Pan-STARRSI1. Operating modes
currently under consideration for the two telescopes have them
working in tandem, increasing performance even further. Com-
bined with optimization and tuning of the Pan-STARRSI
MOPS pipeline, we look forward to applying the full capability
of MOPS to this data and to the subsequent riches that will lie in
this catalog of moving objects.

The Pan-STARRS1 Survey has been made possible through
contributions of the Institute for Astronomy, the University of
Hawai‘i, the Pan-STARRS Project Office, the Max-Planck So-
ciety and its participating institutes, the Max Planck Institute for
Astronomy, Heidelberg and the Max Planck Institute for Extra-
terrestrial Physics, Garching, The Johns Hopkins University,
Durham University, the University of Edinburgh, Queen’s Uni-
versity Belfast, the Harvard-Smithsonian Center for Astrophys-
ics, and the Las Cumbres Observatory Global Telescope
Network, Incorporated, the National Central University of
Taiwan, and the National Aeronautics and Space Administration
under Grant No. NNX08AR22G issued through the Planetary
Science Division of the NASA Science Mission Directorate.

The design and construction of the Panoramic Survey Tele-
scope and Rapid Response System by the University of Hawaii
Institute for Astronomy was funded by the United States Air
Force Research Laboratory (AFRL, Albuquerque, NM) through
grant number F29601-02-1-0268.

We thank the Jet Propulsion Laboratory, an operating divi-
sion of the California Institute of Technology, for providing an
executable version of their Rapid Comet and Asteroid Orbit
Determination Process software (NTR-41180) to the Institute
for Astronomy at the University of Hawai‘i for use in MOPS.

We acknowledge the financial and technical contributions to
this work made by the Large Synoptic Survey Telescope (LSST)
Corporation team, in particular Tim Axelrod, Lynne Jones and
Jeff Kantor. In addition, we acknowledge the support by Pan-
STARRS and LSST management to enable and facilitate this
productive collaborative effort between the two projects.

Don Yeomans (JPL) and Ted Bowell (Lowell Observatory)
provided expert feedback as external reviewers for the MOPS
system in the early years of its development.

Many colleagues provided helpful feedback on the MOPS
system operation and usability as well as supporting MOPS de-
velopment. We would in particular like to thank Wen-Ping Chen
and Rex Chang from the Institute of Astronomy, National Cen-
tral University, Taiwan.
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This dissertation proposes an effective search strategy applicable for fragmentation debris gen-
erated by energetic breakups of large space objects, e.g., satellites and rocket upper-stages, in the ge-
ostationary region. There are two definitive breakups in the geostationary region whose occurrences
were occasionally confirmed by observations soon after the breakups. Past observation campaigns
for the geostationary region have been found thousands of uncatalogued space objects, which may be
associated with breakups. Moreover, it is confirmed that some of large space objects in the geosta-
tionary region have experienced unintended orbital change, i.e., orbital anomaly, that might be asso-
ciated with breakup. Thus, search for the fragmentation debris will directly contribute to verify re-
lations between uncatalogued space objects, breakups, and suspected orbital anomalies for the better

understandings of current situations in the geostationary region.

The search strategy to be proposed in this dissertation utilizes orbital debris modeling tech-
niques that describe debris generation and orbit propagation. The orbital debris modeling can pre-
dict behaviors of individual and group of fragmentation debris at breakups and also at observations.
The search strategy, thus, enables effective observation planning, sensitive detection, straightforward

origin identification, and breakup event characterization.

This dissertation introduces five principal roles required for the search strategy and verifies the
roles in each chapter. The second chapter formulates the search strategy based on orbital debris
modeling techniques. The third chapter addresses the deterministic origin identification of frag-
mentation debris, which enables simultaneous search for multiple breakup events and identification of
unconfirmed breakups. The fourth chapter addresses the probabilistic origin identification of frag-

mentation debris, which enables characterization of breakup scale and improvement of orbital debris
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modeling in the search strategy. The fifth chapter formulates breakup event characterization meth-
odologies including fragmentation profile assessment and breakup scale assessment. The breakup
scale assessment is demonstrated by applying a Bayesian approach combined with the probabilistic
origin identification technique. The sixth chapter addresses unconfirmed breakup identification by
evaluating uncertainties of unconfirmed breakups, and by applying the deterministic origin identifica-

tion technique.

Along with theoretical confirmations of the search strategy to be addressed in each chapter, this
dissertation also conducts empirical confirmations of the search strategy. The empirical confirma-
tions utilize ground-based optical measurement techniques, which is a common approach for the geo-
stationary objects observation. Optical sensor to be used consists of a small aperture telescope (<1m)
equipped with a charge coupled devise camera. Through the theoretical and empirical confirmations
from the second chapter to the sixth chapter, this dissertation will finally establish the effective search

strategy that contributes to define current situation in the geostationary region.

1 Introduction

Y

2  Search strategy formulation

A4

3 Deterministic origin identification

-

4 v 4 Y
6 Unconfirmed event identification 4 Probabilistic origin identification
A4

5 Breakup event characterization

A4

7 Conclusion

Figure 1. The structure of the dissertation.
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2013A LOT Time Allocation Report

This is a report for the time allocation of the Lulin 1m telescope (LOT) for the 2013 A semester. There were 27
proposals including 4 educational programs and 3 ToO proposals. February and March was the most competitive
observing time window. Several proposals were arrived after the deadline of the proposal submission. These
were simply rejected. The proposal evaluations were performed following criteria,

* Ranking of external reviewers

* Publications using LOT and/or achievements if the proposal is continuous programs

* Thesis programs with specific “Planned date of the defense”

* Clear publication (thesis, refereed journal etc) plans with well planned sciences
To keep competitive and effective scientific outputs of LOT (thesis and refereed journal), TAC invited experts
who have huge experiences both on science and instrumentations with small to 8m class telescopes. They kindly
made constructive suggestions and comments that were very helpful to improve our scientific operation and
effective outputs. These experts made ranking for our proposal based on scientific merits with LOT and
instruments. They also encouraged proposals with the TRIPOL instrument.

We have also checked scientific outputs based on PI’s

publications with LOT (right figure). The most efficient

scientific categories are high-energy and stars. Because

qualities of proposals and the ranking also showed this trend,
the publication status was used simply as reference. £
Generally, the worst situation on telescope operations is no 4

scientific outputs with significant amount of actual
observations. To avoid these situations, TAC also evaluated
the external collaborations (e.g. campaign observations) and
additional resources (e.g. multi-wavelength observations
and/or analysis skills). In addition, to avoid halfway jobs,
TAC allocated significant numbers of observing time for T YAV —
highly ranked programs. ey ST pbltrs

About thesis programs (student PI programs), general quality of proposals was insufficient to allocate time.
Main problems were no obvious scientific objectives and unclear planned research. Reviewers strongly
encourage consulting with supervisors. The planning is one of the most important parts to conduct observational
sciences. To help these programs, TAC inflated their scores. Two ToO programs (GRB with any instruments and
CV with LCI) will run during the 2013A semester. GRB ToO has higher priority if the triggering occurs on the

Numbers of publications

same night.
ID Title Note
2 | C.C. Ngeow LOT Experience for Summer Undergraduate Students Edu
3 | WenPing Chen Whole-Earth Telescope Campaign of WD J1518+0658
4 | WenPing Chen Searching for Transiting Young Exoplanets in Galactic Open Clusters
5 | Chien De Lee Simultaneous Observations of Be Stars with Strong Near Infrared Excess
6 | Shih-Ping Lai Observation Experience for High School Teachers Edu
7 | WenPing Chen Magnetic Field Structure in Molecular Cloud Probed by Optical Polarization
8 | Ishioka Ryoko Positive and negative superhumps in extremely active dwarf nova, RZ LMi
9 | Jia Wei Wang Reveal the magnetic structure in the filamentary cloud Aquila rift
10 | Yu-Mei Lin Student Training for TFG’s Astronomy Curriculum with E-learning Edu
11 | Tzu-Ching Yen The nature of Fermi-identified black widow pulsar candidates
12 | ZhongYi Lin Monitoring the brightest comet C/2011 L4 (PANSTARRS) of the decade
13 | Hilding Neilson Polarization of Mira Variable Stars: Constraints on stellar structure
14 | Hilding Neilson What drives a Cepheid wind — Constraints from polarization observations
15 | Jingshown Wu Measurement of the Speed of Light from Extraterrestrial Sources
16 | Yuji Urata Gamma-Ray Burst Afterglows ToO(A)
17 | Yuji Urata Core-collapse Supernova and Optical Transients
18 | Anli Tsai Optical Identification of the Unidentified Fermi Objects
19 | ZhongYi Lin Polarimetric Observations on Hot Jupiters and comet 29P/S-W 1
21 | Shih-Chao Lin Students Training for Dali Senior High School’s Edu
23 | Ting-Chang Yang | Fast Photometry on Outbursting Cataclysmic Variables ToO(B)
25 | Kang-Shian Pan Polarimetric Observations of Themis Asteroid Family
27 | I Ling Lin Follow-Up Observation of Galactic Cepheids Identified from PS1 37 Data
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2013B LOT Time Allocation Report

This is a report for the time allocation of the Lulin 1m telescope (LOT) for the 2013B semester. There were 26
proposals including 7 educational programs and 2 ToO proposals. Two programs were also requested to director
time for testing of AO and NCUCam. As usual, the evaluation of proposals was performed following criteria,

* Ranking of external reviewers

* Publications using LOT and/or achievements if the proposal is continuous programs

* Thesis programs with specific “Planned date of the defense”

* Clear publication (thesis, refereed journal) plans with well planned sciences
To keep competitive and effective scientific outputs (thesis and refereed journal), TAC invited experts who have
huge experiences both on science and instrumentations with small to 8m class telescopes. They kindly made
constructive suggestions and comments that were very helpful to improve our scientific operation and effective
outputs. These experts made ranking for our proposal based on 501ent1ﬁc merits with LOT and instruments.

We have also checked scientific outputs based on PI’s
publications with LOT (right figure). The most efficient
scientific categories are high-energy and stars. The qualities
of proposals and the ranking also showed this trend.
Generally, the worst situation on telescope operations is no
scientific outputs with significant amount of actual
observations. To avoid these situations, TAC also evaluated
the external collaborations (e.g. campaign) and additional
resources (e.g. multi-wavelength coordination, skills). In
addition, to avoid halfway jobs, TAC allocated significant
numbers of observing time for highly ranked programs. Due l
to difficulties of scheduling for some of monitoring program P pr—— - - - -
with the ranking, the cadences/durations may be insufficient. et 7 bt
About thesis programs (student PI programs), general quality of proposals was insufficient to allocate time.

Main problems were no obvious scientific objectives and unclear planned research. Reviewers strongly
encourage consulting with supervisors. The planning is one of the most important parts to conduct observational
sciences. To help these programs, TAC inflated their scores. Two ToO programs (GRB and SLSN/ULSN) will
run during the 2013B semester. GRB ToO has higher priority if the triggering occurs on the same night.

Numbers of nuhlicatinns

ID Title Note
1 Lupin Chun-Che Lin Teaching Excellence Project of CMU Edu
2 Ngeow Chow-Choong | LOT Observation Training for NCU’s Observational Astronomy Course Edu
3 W. P. Chen Searching for Transiting Young Exoplanets in Galactic Open Clusters

4 Shengbang QIAN Searching for Transiting Young Exoplanets in Galactic Open Clusters

5 Wu Jingshown An Optical System of Comparing the Speeds of Light from Moving Stars

6 Lai Shih-Ping Student Training for NTHU’s “Fundamentals of Observational Astronomy” Course Edu
7 Hilding Neilson Polarization of Mira Variable Stars: Constraints on stellar structure (Part IT)

8 Hilding Neilson What drives a Cepheid wind — Constraints from polarization observations (Part II)

9 | Ip, Wing-Huen Multicolor observations of Near-Earth Asteroids

10 | LinILing Follow-Up Observation of Galactic Cepheids Identified from PS1 3w Data II

11 | Lin Shih-chao Students Training for Dali Senior High School’s Edu
12 | Li-Ching Huang G-type flare stars observation

13 | Jia Wei Wang Reveal the magnetic structure in the filamentary cloud, NGC1333

14 | Shen Pei Min Optical Spectroscopy on the Rotation of Classical Be Stars with Infrared Excess

15 | Chen, I-Chenn Probing Variability of non-HBLR Type 2 AGNs

16 | Yu-Mei Lin Student Training for TFG’s Earth Science Club Edu
17 | Lin, ZhongYi What will happen to the sungrazing comet C/2012 S1 (ISON)

18 | Yuji Urata Gamma-Ray Brust Afterglows ToO
19 | Yuji Urata Core-collapse Supernova and Optical Transients ToO
21 | Shih-Ping Lai Observation Experience for Students Participating in ACE Project Edu
22 | Cheng Yu Chi Follow-up Observation on Selected Jovian Trojans from Pan-STARRS Survey

23 | Pan, Kang-Shian Polarimetric Observations of Themis Asteroid Family

24 | Bing-Xun Wu Workshop of astronomical astronomy in LOT Edu
25 | Lee Chien De Simultaneous Observations of Be Stars with Strong Near Infrared Excess

26 | Abe, Shinsuke Polarimetric Observations of Main-belt Origin of 1999 JU3 Target of HAYABUSA2
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Abstract

In order to carry out immediate follow-up observations for new discoveries by large scale
astronomical surveys, a visible 4-color simultaneous imager “Dogioya” has been developed.
Three dichroic mirrors are used to split the beam from the telescope, and images at four
different pass bands are recorded simultaneously by four CCD cameras. The main scope of
this instrument is to conduct efficient and reliable color measurements of moving and transient
celestial objects, such as asteroids and supernovae, even under relatively poor condition nights.
Optical multi-band color information of an astronomical object right after its discovery is a
clue for understanding the origin, physical properties, and chemical composition of the body.
Visible 4-color simultaneous imager also improves the observing efficiency due to the fact
that we are able to obtain the imaging data at different pass bands at the same time. We
have successfully developed key components of the instrument, including a fully depleted
CCD imager “NCUcam-1", and assembled the system in the laboratory. Four unit cameras,
including “NCUcam-1" has been tested using existing 1-m telescope at Lulin observatory,
and unit cameras have been characterized using the data both from the observatory and
laboratory. The whole system of “Dogioya” is now ready to be tested with a telescope, and
the shipping to Hawaii is planed at the end of 2013 for the test observation using 2.2-m
telescope at the summit of Mauna Kea under the collaboration with University of Hawaii. We
report the scientific objectives, design, development strategy, current status of the instrument,
status of the instrumentation laboratory, testing and characterization of the instrument, and
near-future plan for the first-light observation of the whole Dogioya system.
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1 Introduction

Panoramic Survey Telescope and Rapid Response
System (hereafter, Pan-STARRS) is an innovative
and unique cyclical wide-field astronomical survey
project (Kaiser 2004). A prototype telescope, PS1,
is installed and being operated at the summit of
Haleakala on the Maui island of Hawaii (Fig. 1).
It is a telescope with the aperture of 1.8-m. With
three sets of corrector lenses, a wide field-of-view
of three degrees in diameter is achieved. A dedi-
cated imaging instrument, named Giga Pixel Cam-
era (hereafter, GPC) is attached to the telescope

1

(Fig. 2). GPC is an wide-field imager with 1.4
giga pixels which covers the entire area of the fo-
cal plane of PS1 telescope. CCD chips used for this
instrument are orthogonal transfer CCDs. Orthog-
onal transfer CCDs are capable of moving electri-
cal charges to neighbouring pixels in both vertical
and horizontal directions during the exposure, and
hence offer on-chip guiding to improve the image
quality. PSI1 system is one of the most powerful
observing facilities in the world to perform astro-
nomical wide-field surveys. The official surveys of
PS1 has started in May 2011, and this telescope is
now being used to carry out a sky survey for 75%
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of the sky which is observable from Hawaii. It is
the first trial to image such a wide area of the sky
repeatedly in a sysmatic way. PS1 provides unique
data sets for time-domain astronomy, and it opens
new opportunities for knowing variable universe.
Intensive studies on moving objects in the solar
system, such as asteroids and trans-Neptunian ob-
jects, and transient objects, such as supernovae
and gamma-ray bursts, are expected.

Figure 1: The dome of the PS1 telescope at the
summit of Haleakala on the Maui island of Hawaii.
PS1 is a unique and innovative observing facil-
ity for time-domain astronomy. The telescope
and related facilities are operated by PS1 Science
Consortium. The photo was taken by Kinoshita
Daisuke in November 2007.

Figure 2: Giga Pixel Camera installed at PS1 tele-
scope. GPC is still one of the biggest format astro-
nomical CCD camera in the world. It covers three
degrees field-of-view on the sky. The CCD chips
used for this instrument are orthogonal transfer
CCD which can carry out on-chip guiding by mov-
ing electrical charges both in horizontal and verti-
cal directions during the exposure. This photo was
taken by Kinoshita Daisuke in November 2007.

In order to maximize scientific outputs of PS1
sky surveys, quick follow-up observations are es-
sential to investigate physical properties, chemi-

2

cal compositions, and origin of newly discovered
objects and mechanisms of observed phenomena.
Note that PS1 keeps observing wide area of the
sky, and cannot focus on small number of celestial
objects to monitor. Telescopes exclusively used for
follow-up observations are highly needed. In our
case, a 2-m telescope is being constructed at Lulin
observatory in Taiwan. The primary mirror has
an effective aperture of 2.0-m, chosen to make it
possible to observe majority of PS1 discovered ob-
jects in imaging mode. The mirrors are made of
low thermal expansion glass of Astro-Sitall, and
a protective layer of SiO is coated on the surface
after the aluminizing of the mirrors. The optical
system is a Ritchey-Chrétien, and the focal length
of the system is 16.0-m for Cassegrain focus. This
results in F/8, and it allows us to share some in-
struments with existing 1-m telescope at the same
site. The mount of the telescope is alt-az mount.
The expected image quality is 0.35 arcsec, and it is
reasonably good considering a typical seeing con-
dition of ~ 1.5 arcsec at Lulin observatory. The
pointing accuracy of 2 arcsec in RMS and track-
ing accuracy of 0.3 arcsec per 10 min are expected.
The telescope is designed to have a maximum slew
speed of 4 deg per second to enable efficient obser-
vations and quick response of sudden change of the
observing plan. The telescope sometimes needs to
do quick pointings right after the triggers of tran-
sient alert.

We have decided to build a visible 4-color si-
multaneous imager “Dogioya” for the 2-m telescope
to carry out follow-up observations for PS1 sky
surveys. This report describes the scientific objec-
tives, design, development strategy, current status
of the instrument, status of the instrumentation
laboratory, testing and characterization of the in-
strument, and the near-future plan for the first-
light observation of the whole Dogioya system.

2 Visible 4-Color Simultaneous
Imager “Dogioya”

An optical 4-color simultaneous imager “Dogioya”
was selected to be the first generation instrument
for the 2-m telescope. There are two reasons for
this decision. First, the most important task of the
2-m telescope is to perform follow-up observations
for celestial objects discovered by PS1 sky surveys.
Then, majority of targets are (1) moving objects,
such as asteroids, comets, and trans-Neptunian ob-
jects, and (2) transient objects, such as variable
stars, supernovae, and gamma-ray bursts. Moving
objects in the solar system are irregularly shaped
and are spinning in general. This fact suggests
that these bodies change their cross-section and
exhibit brightness variation. Color change may
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also be attributed to the heterogeneity on the sur-
face. As transient objects change the brightness
and/or colors, we need to complete the bright-
ness measurements at two or more pass bands for
accurate color determination before those objects
change their brightness in order to avoid false col-
ors. Simultaneous measurements of brightness at
two or more pass bands dramatically improve the
quality of color measurements of variable targets.
Second, Lulin observatory is not the world’s best
observing site, like Mauna Kea in Hawaii or the
high altitude desert in northern Chile. The sky
condition at Lulin is often unstable and variable
within a night. We see occasional cloud passing,

and only have limited number of photometric nights.

The utilization of poor condition nights has to be
well considered, otherwise significant fraction of
observing time may be wasted. Again, simulta-
neous imaging at multiple pass bands provides us
the data taken under exactly the same atmospheric
transparency, and make the photometric calibra-
tion easier. To summarize, we need to measure
colors accurately for targets which change their
brightness with time even under unstable sky con-
dition.

Reliable and efficient color measurements of ce-
lestial objects are achieved by simultaneous imag-
ing using a set of dichroic mirrors. The beam from
the telescope is split into two or more paths, and
images at different wavelength regions are recorded
at the same time. In this way, derived colors are
less affected by intrinsic variability of the target
and change of atmospheric conditions. It also makes
the calibration and data analysis easier under the
assumption that the transmittance of the cirrus is
neutral over the wavelength coverage of the instru-
ment, and the use of the simultaneous imager in-
creases the number of observable nights. Further-
more, the simultaneous imaging improves the ob-
serving efficiency of the telescope. In conventional
method of multi-color photometry by exchanging
filters, the total amount of observing time needed
T. is given by

Tc - (tezp + tro) X Nbanda (1)

where tc.p is the integration time necessary for
each band, t,, is the readout time, and Npgnq is
the number of filters used. On the other hand, the
total amount of observing time needed for simul-
taneous imaging T is shown by

te:np

TS + t’l“Ov

Ethroughput (2)
where Finroughput is the throughput of the addi-
tional optics in the instrument. Substituting val-
ues of tep, = 60 sec, t,, = 8 sec, Npana = 4,
then we obtain T./Ts ~ 3.3, and the simultane-
ous imaging is suggested to be about three times

3

more efficient than the conventional observations.
These advantages are critically important for the
operation and scientific productivity of Lulin ob-
servatory.

2.1 Scientific Objectives

In astronomy, color measurements are often used
to obtain the first look of the physical conditions
and chemical composition of celestial objects. An
example of scientific objectives of this instrument
is the color measurements of asteroids. Some as-
teroids are known to be rocky composition and
classfied as S-type asteroids. Some other aster-
oids are known to be carbonaceous composition
and classified as C-type asteroids. The reflectance
spectra for different types of asteroids differ due to
the compositional differences of the surface (Fig.
3). Color measurements are a technique to do
the taxonomic classification. It gives us a clue to
understand the chemical composition, origin, and
evolution of the body. It is essential to know the
taxonomic type of the object to infer the origin
and nature, when an asteroid with peculiar or-
bital properties is discovered. In addition, dozens
of pairs and clusters of asteroids with extremely
similar orbits have been identified recently. Color
determination of pairs / clusters asteroids is useful
to support (or deny) the common origin hypoth-
esis (Kinoshita et al. 2007). Color measurements
and successive classification are equally important
for other classes of astronomical objects.

2.2 Conceptual Design

In a conventional method of color measurements,
we image the target using a filter, then later re-
image the same object using another filter. In this
way, there is a time lag between two measurements
at different wavelength. Our targets, transient ob-
jects and moving objects, change their brightness
with time, and the conventional color measure-
ments may produce false colors due to the time
lag between exposures.

A different and new approach is proposed here.
That is, accurate measurements can be achieved
by observing the target at two or more different
wavelength regions simultaneously. This is real-
ized by beam splitting using dichroic mirrors. The
dichroic mirror is an optical device that reflects the
light shorter than the characteristic wavelength
and transmits the light longer than the character-
istic wavelength (Fig. 4). By using three dichroic
mirrors and four bandpass filters and detectors,
one is able to measure the target flux at four dif-
ferent wavelength regions at the same time.

The conceptual design of the visible 4-color si-
multaneous imager is shown in Fig. 5. Three
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Figure 3: Typical spectra of major subclasses of asteroids. Rocky igneous asteroids exhibit deep ab-
sorption band around 0.9-1.0 micron, while more primordial carbonanceous asteroids show rather flat

reflectance spectra.

dichroic mirrors on the optical path split the light
from the telescope into four components. These
four beams pass through the bandpass filters (PS1
', 1’, z’, and y filters), and the signals are received
by four detectors at the same time. In order to
combine data both from PS1 in Hawaii and the 2-
m telescope in Taiwan, the filter system of our vis-
ible 4-color simultaneous imager “Dogioya” is de-
signed to be compatible with those of PS1 filter
system. The transmittance properties of PS1 1’
i’, z’, and y filters are shown in Fig. 6. Four unit
CCD cameras are used as detectors. Each camera
is equipped with 4096 x 2048 pixels CCD chip.
The pixel size is 15 um, and resultant pixel scale
with the 2-m telescope is 0.19 arcsec per pixel. 2
X 2 binning is planned for usual operation. These
unit cameras provide a field-of-view of 13.2 arcmin
X 6.6 arcmin. In order to reduce the noise, the
CCD chips are cooled down to -100°C.

2.3 Development Strategy

When we discussed the development strategy, we
have focused on following two aspects. First, it is
important to deliver the instrument in timely fash-
ion. If the project has a delay and the instrument
is delivered after the PS1 mission, then there will

4

be less scientific impact and we have less scientific
outputs from this instrument. Also, early scientific
results are very appealing to the scientific commu-
nity. Significant delay of the project may affect
to successive projects. Second, it is equally im-
portant to do in-house developments of some key
components and accumulate experiences. If one
uses commercially available products only for the
research activities, then the uniqueless of the data
is not easily emphasized. With the data obtained
commercially available instruments, the competi-
tion with other facilities is tough. Meanwhile, in-
house development may add unique functions to
the instrument and/or achieve advantages in sen-
sitivity / data quality, and one may be able to
obtain a set of data that nobody else has. Unique
and high quality data sets produce publications
more easily.

CCD cameras are key components of our in-
strument, and we have reached to following con-
clusion for the development strategy. We have
decided to purchase three commercially available
CCD cameras to secure the delivery of the instru-
ment by the telescope first-light, while fourth cam-
era is developed by ourselves to let us accumulate
experiences from the development processes. This
strategy fulfills both two aspects mentioned above.
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Figure 4: An example of transmittance curve of
dichroic mirror. For this case, the light bluer than
700 nm is reflected on the surface of the dichroic
mirror, and the light redder than 700 nm is trans-
mitted. Hence, the beam from the telescope can
be split into two components, and it allows us to
have images of bluer band and redder band are
recorded at the same time.

Even in the situation of the delay of fourth camera,
the instrument is able to start the early-science ob-
servations as 3-color simultaneous imager, and it
will not be a fatal problem for the project. Three
CCD cameras imaging in 1’, i’, and 2z’ bands, we
have purchased SI1100 series cameras of Spectral
Instruments, Inc. in USA. A reason that we have
chosen this product is that the manufacturer al-
lows us to select a CCD chip to install in the cam-
era. The CCD chips we selected are CCD 44-82-
1-D23 of E2V, Inc. It is a scientific grade (grade
1) CCD chip with 4K x 2K format. The pixel
size of this CCD is 15 pum. The fringe suppres-
sion process is given to the chip, so that signifi-
cant degradation of photometric accuracy due to
the fringing on the image in z’-band is significantly
reduced. There are two amplifiers and A/D con-
vertors for this CCD chip, and the readout time
is shortened by a factor of two using both two
readout ports. Fourth camera, namely “NCUcam-
17, is developed by ourselves. NCUcam-1 will be
used for imaging at y-band (A ~ 1pum). We have
decided to utilize a recently developed fully de-
pleted CCD chip (Kamata et al. 2008). Major-
ity of CCD chips used for astronomical observa-
tion at this moment are thinned back-illuminated
CCDs. Because of thin depletion layer compared
to the absorption depth of silicon, the sensitivity
of thinned back-illuminated CCDs are very low at
longer wavelength. Typical quantum efficiency of
thinned back-illuminated CCDs at A ~ 1pum is
about 10% or less. The low sensitivity of CCD at
this wavelength region is critical problem for small
aperture telescopes, and in fact we had difficulty
to carry out observations at z and Y bands using
small aperture telescopes due to poor sensitivity.

5
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Figure 5: The conceptual design of the visible four-
color simultaneous imager. Three dichroic mirrors,
shown as DM1, DM2, and DM3, split the signal
from the telescope into four, and four detectors
acquire images at different wavelength regions at
the same time.

To overcome the difficulty, we have decided to use
a fully depleted CCD for NCUcam-1. The quan-
tum efficiency of fully depleted CCD with 200 pum
thickness reaches 40% at A ~ 1 um, and it dramat-
ically improves the sensitivity of y-band imaging
(Fig. 7).

2.4 Development
2.4.1 Instrumentation Laboratory

We first established a laboratory for the instru-
mentation at the Institute of Astronomy, National
Central University. The Institute provided the
room 1001 of the Science Building 4 for the labora-
tory space. We have arranged dark room with an
optical table, clean room, and mechanical assem-
bly and testing area in the laboratory space. The
dark room is used for the tests and experiments
of unit cameras. The clean room is used for the
installation of a CCD chip into the camera body
of NCUcam-1 and assembly of the camera system.
The mechanical assembly and testing area is used
for the soldering, development of electric boards,
assembly and testing of mechanical parts, and soft-
ware development. The power supply with UPS
(Uninterruptible Power Supply) was arranged, and
the wired and wireless network was settled in the
laboratory. A set of tools was purchased. We also
pay attention to the operation and maintenance of
the laboratory, and regularly check the availability
and condition of tools and equipments in the lab-
oratory. We have been developing the instrument
in this laboratory since 2008 (Fig. 8).
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Figure 6: The measured transmittance properties
of PS1 1r’, ', z’, and y-band filters for our instru-
ment. The filter system of visible four-color simul-
taneous imager will be compatible with those of
PS1 filter system. These filters were manufactured
by Asahi Spectra, Inc., and the transmittance data
was obtained using Cary 60 spectrometer at NCU
main campus.

2.4.2 SI-1100 Series Cameras

As described in previous section, we purchased
three SI-1100 series CCD cameras from Spectral
Instruments, Inc. in Arizona, USA, as three unit
cameras for our instrument. For the CCD chip
inside the camera, we specified CCD 44-82-1-D23
manufactured by E2V, Inc. of UK/France. This
is 2K x 4K CCD chip with the pixel size of 15
pwm. It gives 13.2 arcmin x 6.6 arcmin field-of-
view when attached to the 2-m telescope of F/8.
This field-of-view is reasonably large for our ob-
servations even for relatively fast moving objects.
In order to reduce the dark current, we have cho-
sen a model with the cryocooler. The CCD can be
cooled down to -100°C. Under the operation tem-
perature of -100°C, we do not need to take dark
exposures, and it simplify the observations. The
CCD controller allows us to have overscan region
along with the imaging data, and the overscan re-
gion can be used to estimate the bias level. Three
SI-1100 series cameras were delivered to us in sum-
mer 2010. We have developed a filter wheel for test
observations of SI-1100 series cameras, and those
cameras were tested using 1-m telescope at Lulin
observatory. The first-light of SI-1100 series cam-
eras was achieved in July 2010 (Fig. 9). Through
the experiences of test observations at Lulin, we
learned a lot on the installation and operation of
the instrument. For CCD camera which is cooled
by a cryocooler, a good consideration for the ar-
rangement of the cryocooler lines and compressor
is needed. An attention to the cable lengths for
various signal cables, such as RS-232C, USB, and
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Figure 7: The comparison of quantum efficien-
cies of conventional thinned back-illuminated CCD
and fully depleted CCD. The data shown by red
squares are quantum efficiency of 44-82-1-D23 chip
manufactured by E2V, and the data shown by
green circles are quantum efficiency of fully de-
pleted CCD manufactured by Hamamatsu Pho-
tonics. Thicker depletion layer for fully depleted
CCD dramatically increases the sensitivity at Y-
band.

fibre optic cables, is always required.

2.4.3 NCUcam-1

Fourth unit camera “NCUcam-1” has been designed,
developed, and being tested by ourselves at Insti-
tute of Astronomy, National Central University.
Fig. 10 shows the schematic design of NCUcam-1.
The main body of the camera head is a vacuum
dewar made of aluminum. The vacuum environ-
ment is required to keep stable low temperature
of the CCD chip. The vacuum pump is connected
to the camera dewar, and the vacuum level of ~
1076 torr is achieved before the observation. Dur-
ing night time observation, the vacuum pump is
disconnected from the camera head to prevent the
vibration.

At the top of the vacuum dewar, a glass win-
dow made of fused silica is attached. The fused
silica has excellent transparent properties at vis-
ible wavelength, which is suitable for optical as-
tronomical observations. Properties of fused silica
are summarized in Table 1. The size of the CCD
is 30.7-mm x 61.4-mm, and we decided to have
¢ = 90-mm fused silica window for our camera.
We have estimated the required thickness for the
fused silica window. A set of equations for the
calculation is given by

3P(3+v) (D\* F,
s = HG(T) <5 ©
| = 3P(1—V)(5+V)D_4 (1)
256E 3
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Figure 9: The first light image by the CCD camera SI1100-156. M27 was imaged using the 1-m telescope
at Lulin observatory at 17:10-17:54 on 20 July 2010. SDSS g’, r’, and i’ filters were used. The integration
time was 10 min for each band. The image shown here has the field-of-view of 10.0 arcmin x 8.3 arcmin.

D2
2, (Y
z+(2)

ro= 21

(5)
Here, D is the diameter of the circular window, ¢
is the thickness of the window, 0,4, is the stress
to the window surface at the window center, P is
the pressure difference between the inside and out-
side of the dewar, v is the Poisson ratio, Fy, is the
breaking strength, S is the safety factor, [ is the
displacement of the window surface at the window
center, I/ is the Young’s modulus, and R is the
curvature radius of the deformed window. Accord-
ing to Okamura et al. (1996) and Miyazaki et al.
(2002), it is recommended to have safety factor of 4
or larger. Under the condition of the safety factor
of 3 or smaller a small impact may break the win-
dow. The window thickness, window displacement
at the center, and curvature radius of the deformed
window are calculated for S = 3,4,5,6,7,8,9, and
summarized in Table 2. The thickness of the win-
dow for the safety factor of 4 is calculated as 4.5-
mm. We conclude to use a 5-mm thickness fused

7

silica for the dewar window. The fused silica win-
dow must be anti-reflection coated before the in-
stallation. The broad-band anti-reflection coating
was designed by our partner, Photocoding Inc.,
and our fused silica windows were coated when a
set of corrector lenses was AR coated. The re-
flectance property of AR coating on fused silica is
shown in Fig. 11.

F, =4.892 x 107 Pa
E =6.966 x 1019 Pa
v=20.17

Breaking strength
Young’s modulus
Poisson ratio

Table 1: The properties of fused silica. The data
are from Okamura et al. (1996) and Miyazaki et
al. (2002).

Cryocooler is used to achieve the CCD opera-
tion temperature of -100°C. For the choice of the
cryocooler, we have carried out the calculations
for the thermal design of the dewar. The nomi-
nal CCD operation temperature is set to -100°C
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Figure 10: The schematic drawing of NCUcam-1. The CCD chip is installed in the dewar, and a vacuum
pump and a cryocooler are connected to the dewar. The temperature control electronics and heaters are
used to make the CCD temperature stable. UCAM CCD controller is used to acquire images.

| S| ¢[mm] | {[pm]]| R [m]|

3 3.9 83 12.2
4 4.5 53 18.8
) 5.0 38 26.2
6 5.5 29 34.5
7 5.9 23 43.4
8 6.3 19 53.1
9 6.7 15 63.3

Table 2: Calculated window thickness, window
displacement at the center, and curvature radius of
the deformed window for given S = 3,4,5,6,7,8,9.

mainly because dark current is negligible at this
temperature. In order to estimate the required
cooling power of the cryocooler, the calculations of
inflow heat flux into the dewar are needed. Here,
we assume a cylindrical shaped dewar with the di-
ameter of 150-mm and the height of 100-mm. The
size of a circular window of the dewar is set to be
¢ = 90-mm. The total inflow heat flux into the de-
war was calculated as follows. Four heat sources
were considered. Those are the radiation from the
dewar window, the radiation from the dewar wall,
the conduction through the supporting structure
of the CCD chip, and the conduction through sig-
nal lines. The incoming heat flux by the thermal
transfer due to the radiation from the dewar win-
dow is expressed as

- _ 4 4 .
Qwin = 0 (T(nnbient - TCCD) A“”n
€win€ D
% win€CC ) (6)
€win T €CCD — €win€CCD

Here, Quin is the inflow heat flux by the radia-
tion from the window, o is the Stephan-Boltzmann
constant (0 = 5.67x 1078 Wm=2K~*), A, is the
area of the dewar window, T, ,pient 18 the ambient
temperature near the dewar window, Toeop is the
CCD operation temperature, €, is the emissiv-
ity of the fused silica window, eccop is the emis-
sivity of the CCD. The area of the dewar win-
dow is Ayin = 7 (222)” = 6.36 x 1073 m2. The
ambient temperature near the window and CCD
temperature are chosen to be Ty, = 283K and
Tecop = 173K, respectively. The emissivities of
the window and CCD are assumed as €., = 1.0
and ecop = 0.5, respectively. Then, the heat in-
flow by the radiation from the dewar window is
estimated as me = 1.0 W. The incoming heat
flux by the thermal transfer due to the radiation
from the dewar wall is expressed as

. 4 4
Qwall = 0 (Tambient - TCCD) A“’a”
€Al€ECCD
€Al + €EcoD — €AlECCD

Here, Qu,all is the inflow heat flux by the radiation
from the wall, A,y is the area of the dewar wall,
€a; is the emissivity of the dewar wall which is
made of the aluminum. The area of the dewar
wall is Ay =7 (%)2 = 5.84 x 1072m?. The
emissivity of the aluminum are assumed as €4; =
0.06. Then, the heat inflow by the radiation from
the dewar wall is estimated as Qwa” = 1.0 W. The
incoming heat flux by the thermal transfer due to
the conduction through the supporting structure
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Figure 8: The astronomical instrumentation labo-
ratory at 10th floor of Science Building No. 4 at
the main campus of National Central University.
We have divided the laboratory space into three
regions, and those are the clean room, the dark
room, and the mechanical assembly area. This
photo shows the mechanical assembly area. The
photo was taken by T.-C. Chen.

of the CCD chip is expressed as

A ost Teen
Apost / Kpost (T)dT
Lpost Tamp

onst =

A
post Rpost (Tamb - TCCD) . (8)

Lpost

Here, onst is the inflow heat flux by the conduc-
tion through a polycarbonate post, Ap.s is the
cross-section of the polycarbonate post, Lpos: is
the length of the polycarbonate post, kpost is the
thermal conductivity of the polycarbonate post,
Kpost is the mean thermal conductivity of the poly-
carbonate post. The cross-section and length of
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Figure 11: The design of broad-band anti-
reflection coating on fused silica. It was designed
by our partner, Photocoding, Inc.

the polycarbonate post are assumed to be Aposr =
20 % 20 mm? and Lpost = 40 mm, respectively. The
mean thermal conductivity of the polycarbonate is
assumed as Kpost = 0.2 W m~!' K~!. The number
of polycarbonate posts is 4. Then, the heat in-
flow by the conduction through the polycarbonate
posts is extimated as onsts = 0.9 W. The incom-
ing heat flux by the thermal transfer due to the
conduction through the copper line is expressed as

- A ine Teen
Qline = L—l / KRCu (T)dT
line JT,mp
A ine —
~ Lj—_nficu (Tamb —Toep) - (9)

Here, lee is the inflow heat flux by the con-
duction through a copper line, Ay, is the cross-
section of a copper line, L. is the length of a
copper line, K¢y, is the mean thermal conductiv-
ity of the copper. The cross-section and length of
the copper line are assumed to be Ajpe = 75 x 18
umz and Ljne = 150 mm, respectively. The mean
thermal conductivity of the copper is assumed as
Rpost = 420 W m~! K='. The number of cop-
per lines is 50. Then, the heat inflow by the con-
duction through the copper lines is extimated as
lees = 0.02 W. Therefore, the total inflow heat
flux is estimated to be ~ 3W under the ideal sit-
uation. The cryocooler PT-30 manufactured by
Polycold, Inc., has the cooling power of 22W at
173K, and it is confirmed to be powerful enough
for our camera. The cold-end of the cryocooler is
installed in the camera head. The cold-end and
the CCD chip is connected using copper lines, and
the heater is placed in between to achieve stable
temperature. The analog feedback circuit devel-
oped by us starts heating when the CCD needs to
be warmed up, and stops heating CCD tempera-
ture is higher than the setting temperature. Near
the cold-end, molecular sieves are installed to ab-
sorb remaining gas particles. This is critically im-
portant to keep vacuum level because the vacuum
pump is switched off and disconnected during the
observation. Remaining gas particles are sticked
on the surface of molecular sieves under low tem-
perature, and hence good vacuum environment is
kept in the dewar as long as the cryocooler is work-
ing.

The military-grade hermetic connector is used
to have signals from the CCD while keeping the
vacuum condition. The pins on the back-side of
the CCD package and the hermetic connector is
connected via flat cable. Lines from the temper-
ature sensors are also connected to the hermetic
connector. Signals from the CCD are transfered
to the CCD controller through the hermetic con-
nector.

Outside the dewar, the electric circuit board is
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attached to the hermetic connector. This circuit
board has functions to communicate with the CCD
chip to acquire the data and control the heaters
in the dewar to stabilize the cooling temperature.
The temperature measurement is achieved by a
Zener diode. We utilize nearly linear tempera-
ture dependence of the output voltage of Zener
diode. This choice is based on the fact that an ex-
tremely accurate measurements of absolute tem-
perature is not required, but the measurements of
relative temperature changes are enough for our
purpose. The voltage from the Zener diode placed
in the dewar is converted into the temperature
using operational amplifiers and adjustable resis-
tors. The Zener diode is calibrated by the mea-
surements at -196°C (liquid nitrogen temperature)
and 0°C. The design of this analog circuit for the
temperature measurements is shown in Fig. 12,
and the developed circuit board is shown in Fig.
13. The signal lines from the circuit board are
feeded into the pre-amplifiers, and amplified sig-
nals are sent to the CCD controller. The CCD
controller we use is Universal Camera Controller
(hereafter, UCAM) developed by AET (Astronom-
ical Electronics Technology), Inc. One of the most
notable features of CCD imaging is the charge
transfer. Signals in each pixel of the CCD are
moved to the low-noise analog-to-digital converter
for the examination of the amount of electrical
charges received. The charge transfer is realized by
changing potential wells in pixels. The schematic
drawing of the charge transfer in a CCD is shown
in Fig. 14. The CCD controller is responsible
to generate a set of clock patterns for the charge
transfer. UCAM CCD controller has been set up
to create clock patterns which fulfill the specifi-
cations of the fully depleted CCD manufactured
by Hamamatsu Photonics, including timing of the
voltage changes and values of high and low volt-
ages. We have confirmed the compatibility of clock
patterns generated by UCAM by measuring the
voltages using an oscilloscope. The result is shown
in Fig. 15. UCAM is operated by a Linux PC.
An engineering grade CCD chip was installed

in the camera dewar (Fig. 16), Assembly of NCUcam-

1 was done with an engineering grade CCD chip
in autumn 2010. Fig. 17 shows the assembled
NCUcam-1 in the laboratory. Initially, we found a
problem for keeping reasonably good vacuum level,
and the aluminum surface near the hermetic con-
nector was polished again and the problem was
fixed. In December 2010, NCUcam-1 was drived
successfully using UCAM and the bias frame was
acquired (Fig. 18). Later on, scientific grade CCD
chip was installed in the camera dewar, and the
first data from the scientific grade chip were read
from the camera in May 2011. Fig. 19 is the dark
frame with the exposure time of 3600 sec. Due
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Figure 13: The electronic circuit board developed
by us. This board mainly has two functions. One
is the communication to/from CCD chip, and the
other is the measurements and control of CCD
cooling temperature.

to thicker depletion layer, cosmic rays do not ap-
pear as points, but trailed patterns are seen. The
dark current generation rate was measured to be
~ 4 e~ under the cooling temperature of -100°C,
and it fulfills the specifications. The readout noise
was also estimated, and it was ~ 4 e~ per read
when the sampling speed of 125 kHz was selected.
This is good enough for most of our application,
because the sky background noise dominates for
exposures of 20-30 sec or longer.

After the tests and ajustments in the labora-
tory, we brought the whole system of NCUcam-1 to
Lulin observatory, and NCUcam-1 was tested us-
ing existing 1-m telescope there as a stand-alone
CCD imager. Although we have struggled with
the setting and adjustment of UCAM controller,
shutter controller, and control software for a while,
NCUcam-1 successfully received the star light from
the sky and acquired astronomical images for the
first time in July 2011 (Fig. 20). We believed
it was a big achievement for our project and also
for our institute that our “hand-made” CCD im-
ager finally worked out. Before NCUcam-1, only
commercially available CCD cameras were used at
Lulin observatory. With those cameras, it is not
easy to obtain unique data sets for our research.
We often need to accumulate data for longer time
span to complete with other researchers. Now, our
institute has an ability to design, develop, test, and
characterize astronomical instruments. NCUcam-
1 exhibits superb sensitivity even around wave-
length of 1 micron, and there are only a few such
CCD imager in the world at this moment. This
is a great advantage for our institute. It is also
worth to note that NCUcam-1 is the first CCD
imager cooled by cryocooler at Lulin observatory
and it achieves the cooling temperature of -100°C.
Previous CCD cameras at Lulin were all cooled
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Figure 12: The design of the analog circuit to measure the temperature in the dewar. The temperature

is estimated by measurements of output voltage from Zener diode.
converted into the temperature by using a set of operational amplifiers and adjustable resistors.

The voltage from Zener diode is
The

measured temperature is read by the control PC using A/D convertor. The temperature is also displayed
on a digital panel meter on the circuit board. The design was given by a former member of this project,

C.-H. Wu.

by thermoelectric cooler and we had to take dark
frames and deal with dark current subtraction. We
measured the vacuum condition and temperature
at CCD chip and cold-end of the cryocooler during
the observing run. The vacuum level was around
107 torr even after we stopped the vacuum pump,
and the CCD temperature was stable at -100°C
during the whole observing run (Fig. 21).

The detection limits of NCUcam-1 with Lulin
1-m telescope were estimated. Here, the definition
of the detection limit is given by the magnitude
of an astronomical object detected with signal-to-
noise ratio of 10 for specified integration time. The
aperture radius is set to be 1.5 times of FWHM of
stellar point-spread function. We took two con-
secutive images of standard star fields for PS1-
compatible r’, i’, z’, and Y filters. These data
sets provide two independent photometric mea-
surements of field stars under the same instru-
mental and atmospheric conditions. By compar-
ing two measurements, and statistical analysis of
errors enables us to estimate detection limits. Note
that there are not information for calibrated mag-
nitudes for field stars, but photometric standard
star can be used to calibrate field stars. The data
were taken on 11 December 2012 using NCUcam-
1 and Lulin 1-m telescope. The standard field
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of Rul49 was selected, and photometric standard
star Rul49F was used for the analysis of 1, i’, and
z’ band images, while Rul49 on UKIRT IR brlght
standard catalog was used for the analysis of Y
band images. The integration time of each expo-
sure is set to 90 sec. The airmass of Rul49 field
at the time of the observation was ~ 1.1-1.2. We
used astronomical image analysis software pack-
age IRAF (Image Reduction and Analysis Facil-
ity), developed by NOAO (National Optical As-
tronomy Observatory) of USA, for our data pro-
cessing. The flow chart of the analysis is shown in
Fig. 22. For the estimation of the detection limit,
we divided field stars into 0.1 mag bins according
to their brightness. Fig. 23 shows the magnitude
differences of photometric measurements from 1st
and 2nd images of r’-band. The data shows wider
scattering toward fainter sources. Fig. 24 is a fig-
ure of RMS error vs. magnitude. Roughly speak-
ing, signal-to-noise ratio of 10 corresponds to RMS
error of 0.1 mag. According to our definition, mag-
nitude which corresponds to 0.1 mag RMS error is
the detection limit. The results of the anaysis is
summarized in Table 3. The detection limit of sin-
gle 90-sec integration is 20.0 mag for r’-band while
it is 17.1 mag for Y-band.
Currently, a series of experiments with NCUcam-
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Figure 20: The first-light image by NCUcam-1 with the Lulin 1-m telescope. Lagoon Nebula M8 was
imaged using PS1 r’, i’; and z’ filters on 6 July 2011. The exposure times for ', i’, and z’ bands are 60 sec
x 8, 60 sec x 8, 90 sec x 8§, respectively. The field-of-view of this image is 26.4 arcmin x 13.2 arcmin.

| [ v [V [ 2 [ Y ]

Lim. Mag. | 20.0 | 19.5 | 19.0 | 17.1
PSF 1.5 | 147 | 14”7 | 1.37
Table 3: The estimated detection limit of

NCUcam-1.

1 in the laboratory in NCU main campus are being
carried out. These experiments utilize an integrat-
ing sphere, and the goals of the experiments are
the measurements of (1) full well capacity, (2) lin-
earity of the response, (3) gain and readout noise.
The ingrating sphere was developed by ourselves.
Two half-sphere foamed styrol were used to make a
main body of the integrating sphere, and the inte-
rior of the sphere was painted and eight LED were
installed. We also developed a circuit board using
current regulative diode (CRD) to provide stable
electric current. Note that the brightness of LED
depends on the current provide. We measured the
stability of the brightness of inner wall of integrat-
ing sphere. Fig. 25. The standard deviation of
the brightness variation in the integration sphere
is found to be 0.16% of the mean brightness over
1.5 hours. This is good enough for our purpose.
We plan to compete the experiments by the end of
April 2013.

2.4.4 Beam Splitter and Corrector Lens

The optics part of visible 4-color simultaneous im-
ager “Dogioya”, including dichroic beam splitters,
corrector lenses, and their housing, has been out-
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sourced to Photocoding, Inc. in Japan. This is
mainly because we needed to concentrate on the
development of NCUcam-1 considering the amount
of available human resources. The optics part is
composed of the beam splitter to separate the beam
from the telescope into four components, and cor-
rector lens system to improve the image quality
over the entire field-of-view of the instrument. The
optical layout of the beam splitter and corrector
lens is shown in Fig. 26. Three dichroic mirrors are
placed on the optical path, and the light from the
telescope are divided into four components which
correspond to 1r’, i’, z’, and Y band images. The
beam splitter “BS A” split the beam into (r’+1’)
and (z'+7Y). The transmittance property of “BS A”
is shown in Fig. 27. All the three beam splitters
are confirmed to satisfy the specifications. We did
not find any problem on the anti-reflection coating
on the corrector lenses and surface irregularity on
the surface of beam splitters and band-pass filters.
To examine the expected image quality, diameters
of 80% encircled energy were checked. The results
are shown in Table 4. Optics part of the instru-
ment was delivered to us in summer 2011. We
have assembled the optics and four unit cameras
in our laboratory, and the system was successfully
integrated.

2.4.5 Software

The basic commands to acquire the image from
NCUcam-1 was written by ourselves. A set of
command-line interface tools offers a way to con-
duct observations. Spectral Instruments provided
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Figure 14: The schematic drawing for the CCD
charge transfer. This figure shows how charges in
each pixel move to a neighbouring pixel without
mixing for 3-phase clocking. A pixel is divided into
three regions and the voltages applied on those
three regions are independently controlled. By
changing voltages in timely fashion, charges are
smoothly moved to adjacent pixels.

r’ i VA

0.14 | 0.29 | 0.22

Y
0.19

80EE Dia. (arcsec)

Table 4: The diameter of 80% encircled energy for
r’, 1", z’, and Y bands are summarized. The spec-
ifications is 0.60 arcsec, and we have satisfactory

results for all the four bands.

a CCD camera control software and SDK (Soft-
ware Development Kit) for SI-1100 series camera.
In order to achieve the simultaneous imaging by all
the four unit cameras, we have decided to develop
a server / client model software. The main control
PC sends commands to camera control PCs, and
then four camera control PCs start exposures. Af-
ter the completion of the data acquisition, camera
control PCs send the data back to the main control
PC. Nick Enterprise, Inc. in Taipei supported us
to develop TCP/IP server / client software plat-
form for our instrument. The system now works
fine, and is able to control four cameras and ac-
quire four images by typing a single command on
the main control PC.

2.5 Current Status

We had worked on the development of visible 4-
color simultaneous imager “Dogioya” for years, and
now all the components, including unit cameras,
optics, electronics, mechanics, and control soft-
ware, are ready. Unfortunately, Lulin 2-m tele-
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Figure 15: The clock patterns for the CCD charge
transfer generated by UCAM CCD controller. Up-
per four clocks, including ones that labelled as
P1VI, P2VI, P3VI, and TG, are used for paral-
lel transfer of charges which shift charges in pixels
by one line towards the serial register.Lower six
clocks, including P1Hx, P2Hx, P3Hx, P4Hx, SGx,
and RGx, are for serial transfer on the serial reg-
ister to move charges into the readout ports which
consists of reset and output MOSFETs. The fully
depleted CCD manufactured by Hamamatsu Pho-
tonics utilizes 3-phase clocking for parallel transfer
and 2-phase clocking for serial transfer. The clocks
were measured by voltages using an oscilloscope
manufactured by Tektronix, Inc.

scope is not yet installed at Lulin observatory due
to the delay caused by the environmental assess-
ment study. Dogioya is tightly linked with large-
scale astronomical surveys, such as Pan-STARRS
and PTF (Palomar Transient Factory), and im-
mediate start of the operation is highly expected.
To start the operation of Dogioya together with a
2-m class telescope, we have established a collabo-
ration with Institute for Astronomy, University of
Hawaii. University of Hawaii (UH) provides 2.2-
m telescope at the summit of Mauna Kea (Fig.
28), and NCU provides Dogioya. UH will have a
right to use Dogioya with 2.2-m telescope, while
NCU will have an access to the telescope time of
2.2-m telescope. It gives mutual benefits to both
sides of the collaboration. Note that both NCU
and UH joins Pan-STARRS project. Both sides
of the collaboration agree to operate the instru-
ment for four years in Hawaii. The memorandum
of understanding (MoU) for this collaboration is
about to be signed by both parties. The draft
version of MoU is shown in Fig 7?7 and 77. A
new corrector lens system for UH 2.2-m telescope
is required for the operation of the instrument in
Hawaii. The design and manufacturing of the cor-
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Figure 16: The engineering grade CCD chip in-
stalled in the dewar. The chip is supported by the
copper plate. The window in front of the CCD is
anti-reflection coated fused silica.

Figure 17: Assembled NCUcam-1 under testing in
the laboratory. NCUcam-1 consists of the cam-
era head, vacuum pump, cryocooler, temperature
control electronics, and CCD readout electronics.

rector lens were completed in spring 2013, and a
set of new corrector lens and telescope adapter
was delivered. The assembly tests were carried
out and the integration of the whole Dogioya sys-
tem for UH 2.2-m telescope was successfully done
(Fig. 29). We were planning to send all the com-
ponents of the instrument to Hawaii in April 2013.
However, the telescope and dome of UH 2.2-m tele-
scope was damaged at the beginning of February
2013, and UH-side now requests us to postpone the
instrument test using the telescope by half a year.
With our current plan, we will ship our instrument
to Hawalii in autumn this year, and will assemble
all the components in Hawaii, and attach Dogioya
to bent-Cassegrain focus of 2.2-m telescope. We
expect to have a first-light of Dogioya using UH
2.2-m telescope by the end of this year.
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Figure 18: The bias frame obtained by NCUcam-
1 with an engineering grade chip of the fully de-
pleted CCD manufactured by Hamamatsu Pho-
tonics. The CCD was drived by UCAM controller.
The CCD has four readout ports, and the mean
levels of the bias for each region are slightly dif-
ferent. The most left side of the CCD was not
working properly. Four narrow stripes on the right
hand side are overscan regions.

3 Project Members

This project has been supported by faculties, post-
docs, project asssitants, and graduate students of
our institute. Wu Ching-Huang contributed to the
project for four years since 2008. He is an expert
of analog electronics, and a successful CCD drive
could not be achieved without his work. Yang
Hui-Hsin worked hard on administrative issues for
more than three years since 2009. Chen Tse-Chuan
was responsible for keeping the laboratory in good
condition since 2009. Kinoshita Daisuke gave a
conceptual and overall design of the instrument at

Figure 19: 3600 sec dark exposure of NCUcam-1.
Four regions on the CCD image is recognized, and
this is because the CCD chip is equipped with four
amplifiers. Four narrow stripes are also found at
the bottom of the image, and those are overscan
regions for each amplifier.
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Figure 21: The vacuum level in the dewar and
temperature at CCD chip and cold-end of the cry-
ocooler. The measurements started around 15:00
in the afternoon on 5 July 2011, and ended around
09:00 in the morning on 8 July 2011. The vacuum
level was good enough for 3 nights, and the CCD
cooling temperature was stable at -100°C for the
whole period of the observing run.

the beginning of the project, and has coordinated
the project for the whole project period. A com-
plete list of the project members is given in Table
5.

4 Summary

For quick and efficient follow-up observations for
large-scale astronomical surveys, visible 4-color si-
multaneous imager “Dogioya” is proposed. We have
designed and developed Dogioya, and the instru-
ment is ready to be used. We have established a
collaboration with University of Hawaii, and Do-
gioya will be shipped to Hawaii later this year.
Dogioya will be operated using UH 2.2-m tele-
scope for four years. The advantages of Dogioya
includes, but not limited to, (1) reliable color mea-
surements by simlutaneous imaging, (2) high sen-
sitivity of fully depleted CCD imager “NCUcam-
1” which has been developed by ourselves, and (3)
PS1-compatible band-pass filters which allow us to
combine the data from Pan-STARRS and Dogioya
in a easier way. More importantly, we have gained
experiences through the development of astronom-
ical instrument. The astronomical instrumenta-
tion project requires wide range of knowledge and
experiences, such as mechanics, electronics, optics,
software, and project management. Those are usu-
ally new to astronomers. At NCU, our project of
developing the Dogioya, was the very first trial to
design and develop an instrument. We believe that
the trial was successful, and we have a working in-
strument and have accumulated experiences. The
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Figure 22: The flow chart of detection limit anal-
ysis. First, all the sources in the image are iden-
tified and extracted. After the visual inspection
of the result of source extraction, the source lists
of 1st and 2nd images are compared and match-
ing is tried. At the same time, precise aperture
photometry is applied to each source in the im-
age. Then, a complete catalogue with object ID
and photometric measurements is generated. Af-
ter the statistical analysis, the detection limit is
calculated.

instrumentation is a key activity in astronomical
research, and it is a way to produce unique, useful,
and valuable scientific data.
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Table 5: A list of members who have contributed to the Dogioya project. Names are listed in alphabetical

order.
| Name | Period | Contribution |

Chen Tse-Chuan 2009-2013 | mechanics, administration
Chen Wen-Ping 2007-2013 | supervising
Chou Yi 2007-2013 | PI of the project (2010-2011)
Huang Kuei-Yu 2012-2013 | administration
Huang Ru-Huei 2008-2012 | CCD camera characterization
Hsueh Yi-Ting 2012-2013 | CCD camera characterization
Hwang Chorng-Yuan | 2007-2013 | PI of the project (2007-2010)
Ip Wing-Huen 2007-2013 | supervising
Kinoshita Daisuke 2007-2013 | overall design and coordination, PI of the project (2011-2013)
Ko Chung-Ming 2007-2013 | supervising
Ngeow Chow-Choong | 2009-2013 | supervising
Shen I-Cheng 2009-2010 | software
Shen Pei-Hsien 2010-2011 | software
Wang Bo-Jhou 2013-2013 | electronics
Wu Ching-Huang 2008-2012 | electronics, mechanics
Yang Hui-Hsin 2009-2012 | administration
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Figure 23: The magnitude differences of 1st and
2nd images vs. field star magnitude for r’-band.
The data are binned for each 0.1 mag, and stan-
dard deviation is calculated for distribution of data
points in each bin.
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Figure 27: The transmittance property of the
beam splitter “BS A”. This dichroic mirror splits
the beam from the telescope. The light of wave-
length shorter than 815 nm is reflected on the sur-
face and the light of wavelength longer than 815
nm is transmitted.

Figure 28: The dome of University of Hawaii 2.2-m
telescope at the summit of Mauna Kea. The tele-
scope is located at one of the best sites for ground-
based astronomical observations in the world. The
altitude of the observatory is 4,200-m above sea
level.

Figure 29: Sucessfully integrated Dogioya system.
The existing beam splitter part was assembled
with a new corrector lens system and telescope
adapter for UH 2.2-m telescope. The photo was
taken by T.-C. Chen.

(150)



Appendix: Memorandum of un-
derstanding with the University
of Hawaii

Following is the draft of the memorandum of un-
derstanding for Dogioya collaboration with the In-
stitute for Astronomy, the University of Hawaii.
The Institute of Astronomy, the National Central
University provides 4-channel simlutaneous imager
Dogioya, and the Institute for Astronomy, the Uni-
versity of Hawaii provides the 2.2-m telescope at
the summit of Mauna Kea.
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M emor andum of Under standing

April 29, 2013

Introduction
This is a Memorandum of Understanding (MOU) between the Institute of Astronomy (loA), National
Central University of Taiwan (NCU) and the Institute for Astronomy (IfA), University of Hawai'i (UH).

This MOU defines the agreement between NCU and IfA for use of the NCU Four-Channel Imager (FCI)
on the University of Hawai'i 2.2 meter telescope located on Mauna Kea, HI.

Participants

Dr. Colin Aspin is the IfA Principal Investigator (PI).  Dr. Gunther Hasinger is the IfA Director.

Dr. Wen-Ping Chen is the NCU Principal Investigator. Dr. Chung-Ming Ko is the NCU IoA Director.

Definition of the FCI

TheFCl is a four-channel optical imager that has been designed, funded, and fabricated by NCU. It
consists of four separate optical light paths defined by dichroic mirrors and astronomical filters, each of
which feeds a temperature-controlled CCD camera capable of direct sky imaging. The astronomical
filters provided with the FCI will be’yi’,z, y. In addition to the optical components and CCD

cameras, the FCI includes cryogenic units and computer systems for readout and storage of images
acquired in each of the four channels.

Satement of Work

The FCI will be loaned to the IfA for use on the UH 2.2 meter telescope for an initial period of four
years starting when the FCl is considered to be in an operational state by a joint agreement between the
IfA and NCU PlIs.

Compensation

In compensation for the development of the FCI and the loan to the IfA, NCU will be allocated ten
nights of observations per semester using FCI on the UH 2.2 meter telescope. There are two
semesters per year covering the periods Febrdbmy duly 3£ (semester A) and August' 1o January
31 (semester B). NCU agrees to allow UH/IfA astronomers to use FCI on the UH 2.2 meter
telescope at any other time during the loan period.
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Lost Nights
Nights on the UH 2.2 meter telescope lost to (i) bad weather, (ii) an inoperable science instrument (the

FCI), or (iii) telescope and ancillary equipment failure, shall not qualify for compensatory nights in
future semesters.

IfA Effort - Extent and Requirements

IfA staff effort will be allocated by the IfA PI.  This effort is required to perform the following tasks,

to (i) mount the FCI on the north bent Cassegrain focus mount of the UH 2.2 meter telescope, (ii)
mount the associated FCI electronics on the telescope, (iii) provide the required closed-cycle cooler
(CCCQ) lines from the telescope CCC room to the instrument, (iv) provide electrical power to the FCI
and computer network connections from the FCI to the IfA computer network, and (v) provide space
for the FCI operations computers in the UH 2.2 meter telescope control room and/or the computer
room. In addition, the IfA staff will provide technical assistance as required and if available, to aid in
solving operational problems with the FCI.

NCU Effort - Extent and Reguirements

NCU staf will provide the FCI in an operational state. NCU effort will be provided to commission

the FCI on the UH 2.2 meter telescope during the commissioning nights allocated by the IfA Director.
The FCI will be considered “commissioned” when the instrument is fully functional at a level of

performance acceptable for astronomical use. This level of functionality will be defined by both NCU
and IfA staff and be in terms of such parameters as, but not limited to, detector readout noise,
astronomical image quality, and interface to the UH 2.2 meter telescope sub-systems and computer
network. NCU staff will provide the IfA with a set of documentation for FCI aimed at on-going
support of the instrument.  This documentation should also include complete operating instructions
for FCI. It is expected that NCU technical staff will provide on-going assistance with FCI in case of
future technical problems/issues and improvements.

Data Access Rights

NCU will retain exclusive data access rights to all scientific data acquired using FCI during the
dedicated NCU observing nights on the UH 2.2 meter telescope.  Data access rights to data acquired
with FCI during any other observing nights e.g. by IfA astronomers and students, will remain with UH
and the IfA.

Signed: Dr. Gunther Hasinger (IfA Director) Dr. Chung-Ming Ko (NCU IoA Director)

Signed: Dr. Colin Aspin (IfA PI) Dr. Wen-Ping Chen (NCU PI)
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Early Photometry of the Type IIP supernova SN 2013ej

ATel #5466; M. Lee (Taipei First Girls' High School). K. L. Li. J.-W. Wang, A. K.H. Kong
(National Tsing Hua U.). H. B. Liu (4S144), H.-J. Huang (National Taiwan U. & ASIAA),
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We report an early photometric observation of the Type [IP supernova SN 2013ej taken 15 hours
before the official discovery (CBET #3606). We observed the field of M74 on 2013 July 24.80 -
24.83 UT using the 1m telescope at the Lulin Observatory in Taiwan. The supernova 2013¢j was
clearly detected n our multi-color observations. By comparing with the USNO and GSC2.3 catalogs,
we derived the following optical (B, V, and R) photometry: B=13.8, V=14.0, and R=14.3.

The observations were taken under unstable weather condition and we estimated the uncertainties
as ~0.2 mag. We note that SN 2013ej was also seen (but without photometry) in a pre-discovery
image taken by C. Feliciano on 2013 July 24.125 (Bright Supernovae web site). The supernova was
not seen by the All Sky Automated Survey for SuperNovae (ASAS-SN) on 2013 July 23.54 with a
detection limit of V > 16.7 (ATel #3237).

The observation is part of an observing traning program at Taipei First Girls' High School. This
project is funded by the National Science Council of Taiwan as part of the High Scope Program
through grants NSC 101-2514-5-007-002 and NSC 101-2514-8-577-001.

Pre-discovery image of SN 201 3ej
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