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ABSTRACT

Aims. A possible transit of HAT-P-13c had been predicted to occur on 2010 April 28. Here we report on the results of our multi-site

campaign organised to detect the event.

Methods. CCD photometric observations were carried out at five observatories in five countries. We reached 30% time coverage in a
5-day interval centered on the suspected transit of HAT-P-13c. Two transits of HAT-P-13b were also observed.

Results. No transit of HAT-P-13c was detected during the campaign. By a numerical experiment with 10> model systems, we conclude
that HAT-P-13c is not a transiting exoplanet with a significance level from 65% to 72%, depending on the planet parameters and the
prior assumptions. We present two times of transit of HAT-P-13b ocurring at BJD 2455 141.5522 +0.0010 and BJD 2455 249.4508 +
0.0020. The TTV of HAT-P-13b is consistent with zero within 0.001 days. The refined orbital period of HAT-P-13b is 2.916293 +

0.000010 days.

Key words. planetary systems — stars: individual: HAT-P-13

1. Introduction

Multiple planetary systems analogous to our Solar System play
a key role in understanding planet formation and evolution.
If planets in multiple systems display transits as well (e.g.
Kepler-9, Holman et al. 2010), a very detailed analysis becomes
possible, resulting in a set of dynamical parameters and even
the internal density distribution of the planets (Batyigin et al.
2009). As write, three multiple systems with a transiting compo-
nent have been discovered. The CoRoT-7 system has two orbit-
ing super-Earths, one showing transits (Léger et al. 2009; Queloz
et al. 2009); HAT-P-7 hosts a hot Jupiter in a polar or retrograde
orbit and a long-period companion that may either be a planet or
a star (Pal et al. 2008; Winn et al. 2009). But the most promi-
nent example of such systems is HAT-P-13 (Bakos et al. 2009;
Winn et al. 2010). The central star of this system is a G4 dwarf
of 1.22 M mass and 1.56 R, radius. HAT-P-13bis a 0.85 Mj hot
Jupiter on a 2.9 day orbit that has almost been circularized. HAT-
P-13c has a minimum mass of M sini = 15.2 My in a 428-day
orbit with an eccentricity of 0.69. Winn et al. (2010) predicted a
possible transit for the second planet, which, if confirmed, would
make HAT-P-13 an extremely special system.

* Photometric data are only available in electronic form at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) orvia
http://cdsarc.u-strasbg. fr/viz-bin/qcat?]/A+A/523/A84

Article published by EDP Sciences

In multiple planetary systems, the most important question
is whether the orbital planes are aligned. If this is the case for
HAT-P-13 b and c, the exact mass of companion c can be de-
rived. The Ai mutual inclination may be derived from the transit
timing variations (TTV), of HAT-P-13b (Bakos et al. 2009). A
more stringent constraint on coplanarity would be delivered if
HAT-P-13c also transits. In this case, the coplanarity is highly
probable, and the radius and the orbit of planet ¢ can be mea-
sured. If the apsides are also aligned, tidal dynamics can reveal
planet b’s internal structure, which is a fascinating opportunity to
extract unique information on an exoplanet (Batygin et al. 2009;
Fabricky 2009).

It has been unknown whether HAT-P-13c transits. The dy-
namical models of Mardling (2010) suggest that the HAT-P-13
system is likely to be close to prograde coplanar or have a mutual
inclination between 130° and 135°. She interpreted the system
geometry as a result of early chaotic interactions. A hypothetical
d companion was invoked at the early stages of evolution that
should have escaped later and could explain the vivid scatter-
ing history. Her argument for coplanarity is that lower masses
are favored for dynamical reasons, although c¢’s high inclina-
tion itself favours a large mutual inclination. Winn et al. (2010)
points to the observed small stellar obliquity ., as indirect
evidence of orbital alignment: in Mardling’s model, after planet
d has escaped, .., oscillates about a mean value of Ai. Thus,
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Table 1. Summary of instruments involved in HAT-P-13 observations.

Code Telescope CCD FoV Resolution

K60 Konkoly 0.6 Schmidt, Piszkéstetd, Hungary 1526 x 1024 KAF 25'x 17 1.0” /pixel

K100 Konkoly 1.0 RCC, Piszkéstetd, Hungary 1340 x 1300 PI VersArray 1300b NTE 7xT 0.32" /pixel

SLN INAF-OACt 0.91, Fracastoro, Italy 1100 x 1100 KAF1001E 13'x 13’ 0.77 " /pixel

TEN 0.8 RCC Tenagra II, Arizona, USA 1024 x 1024 14.8'x 14.8"  0.81 ”/pixel

LNO Langkawi 0.5 RCC, Malaysia 1024 x 1024 SBIG 1001E CCD 20x 20" 1.2 7 /pixel

SLT Lulin 0.4 RCC, Taiwan 3056 x 3056 Apogee U9000 50.77x 50.7"  0.99” /pixel
Table 2. Observations during the HAT-P-13c campaign.

Date K60 TEN SLT LNO SLN

2010-04-22 20:23-22:23 (80)

04-25 18:40-23:33 (190) 03:01-05:17 (101) 12:17-15:03 (108)

04-26 18:43-21:27 (134) 04:44-07:01 (100) 14:28-14:56 (34)

04-27 03:10-05:26 (85) 20:46-23:56 (162)

04-28 18:41-22:53 (139) 05:30-06:52 (61) 13:34-14:55 (23)  20:37-00:08 (116)

04-29 18:45-23:15 (349) 04:55-06:49 (84) 13:42-15:32 (58)  20:53-23:58 (128)

04-30 18:43-23:17 (342) 04:55-06:55 (51)

05-01 19:21-20:32 (66) 05:39-06:17 (45) 11:48-14:16 (55) 12:42-14:45 (60)

05-03 19:25-22:50 (252)

Notes. Telescope codes: K60: Konkoly 60 cm Schmidt, TEN: Tenagra, SLT: Lulin, LNO: Langkawi, SLN: INAF-OACt. Observation windows

and the number of photometry points are indicated.

observing small value for i, ; at any time, such as now, is un-
likely unless Ai is small.

The refined orbital elements suggested that the transit — if it
happened — should have occurred around 2010 April 28, 17 UT,
(JD 2455315.2) with 1.9 days FWHM of transit probability and
a maximal duration of 14.9 h (Winn 2010). We started moni-
toring of HAT-P-13 for further transits in November 2009 and
organised an international campaign in the 2 weeks surrounding
the expected transit of HAT-P-13c.

2. Observations and data reduction

The seasonal visibility of HAT-P-13 is quite unfavorable in
April. Hence the longest possible run at mid-northern latitudes
may last 3—4 h after twilight with observations ending at high
(X > 2) airmass. Our data were collected at 5 observing sites
with 6 telescopes, and, due to the weather conditions, 30% time
coverage was reached. The telescope parameters and the log of
the observations is shown in Tables 1 and 2, respectively.

The observing strategy was the same in most observato-
ries: a sequence of RRRVVV was repeated continuously, while
Tenagra Observatory measured the first half of the light curve
in R, and the second half in V. The integration time was adjusted
throught the night to compensate for the air mass variation in an
effort to take advantage of the full dynamic range of the camera.
The average exposure times were about 65 s and 35 s in the V
and R bands, respectively. Each night several bias, dark, and sky
flat images were taken for calibration.

Before the multisite campaign, we observed HAT-P-13
on 8 additional nights. Two nights (2009 November 05/06
and 2010 February 21/22) included a transit of HAT-P-13b,
the remainder were acquired as out-of-transit observations.
In these observations, the K100 telescope was also involved.
No transit signal exceeding a depth of 0.005 (3-sigma
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level) was observed during the following out-of-transit ob-
servation runs: 2009-11-05/06, 23:03-03:45 UT (1 RCC),
2010-01-11/12, 01:41-04:29 (1 RCC), 2010-01-14/15,
21:41-23:19 (0.6 Schmidt), 2010-01-16/17, 22:20-03:39
(0.6 Schmidt), 2010-02-21/22, 18:32-02:19 (0.6 Schmidt),
2010-03-18/19, 19:08-00:03 (0.6 Schmidt), 2010-03-18/19,
20:08-23:37 (1 RCC) 2010-03-19/20, 21:38-00:11 (0.6
Schmidt), 2010-03-28/29, 18:30-00:16 (0.6 Schmidt).

Transits of HAT-P-13b were analyzed with an automated
image processing and aperture photometry pipeline devel-
oped in the GNU-R! environment. The flat image was con-
structed as the median of the normalized flat frames (i.e.,
each of the acquired images were divided by the mean of
their pixel values), and similar procedures were performed for
darks and biases. After the standard calibrations, star identi-
fication was performed. Comparison stars were selected iter-
atively to attain the highest signal-to-noise ratio in the light
curve. Finally, 3 comparison stars were used in all images
(2MASS J08392449+4723225, 2 MASS J08392164+4720500,
and 2MASS J08391779+4722238) to ensure the consistency of
the entire dataset. The J — K colors of the comparison stars
are 0.419, 0.384, and 0.337, quite close to J — K = 0.353 of
HAT-P-13.

The data were corrected for systematics with the well-
known parameter decorrelation technique (e.g. Robinson et al.
1995), in our case applying the specific implementation of
the External Parameter Decorrelation (EPD) in constant mode
(Bakos et al. 2010). The observed external parameters were the
PSF of stellar profiles and the local photometry of the flat-field
image at the same X, Y positions as the stars observed. The vari-
ation in stellar profile is a known error source which has been
involved in most standard reduction pipelines of exoplanet pho-
tometry. Taking residuals of flat field correction as error source
into account, dividing with the flat field under/overestimates the

! http://www.r-project.org
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Fig. 1. Observations of HAT-P-13 during April 26-30. Observations have been shifted by +0.01 (V points) and —0.01 (R points) as indicated.
Different symbols correspond to the different observatories: square: Langkawi, stars: Konkoly, triangles: INAF-OAC, circle: Tenagra. The typical
standard deviation is 0.0013 in R and 0.0014 in V. A +0.0015 error bar is indicated in the upper right corner of the top panel.

necessary correction by a factor of a few 0.1%. We found that
most of the artificial patterns of the light curves is due to sys-
tematic residuals of flat field correction and could be eliminated
effectively in this way. In the end, 6585 raw photometric points
were extracted. We omitted points out of the 5-95% quantile in-
terval of the measured fluxes and averaged the surviving points
by 3. This resulted in 1952 data points submitted to further
analysis.

3. Results
3.1. Significance analysis of the null detection

In Fig. 1, we plot sample light curves from the multisite cam-
paign. The panels show the combined light curves from April
26, 27, 28, 29, and 30. Neither signs of ingress or egress nor sig-
nificant deviations from the average brightness were observed.
These features strongly imply that all observations are out of
transit, and HAT-P-13c is likely to be a non-transiting exoplanet.

What is the significance of this conclusion? The time cov-
erage of our data is 30%. Thus the first answer could be that a
transit could happen anytime 70% of the time, i.e. when obser-
vations were not performed, and this null result is essentially

insignificant. But this conclusion is incorrect and in fact,
our observations rule out the majority of transiting orbits for
HAT-P-13c.

We performed a numerical experiment to quantitatively mea-
sure the significance. A set of 10° exoplanets were simulated on
a similar orbit to HAT-P-13 (a 428 day period around an 1.22 R,
1.56 R, star). The radius of the planet was assumed to be 1.2 Ry,
which is the typical size of the most massive known exoplanets.
With this choice, the density of HAT-P-13c is 8.7 times that of
the Jupiter. The orbital eccentricity of the model was e = 0.691,
the argument of periastron was w 176.7°, coefficients for
quadratic limb darkening were y; = 0.3060, y> = 0.3229 (planet
and orbit parameters from Bakos et al. 2009). To include grazing
transits, the value of the impact parameter b was allowed to be
>1 and was drawn from uniform distibution between 0 and 1.08.
The transit time followed a uniform distribution in the April
26.5 UT and April 30.5 UT interval. In some possible planet
configurations, it is probable that data of a given run could have
included only the bottom of the transit. This should be visible
as a slight offset from the remaining runs, but this cannot be de-
tected because of non-photometric conditions. What we are sure
about is that ingress and egress phases were not detected within
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Fig. 2. Model fit to the transit on November 05/06, 2009 (upper panel)
and February 21/22, 2010 (lower panel). V and R band data are plotted
with open and soild dots, respectively.

our time coverage. This information also tightly constrains the
possible orbits in the transit time—impact parameter space.

Model transit light curves were sampled at the times of ob-
servation points (all data in Table 2), sorted to observation runs,
and the average intensity level was individually subtracted. We
added bootstrap noise to the individual points (the measured
light curve errors were randomly added to the simulated values
with subtitution). A y? test was then applied to check whether the
simulations are inconsistent with zero at the 99% significance
level. In this way, we identified these configurations of HATP-
P-13c that should have been observed in our measurements (we
call these observable configurations in the following). Because
our observations are consistent with zero variation, observable
configurations are explicitly excluded by our data.

We inferred that 72% of the 10° model transit configura-
tions should have been observable. Therefore the hypothesis that
HAT-P-13c is a transiting exoplanet can be rejected with 72%
confidence. By allowing the mean transit times to be distributed
normally around April 28 17 UT with 1.9 day standard deviation,
the level of significance turns out to be 70%. The level of signif-
icance does not vary significantly in the range of orbits allowed
by the parameter uncertainties in Bakos et al (2009), because the
errors are rather small (3% in e and 0.3% in w). We reduced the
model light curves in amplitude to define the size limit where
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the detection efficiency begins to decrease significantly. The re-
sulting significance was 65% when the amplitude was reduced
by 0.45. The planet size corresponding to this signal amplitude
is 1.04 Rj, which is our detection limit. The conclusion is that
roughly three quaters of all possible transiting configurations are
excluded by our observations.

This result does not mean that HAT-P-13c cannot orbit on an
aligned orbit with HAT-P-13b. HAT-P-13c is quite far from the
central star, hence the star’s apparent diameter is 0.6 degrees as
seen from the planet. Thus, transiting configurations require the
orbit to be in a thin region, very close to our line of sight. There
is a huge set of possible configurations in which HAT-P-13c is in
an orbit close to that of planet b, without displaying any transits.
In this case, the TTV of HAT-P-13b can help us determine the
orientation of HAT-P-13c’s orbital plane (Bakos et al. 2009).

3.2. Transit timing variations of HAT-P-13b

Before the suspected transit of HAT-P-13c, two transits of HAT-
P-13b had been observed to help refine the period and search
for TTV. Data from 2009-11-05/06 (measured with the K100
telescope, Table 1) and 2010 February 21/22 (K60 telescope)
are plotted in Fig. 2. In November (upper panel in Fig. 2),
the sky was photometric during the transit, but it was foggy
in the evening and from 40 min after the egress phase. In
February 2010, cirri were present that significantly affected the
V band data, but the R light curve was well reconstructed with
constant EPD (see lower panel in Fig. 2).

Times of minima were determined by fitting a model light
curve, similarly to the method described in Szabé et al. (2010).
For the November 2009 transit, both V and R data were included
in the fitting, while we used only the R curve for the February
2010 transit. (However, even including the more noisy V curve
does not change the mid-transit time by more than 0.0004 days.)

To reduce the degrees of freedom in the fit, the shape of
the model was not adjusted; we used previously published pa-
rameters (Winn et al. 2010). The model light curve was cal-
culated with our transit simulator (Simon et al. 2009, 2010).
The model was shifted in time to minimise the rms scatter in
the measurements. We determined new transit times of: BJD
2455141.5522+0.001 and 2455 249.4508 + 0.002. Seven tran-
sit times were published by Bakos et al. (2009), which were in-
cluded in the TTV analysis. After combining all data, we in-
ferred the period of HAT-P-13b to be 2.916293 +0.000010 days,
while the determined TTV diagram is plotted in Fig. 3. All
points are consistent with zero within the error bars. It has to
be noted that HAT-P-13b must exhibit some TTV, because of the


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015172&pdf_id=2

Gy. M. Szabé et al.: A multi-site campaign to detect the transit of the second planet in HAT-P-13 (RN)

perturbations by HAT-P-13c. HAT-P-13c causes 8.5 s light-time
effect (LITE) and perturbations in the orbit of HAT-P-13b. On
short (1 yr) timescales, the LITE is dominant. However, the
expected LITE is smaller than the ambiguity of our transit times
by a factor of 5, and therefore there is no chance of a positive
detection at this level of accuracy.

4. Summary
The main results of this study can be summarised as:

— A multisite campaign was organised to observe HAT-P-13
around the expected transit of HAT-P-13c. Two transits of
HAT-P-13b were also observed.

— HAT-P-13c was not observed to transit. We have concluded
that HAT-P-13c is not a transiting planet with 72% signifi-
cance.

— Our revised measurement of the period of HAT-P-13b is
2.916293 + 0.000010 days. Our measured TTV is consistent
with zero variation.
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We present the ground-based activities within the different working groups éfeier Asteroseismic Science Consor-

tium (KASC). The activities aim at the systematic characterization of the 5000+ KASC targets and at the collection of
ground-based follow-up time-series data of selected promisemer pulsators. So far, 36 different instruments at 31
telescopes on 23 different observatories in 12 countries are in use and a total of more than 530 observing nights has been
awarded.
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1 Introduction the 5000+ KASC asteroseismic targets a spectrum with a

sufficient resolution to derivé,, log g, micro-turbulence,
TheKepler Asteroseismic Science Consortium, KABQ- wvsiniand metallicity (Sousa et al. 2008; Frasca et al. 2006;
nites hundreds of asteroseismologists from institutes all oM@runtt 2009; Niemczura et al. 2009), and multi-colour infor-
the world in different topical Working Groups, with the aimmation to derive reddening, metallicity, and absolute mag-
of performing seismic studies of all types of pulsating stansitude (Rogers 1995; Kupka & Bruntt 2001).

across the Hertzsprung-Russell diagram, baseéepher The systematic characterization of 5000+ targets requires
time-series space photometry. The ground-based obseryauge observational effort and involves a long-term project,
tional Working Groups (GBOsWG) take care of the organipread out over several instruments. So far, within the KASC
sation of ground-based observations in support oKeper  GBOsWG, more than 278 nights have been awarded for the
space data. Additional ground-based multi-colour and spegharacterization project with 26 different instruments on 17

tral information are indispensable for a successful seismiservatories. More time has been and will be applied for.
modelling (see, e.g., Uytterhoeven et al. 2008a, 2009; Uyt-

._The first effort to characterize asteroseistiepler tar-
terhoeven 2009). The need for ground-based support dat s dates back to 2004. Since then. a project is running
motivated by two objectives: 1) the characterization of '

_ characterize KASC solar-like stars (Molendakowicz
Kepler targets in terms of fundamental stellar parameterg, 5| 2007, 2008, 2009b). Nowadays, several observational

2) the identification of mode parameters from mu'“'comligrojects, focussed either on a specific pulsation class or on

and spectral time-series observations for selected pulsat Sveral classes simultaneously, are ongoing to systemati-

~ The KASC GBOsWG is making great efforts in organza|ly observe all KASC targets. In Tallé 1 we present an
ising and planning telescope time on various instrumentgerview of theawarded observing time for target char-
around the world to meet these objectives and to ensure gherization. Additional information on the observations is
optimal seismic exploitation of thkéepler data. So far, 36 giyen in Uytterhoeven et al. (2010). In addition to the spec-
different instruments at 31 telescopes on 23 different 0bsefyscopic and multi-colour observations, an interferometric
vatoriesin 1_2 coyntnes are involved and a total of more thffﬂoject is ongoing with PAVO@CHARA at Mt Wilson Ob-
530 observing nights has been awarded. servatory (USA) to measure angular diameters for some of
the brighest Kepler targets. Results on the physical param-
2 Characterization of 5000+ KASC targets eter determination of a selectiqn ®S6ct,~ Dor and hybrid
targets are recently presented in Catanzaro et al. (2010).
TheKepler space data do not provide information on basic More observing time has been applied for. Spectropo-
stellar parameters such as effective temperaflirg)(grav- larimetric observations are planned to investigate magnetic
ity (log g), metallicity, and the projected rotational velocitysignatures in selected Cepheids, RR ky$ct, and Be stars
(vsin ), which are important to classify the targets and ar@ith ESPaDOnS@CFHT, Mauna Kea (USA) (P.I. JN, JG-
crucial for successful asteroseismic modelling. Hence, spe®)>- An ambitious proposal to observe 95% of all KASC as-
tral and multi-colour information are needed to complemef@roseismic targets with the multi-fiber, multi-object spec-
the space data. A first effort to compile a catalogue of stellfiograph LAMOST@4m telescope at Xinglong observatory
parameters, derived from Sloan photometry, has been (fN) has been submitted (P.I. PDC).
dertaken in the form of th&epler Input Catalogue (KIC,
Latham et al. 2005). However, the accuracy of values of __. . )
Teg andlogg in KIC is generally too low for seismic mod- 3 T'm_e'se“es observations of selected
elling. Hence, additional ground-based efforts are requird@fomising Kepler pulsators
The aim of the KASC GBOsWG is to obtain for each of

Important key ingredients for an asteroseismic study are
Community, all on the island of La Palma at the Spanish Obgmnigadel P y Ing y

Roque de los Muchachos of the Instituto de Astrofisica de Canarias. Bas!%%ec'se pulsation frequencies, ‘_accurately |dent|f|§\d pulsa-
on observations made with the IAC-80 operated on the island of Tendton modes, and strong constraints on atmospheric param-

ife by the Instituto de Astrofisica de Canarias at the Spanish Observatodters. Accurate values of the pulsation frequencies will be

del Teide. Also based on observations taken at the observatories of Si Vi ;
P P ; - k vided for by theKepler photometry, while accurate at-
Nevada, San Pedro Martir, Vienna, Xinglong, Apache Point, Lulin, Taute(riS- y epler p y

burg, McDonald, Skinakas, Pic du Midi, Mauna Kea, Steward ObservatorWosPhe”C parameters will be derived from the ground'based
Mt. Wilson, Biatkow Observatory of the Wroctaw University, Piszkestetsdata obtained in the framework of the project outlined in the
Mountain Station, and Observatoire de Haute Provence. Based on spgeevious section.

tra taken at the Loiano (INAF-OA Bologna), Serra La Nave (INAF - OA . . . e . .

Catania) and Asiago (INAF - OA Padova) Observatories. Also based on ob- For solar-like oscillators, mode identification relies on
servations collected at the Centro Astronémico Hispano Aleman (CAHANe regularity of the frequency pattern in the power spec-

at Calar Alto, operated jointly by the Max-Planck-Institut fur Astronomietrym (e.g. Mathur et al. 2010). This method is not directly

and the Instituto de Astrofisica de Andalucia (CSIC). We acknowled : ; : ;-
with thanks the variable star observations from the AAVSO Internationga%)pllcabIe to larger amp“tUde pU|SatorS’ for which a combi

Database contributed by observers worldwide and used in this researchation of non-linear effects, rotation, and convection selects

** a-mail: katrien.uytterhoeven@cea.fr the observed modes in a way that is not yet fully under-
1 http:/fastro.phys.au.dk/KASC stood (e.g. Townsend 2009; Miglio et al. 2008; Suarez et al.
-10 -
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Table 1  Overview of the awarded observing time for target characterization. Information is given on the observatory, the
telescope and instrument, the number of awarded nights (N) or hours (h), the type of targets, and the principal investigator
(P.1.) of the proposal. Proposals aimed at the characterization of several puls&@ors{Sct, 5 Cep, Be, solar-like, roAp,

and Slowly Pulsating B (SPB) stars, and stars in clusters) are labelled “combined”. Spectra that were obtained through a
filler programme at the beginning or the end of the night, are indicated as “filler”.

Observatory Telescope N  Target P.I.
Sierra Nevada (E) 0.90m photometer 8N  combined SM-R
San Pedro Martir (MX)  1.5m photometer 5N combined LFM
2.12m spectrograph 2N combined LFM
Teide (E) IAC80 CAMELOT 14N combined KU
Piszkéstett (H) 1.0mRRC CCD 7N combined MP/ZB
Calar Alto (E) 2.2m BUSCA 5N combined KU
La Palma (E) INT WFC 5N combined KU
NOT FIES 3N combined KU
Mercator HERMES 7N combined MB
Loiano (1) 1.52m BFOSC 4N combined VR
Catania (l) 0.9m FRESCO 7N combined VR
McDonald (USA) 2.7m cs23 8N  combined PDC
Tautenburg (D) 2m Coudé 14N combined HL
Sierra Nevada (E) 0.9m photometer 2N Bestars JG-S
1.52m ALBIREO 2+10N  Be stars JG-S
Skinakas (GR) 1.3m spectrograph AN  Be stars JG-S
La Palma (E) NOT Alfosc 1IN Bestars JG-S
Catania (1) 0.9m FRESCO 3N ¢ Sctstars GC
Loiano (1) 1.52m BFOSC 3N 4 Sctstars VR
10N  § Sctstars GC
Asiago (1) 1.82m AFOSC 3N 4 Sctstars VR
La Palma (E) TNG SARG 2h  §Sctstars VR
Catania (1) 0.9m FRESCO 15+15+25+12+25N  solar-like stars IM-Z
0.9m CCD 10N  solar-like stars IM-Z
La Palma (E) TNG SARG 12N solar-like stars GC
NOT FIES 2+1.5N  solar-like stars CK
Mauna Kea (USA) CFHT ESPaDONS 10h  solar-like stars HB
Pic du Midi (F) TBL NARVAL 20h+20h  solar-like stars HB
Mt Wilson (USA) CHARA PAVO >3N  solar-like stars DH, MI
Steward (USA) BOK B&C spectrograph 10N  compact stars EMG
La Palma (E) WHT ISIS 45N  compact stars [23%]
INT IDS 5+4N  compact stars RO
NOT FIES filler ~ compact stars JHT
La Palma (E) NOT FIES 6N+7N K giants, roAp stars SF
Mauna Kea (USA) CFHT ESPaDONS 2h  giants in NGC 6811 HB
La Palma (E) Mercator HERMES ~45h  binaries with pulsating components  JD
Tautenburg (D) 2m Coudé filer  SPB,3 Cep stars HL
Haute Provence (F) 1.92m SOPHIE filler  ~Dor stars PM

2005; Degroote et al. 2010). For these targets, the identifif the awarded observing time is given in Tablg 2. We re-
cation of modes observed W§epler requires ground-basedfer again to Uytterhoeven et al. (2010) for a description
multi-colour and spectral time-series analysis (e.g. Briquef the observations. The projects involve RR Lyr stars and
et al. 2009; Poretti et al. 2009; Uytterhoeven et al. 2008 epheids, Slowly Pulsating B stars, Cep stars, hybrid
Rodriguez et al. 2006). ~ Dor/é Sct candidates, and pulsators in clusters. The lat-
t%'r concerns a large photometric multi-site campaign on the

Multi-epoch spectroscopy is also important in the cas . .
of (eclipsing) spectroscopic binaries with a pulsating confuSters NGC 6866, carried out in 2009, and NGC 6811,

ponent, because by using spectra one can directly derive ﬁg:(_?eduled for2010. The cluster NGC_: 6866 is known to host
component masses (Tango et al. 2006; Vuckovic et al. zoq?; e_ast thre Sct and twoy Dor candidates (MolendZa_—
Creevey et al. 2009; Desmet et al. 2010), and it is possible wicz et al. 2009a), and there are 12 knoWBct stars in
disentangle the binary components (Harmanec et al. 20 ?C 6811 (Luo et al. 2009).

and study the line-profile variability of the components in

full detail (Uytterhoeven et al. 2005). 4 Future plans

To date, within the KASC GBOsWG, a total of at least
256 nights has been awarded with 15 different instrumentfie ground-based counterpart Képler is crucial for the
on 13 observatories for specific time-series projects. Aduccessful execution of seismic studies. The GBOsWG will
ditional telescope time has been applied for. An overviesontinue to organise ground-based observations to comple-

-11 -
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Table 2  Overview of the awarded time for the collection of multi-colour or spectral time-series of selected promising
asteroseismikepler targets. Information is given on the observatory, the telescope and instrument, the number of awarded

nights (N), the type of targets, and the principal investigator (P.1.) of the proposal.

Observatory Telescope N  Targets P.I.
Sierra Nevada (E) 1.5m CCD 15N  NGC 6866 RG
Vienna (A) 0.8m CCD 14N NGC 6866 GH
Piszkéstetd (H) 0.9m CCD 14N NGC 6866 RS
Xinglong (CN) 0.85m CCD 14N NGC 6866 XZ
Biatkow (PL) 0.6m CCD 8+14N  NGC 6866 IM-Z
Catania (I) 0.9m CCD 8N NGC 6866 KB
Sierra Nevada (E) 1.5m CCD 15N  NGC 6811 RG
Vienna (A) 0.8m CCD 14N NGC 6811 GH
Piszkéstetd (H) 0.9m CCD 14N NGC 6811 RS
Xinglong (CN) 0.85m CCD 14N NGC 6811 XZ
Biatkow (PL) 0.6m CCD 10N NGC 6811 IM-Z
Loiano (1) 1.52m CCD 10N NGC 6811 HB
Catania (1) 0.9m CCD 10N NGC 6811 IM-Z
Teide (E) IAC-80 CAMELOT 14N NGC 6811 ocC
Apache Point (USA) NMSU 1.0m 14N NGC 6811 JJ
Lulin (TW) 0.4m SLT 18N  RR Lyr, Cepheids NCC
Lulin (TW) 1.0m LOT 3N RR Lyr, Cepheids NCC
AAVSONet 0.2-0.6m telescopes >IN RR Lyr, Cepheids AH
Sierra Nevada (E) 0.9m photometer 14N hybrid~ Dor/é Sct stars ~ AG/SM-R
McDonald (USA) 2.2m B&C spectrograph 7N SPBDor stars PDC
La Palma (E) Mercator HERMES 11N  SPBCep stars HL

ment theKepler light curves. So far, the observational andFrasca, A., Guillout, P., Marilli, E., et al.: 2006, A&A 454, 301
organisational efforts have been very successful with mor&rmanec, P., Uytterhoeven, K., Aerts, C., 2004, A&A 422, 1013
than 530 observing nights already awarded. Additional off/Pka, F., Bruntt, H.: 2001, in 'First COROT/MONS/MOST
serving time with dedicated multi-colour and spectroscopic Ground Support Workshop', ed. C. Sterken (Brussels: Vrije
instruments will be applied for in the coming observing se-_ Univ.), 39

t Th d-b d Kebler i i ham, D.W., Brown, T.M., Monet, D.G., Everett, M., Esquerdo,
mesters. The ground-based supporkepler is putting a G. A., Hergenrother, C. W.: 2005, AAS 37, 1340

heavy pressure on ground-based telescopes in the North@lgg’ Y.P., Zhang, X.B., Luo, C.Q., Deng, L.C., Luo, Z.Q., 2009,
hemisphere, especially on the ones equipped with a (high- New Astronomy 14, 584

R) spectrograph. Therefore, assistance and help from thathur, S., Garcia, R.A., Regulo, C., et al. 2010, A&A 511, A46
community is very welcome. We encourage everyone whdiglio, A., Montalban, J., Noels, A., Eggenberger, P.: 2008, MN-
has access to (further) telescopes and wants to help with RAS 386, 1487 o
observations, data reduction or data analysis, to join tﬁ@'ﬁqggg';o‘zf:’sg-'S'ersca’ A., Latham, D.W., Jerzykiewicz,
project. This Very important task of supp_ortl_KgpIer from Molenda'Zak;)Wicz, J.,, Frasca, A., Latham, D.W.: 2008, AcA 58,
the ground revives the use of small/mid-sized telescopes,

which is a significant benefit for all the national observatqygiendazakowicz. J. Kopacki, G., Steslicki, M., Narwid, A.

ries involved. 2009a, AcA 59, 193
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ABSTRACT

Recent searches by unbiased, wide-field surveys have uncovered a group of extremely luminous optical transients.
The initial discoveries of SN 2005ap by the Texas Supernova Search and SCP-06F6 in a deep Hubble pencil beam
survey were followed by the Palomar Transient Factory confirmation of host redshifts for other similar transients.
The transients share the common properties of high optical luminosities (peak magnitudes ~ —21 to —23), blue
colors, and a lack of H or He spectral features. The physical mechanism that produces the luminosity is uncertain,
with suggestions ranging from jet-driven explosion to pulsational pair instability. Here, we report the most detailed
photometric and spectral coverage of an ultra-bright transient (SN 2010gx) detected in the Pan-STARRS 1 sky
survey. In common with other transients in this family, early-time spectra show a blue continuum and prominent
broad absorption lines of O 11. However, about 25 days after discovery, the spectra developed type Ic supernova
features, showing the characteristic broad Fe 11 and Si1r absorption lines. Detailed, post-maximum follow-up may
show that all SN 2005ap and SCP-06F6 type transients are linked to supernovae Ic. This poses problems in
understanding the physics of the explosions: there is no indication from late-time photometry that the luminosity
is powered by °Ni, the broad light curves suggest very large ejected masses, and the slow spectral evolution is
quite different from typical Ic timescales. The nature of the progenitor stars and the origin of the luminosity are

intriguing and open questions.

Key words: supernovae: general — supernovae: individual (SN 2010gx, SCP-06F6, SN 2005ap)

Online-only material: color figures

1. INTRODUCTION

The discovery of unusual optical transients is a goal of
modern surveys. Focused supernova searches (e.g., the Texas
Supernova Search) or all-sky surveys, such as the Panoramic
Survey Telescope & Rapid Response System (Pan-STARRS),
the Catalina Real-time Transient Survey (CRTS), the Palomar
Transient Factory (PTF), and Skymapper are expected to dis-
cover a large number of new types of stellar explosions in the
next years. The preliminary results are remarkable, and newly
discovered transients are revolutionizing our knowledge of stel-
lar explosions. Ultra-bright supernovae (SNe) associated with
faint and, presumably, metal-poor host galaxies are the most
spectacular recent discoveries (Quimby et al. 2007; Gezari et al.
2009; Miller et al. 2009; Gal-Yam et al. 2009; Young et al.
2010).

The field has moved quickly, prompted by the unusual tran-
sient SCP-06F6, discovered in the Hubble Space Telescope

14 Hubble Fellow.

Cluster Supernova Survey (Barbary et al. 2009). Its light curve
was symmetric, with a ~100 day rise time in the observed frame.
The spectrum showed broad absorption features and the tran-
sient was associated with no obvious host galaxy (although a
weak source, 1”75 from the transient, was marginally detected at
magnitude z ~ 25.8).!5 Without robust constraints on the ab-
solute magnitude for this transient, even the discrimination be-
tween Galactic and extra-galactic origin was uncertain. Possible
scenarios proposed by Barbary et al. (2009) for SCP-06F6 were
an outburst of a Galactic C-rich white dwarf (WD), a broad ab-
sorption lines quasar or a micro-lensing event, but none of them
was fully convincing. Assuming that the broad features in the
spectra of SCP-06F6 were the C, Swan bands, Ginsicke et al.
(2009) tentatively fixed the redshift at z = 0.14, implying an
absolute peak magnitude of about —18, suggesting an SN-like
explosion of a C-rich Wolf-Rayet (WR) star. A tidal disruption
of a C-rich star by a black hole (Rosswog et al. 2009; Soker

15 Unless specified, magnitudes are in the AB system.
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et al. 2009), a Galactic WD-asteroid merger, and a type la SN
in a dense, C-rich wind produced by a companion star (Soker
et al. 2009) were also proposed as alternative explanations.

A few events have recently been discovered sharing observed
properties with SCP-06F6. Data for a total sample of six objects
have been presented by Quimby et al. (2010b). One of them
was SN 2005ap, an enigmatic object originally presented in
Quimby et al. (2007) and classified as a peculiar, overluminous
SN IIL. Through the detection of narrow interstellar Mg
lines, Quimby et al. (2010b) have definitely proved that these
transients are not located in the Galaxy or in the Local Group,
but are relatively distant objects, with redshifts between 0.26
and 1.19. Consequently, they are extremely luminous, with
u-band absolute magnitudes spanning between —22 and —23.
On the basis of the lack of any evidence of a slope consistent with
%5Co decay in the late-time light curve of both SCP-06F6 and
SN 2005ap, Quimby et al. (2010b) favored either a pulsational
pair-instability outburst scenario, or core-collapse SNe powered
by rapidly rotating young magnetars.

Unfortunately, follow-up observations collected so far for
these transients and the information available for properly
studying and modeling their data have been incomplete. The
discovery of a relatively nearby object of this class caught early
and followed in detail, has provided us with a new opportunity to
study the energy output and spectral evolution of one of nature’s
brightest explosions.

2. THE DISCOVERY OF SN 2010GX

The CRTS team (Drake et al. 2009) first announced the dis-
covery of an optical transient (CSS100313:112547-084941) at
R.A. = 11:25:46.71 and decl. = —08:49:41.4, on images ob-
tained on 2010 March 13 (magnitude 18.5; Mahabal et al. 2010).
Its optical spectrum showed a blue, featureless continuum, and
the initial redshift determination (z = 0.17) was later corrected
by the same authors to z = 0.23 (Mahabal & Drake 2010).

On the following day, Quimby et al. (2010a) reported the
independent discovery by the PTF survey (Rau et al. 2009; Law
et al. 2009) of the same variable source (labeled as PTF10cwr)
at several epochs between March 5 and 16, while no object
was seen on March 4.27 UT to a limiting magnitude of 20.4.
Optical spectra on March 18.27 UT showed that PTF10cwr was
a luminous SN similar to the ultra-bright SN 2005ap (Quimby
et al. 2007). The spectrum showed broad features attributed
to O (Quimby et al. 2010a). The presence of narrow lines
attributed to a host galaxy allowed them to estimate the redshift
to z =0.23.

In the course of the Pan-STARRS 1 Telescope (PS1) 3x
survey, we recovered the transient (PS1-1000037, hereafter SN
2010gx) between March 12 and 17 showing that its luminosity
was still rising (Pastorello et al. 2010). Pastorello et al. (2010)
noted the presence of a faint host galaxy in archive Sloan Digital
Sky Survey (SDSS) images (SDSS J112546.72-084942.0) with
magnitudes g = 22.7, g—r = 0.3 and confirmed the Quimby
et al. (2010a) redshift estimate of z = 0.23. At this redshift,
the g-band absolute magnitude of the host galaxy is about —18,
similar to that of the LMC.

3. OBSERVATIONS
3.1. Photometry

We carried out an extensive ugriz photometric follow-up
campaign of SN 2010gx using the telescopes listed in Table 1.
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Figure 1. Observed ugriz light curves of SN 2010gx. The phase is from JD =
2,455,260, used as an indicative explosion epoch. Detection limits from Mahabal
et al. (2010) and Quimby et al. (2010a) are included.

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

The observed light curves, calibrated using 10 SDSS stars in
the field of the transient, are shown in Figure 1. The transient
was discovered in the rising phase, and its light curves are
asymmetric. The pre-discovery limit of March 4 (Quimby et al.
2010a) indicates that SN 2010gx experienced a fast rise to
maximum, followed by a slower magnitude decline. A similar
asymmetry was also observed in the light curve of SN 2005ap
(Quimby et al. 2007). The photometric evolution of SN 2010gx
is somewhat different from the bell-like shape observed in the
slow-evolving light curve of SCP-06F6 (Barbary et al. 2009).
Assuming negligible host galaxy reddening (Galactic reddening
of E(B — V) = 0.04 mag; Schlegel et al. 1998) and accounting
for redshift effects,'® an absolute rest-frame peak magnitude
of Mp ~ —21.2 (Vega system) is determined for SN 2010gx.
In Figure 2, we compare the rest-frame, B-band absolute light
curve of SN 2010gx with those of a few ultra-bright events and
classical type Ib/c SNe, including broad-lined energetic SNe Ic.
The epoch of the B-band maximum for SN 2010gx was
computed with a low-order polynomial fit to the light curve and
found to be at JD = 2455283 + 2. The absolute peak magnitude
of SN 2010gx is slightly fainter than that of SN 2005ap,'” while
no direct comparison is possible with the peculiar SN 2007bi
(observed well past-maximum in the B band; Young et al. 2010)
and SCP-06F6 (Barbary et al. 2009, for which a reliable rest-
frame absolute light curve was computed only for the u# band).
However, SN 2010gx appears to be 2.5-5 mag brighter than
SNe Ib/c reported in Figure 2, and its overall evolution is much
slower than that of normal Ib/c events, although faster than that
experienced by SN 2007bi.

A major difference between the light curves of SNe Ib/c
and SN 2010gx is the apparent lack of a radioactive tail, in
analogy to that observed in the case of other objects of the

16 Time dilation and K-correction (computed using our SN 2010gx spectra),
with the latter producing Johnson B band from observed SDSS r band.

17 Note that only unfiltered photometry is available for SN 2005ap, calibrated
using USNO-B1.0 R2 magnitudes (Quimby et al. 2007).
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Table 1
Observed (Non-K-corrected) Photometry of SN 2010gx (AB mag) Plus Associated Errors
Date D Phase? u g r i z Telescope

2010 Mar 12 2455267.95 —12.2 18.95 (0.05) PS1
2010 Mar 13 2455268.99 —11.4 18.65 (0.03) PS1
2010 Mar 17 2455272.96 —8.2 18.65 (0.09) PS1
2010 Mar 20 2455276.42 —-5.3 18.33 (0.05) 18.45 (0.03) 18.54 (0.05) 18.76 (0.10) 18.82 (0.18) LT
2010 Mar 21 2455276.61 —-52 18.53 (0.02) 18.76 (0.02) NOT
2010 Mar 22 2455277.77 —4.3 18.50 (0.05) GS
2010 Mar 22-23 2455278.50 3.7 18.33 (0.02) 18.44 (0.02) 18.48 (0.02) 18.71 (0.02) 18.80 (0.04) LT
2010 Mar 23 2455279.31 -3.0 18.43 (0.02) 18.48 (0.02) 18.73 (0.05) LOT
2010 Mar 24 2455280.14 23 18.40 (0.02) 18.48 (0.02) 18.72 (0.03) 18.82 (0.07) LOT
2010 Mar 25 2455281.07 —1.6 18.38 (0.13) uvoT
2010 Mar 27 2455282.52 —-04 18.48 (0.03) 18.43 (0.02) 18.50 (0.03) 18.67 (0.03) 18.84 (0.04) LT
2010 Mar 31 2455286.58 2.9 18.66 (0.07) 18.48 (0.04) 18.53 (0.05) 18.72 (0.04) 18.87 (0.07) LT
2010 Mar 31 2455286.70 3.0 18.67 (0.21) UvoT
2010 Apr 1 2455287.99 4.1 18.72 (0.07) 18.51 (0.13) 18.56 (0.10) 18.75 (0.13) 18.85 (0.17) FTN
2010 Apr2 2455288.85 4.8 18.78 (0.02) 18.52 (0.04) FTN
2010 Apr 4 2455291.45 6.9 18.95 (0.04) 18.57 (0.01) 18.60 (0.02) 18.71 (0.02) 18.84 (0.05) LT
2010 Apr 6 2455293.48 8.5 19.08 (0.25) 18.64 (0.02) 18.64 (0.04) 18.78 (0.03) 18.91 (0.03) LT
2010 Apr 8 2455294.59 9.4 19.26 (0.29) uvoT
2010 Apr 9 2455295.53 10.2 18.71 (0.06) GS
2010 Apr 9 2455296.46 10.9 19.37 (0.04) 18.72 (0.02) 18.70 (0.08) 18.87 (0.16) 18.96 (0.13) LT
2010 Apr 11 2455297.84 12.1 19.44 (0.02) 18.75 (0.01) 18.69 (0.01) 18.88 (0.03) 18.96 (0.04) FTN
2010 Apr 11 2455298.48 12.6 18.82 (0.01) 18.72 (0.01) 18.89 (0.07) 18.99 (0.04) LT
2010 Apr 15 2455301.80 15.3 19.98 (0.04) 18.97 (0.03) 18.78 (0.02) 18.95 (0.04) 19.00 (0.05) FTN
2010 Apr 16 2455303.04 16.3 20.13 (0.31) uvoT
2010 Apr 19 2455305.88 18.6 19.04 (0.02) 19.12 (0.06) FTN
2010 Apr 21 2455308.38 20.6 19.38 (0.02) 19.02 (0.03) 19.10 (0.03) 19.24 (0.07) LT
2010 Apr 22 2455308.58 20.8 19.03 (0.05) GS
2010 Apr 23 2455310.13 22.1 20.71 (0.23) uvoT
2010 Apr 23 2455310.40 22.3 19.48 (0.33) 19.06 (0.28) 19.28 (0.15) LT
2010 Apr 24 2455310.84 22.6 20.75 (0.14) 19.49 (0.05) 19.08 (0.04) FTN
2010 Apr 24 2455310.88 22.7 19.16 (0.08) 19.30 (0.13) FTN
2010 Apr 26 2455313.42 24.7 19.77 (0.07) LT
2010 Apr 26 2455313.44 24.7 19.77 (0.08) 19.17 (0.05) 19.30 (0.10) 19.38 (0.12) LT
2010 May 1 2455318.39 28.8 21.74 (0.30) 20.12 (0.03) 19.43 (0.02) 19.41 (0.03) 19.48 (0.07) LT
2010 May 2 2455318.84 29.1 21.77 (0.31) 19.43 (0.18) 19.49 (0.29) FTN
2010 May 2 2455319.09 29.3 21.81 (0.40) UVOoT
2010 May 3 2455319.54 29.7 21.84 (0.29) LT
2010 May 3 2455320.43 30.4 20.29 (0.04) 19.55 (0.04) 19.54 (0.05) 19.54 (0.11) LT
2010 May 5 2455321.88 31.6 22.02 (0.16) FTN
2010 May 5 2455321.94 31.7 19.61 (0.04) 19.58 (0.08) FTS
2010 May 5 2455322.03 31.7 20.40 (0.27) 19.62 (0.08) FTS
2010 May 6 2455322.88 32.4 20.48 (0.03) 19.66 (0.04) FTS
2010 May 6 2455322.94 32.5 19.61 (0.06) FTS
2010 May 6 2455323.02 32.5 19.63 (0.14) FTS
2010 May 6 2455323.48 32.9 20.54 (0.03) 19.68 (0.03) 19.65 (0.04) 19.63 (0.16) LT
2010 May 7 2455324.38 33.6 20.57 (0.04) 19.71 (0.03) 19.68 (0.11) 19.65 (0.15) LT
2010 May 8 2455325.11 34.2 20.66 (0.08) 19.76 (0.05) FTS
2010 May 9 2455326.09 35.0 19.74 (0.03) 19.74 (0.07) FTS
2010 May 12 2455328.95 37.4 20.90 (0.04) 19.93 (0.02) 19.91 (0.07) FTS
2010 May 14 2455330.84 38.9 >22.49 FTN
2010 May 14 2455330.90 38.9 19.92 (0.03) FTS
2010 May 14 2455331.01 39.0 20.03 (0.05) FTS
2010 May 14-15 2455331.50 39.4 21.13 (0.09) 20.09 (0.14) 19.97 (0.15) LT
2010 May 15 2455331.88 39.7 21.14 (0.07) 20.09 (0.03) FTS
2010 May 16 2455332.82 40.5 >22.53 FTIN
2010 May 17 2455334.09 41.5 20.07 (0.05) FTS
2010 May 18 2455335.02 42.3 21.52 (0.08) 20.40 (0.08) 20.20 (0.06) FTS
2010 May 19 2455336.40 43.4 21.54 (0.06) 20.44 (0.06) 20.14 (0.07) 20.25 (0.18) LT
2010 May 25 2455342.39 48.3 21.91 (0.30) 20.70 (0.22) 20.40 (0.12) 20.49 (0.23) LT
2010 May 30 2455347.42 52.4 22.51(0.12) 20.99 (0.06) 20.87 (0.07) 20.73 (0.29) LT
2010 Jun 1 2455348.95 53.6 20.91 (0.16) FTS
2010 Jun 4 2455352.47 56.5 21.13 (0.19) GS
2010 Jun 8 2455355.43 58.9 >23.88 23.55 (0.28) 21.52 (0.09) 21.31(0.12) 21.33(0.41) WHT
2010 Jun 8 2455355.98 59.3 21.58 (0.13) 21.31(0.16) FTS
2010 Jun 13 2455360.97 63.4 23.91 (0.30) 21.81 (0.20) 21.56 (0.13) FTS
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Table 1
(Continued)
Date ID Phase?® u g r i b4 Telescope
2010 Jun 13 2455361.42 63.8 23.95 (0.49) 21.83 (0.12) 21.58 (0.29) 21.69 (0.39) LT
2010 Jun 16 2455363.98 65.8 >23.73 21.91(0.16) FTS
2010 Jun 29 2455376.88 76.3 22.47(0.21) 22.38 (0.33) FTS

Notes. UVOT-u Swift, and R and I NOT data have been converted to SDSS magnitudes. Column 2 reports the phases with respect to the B-band maximum.
PS1 = 1.8 m Pan-STARRSI1; GS = 8.1 m Gemini South +GMOS; LT = 2.0 m Liverpool Telescope +RatCam; NOT = 2.56 m Nordic Optical Telescope
+ALFOSC; LOT = 1.0 m Lulin Telescope; UVOT = Swift +UVOT; FTN = 2.0 m Faulkes Telescope North +MEROPE; FTS = 2.0 m Faulkes Telescope

South +MEROPE; WHT = 4.2 m William Herschel Telescope +ACAM.
2 Corrected for time dilation.
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Figure 2. B-band absolute light curves of SN 2010gx (Vega system) and a
number of ultra-bright events and canonical stripped-envelope SNe, including
the type Ic SNe 19941 (Richmond et al. 1996, and references therein), 2002ap
(Pandey et al. 2002; Foley et al. 2003; Yoshii et al. 2003; Tomita et al. 2006),
2006aj (Campana et al. 2006; Cobb et al. 2006; Mirabal et al. 2006; Pian et al.
2006; Sollerman et al. 2006), 2003jd (Valenti et al. 2008a), and 1998bw (Galama
etal. 1998; McKenzie & Schaefer 1999; Sollerman et al. 2000; Patat et al. 2001);
the type Ib SNe 2007gr (Valenti et al. 2008b; Hunter et al. 2009) and 2008D
(Mazzali et al. 2008; Soderberg et al. 2008; Modjaz et al. 2009); the type IIb
SN 2008ax (Pastorello et al. 2008). B-band light curves for the luminous SNe
2005ap, 2010gx, and 2007bi are obtained correcting the observed broadband
photometry for time dilation and differences in effective rest-frame band
(K-correction). The high redshift of SCP-06F6 (z = 1.189) did not allow us
to compute a realistic B-band absolute light curve, so we estimated the u-band
light curve (Vega system) from the i775-band photometry of Barbary et al.
(2009). K-corrections for the luminous objects were computed using the spectra
published by Barbary et al. (2009), Quimby et al. (2007), Young et al. (2010),
and this Letter.

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

Quimby et al. sample. However, with the data collected so far,
we cannot exclude the possibility that the light curve flattens
onto a radioactive tail at later epochs. In that case, the expected
amount of *°Ni ejected by SN 2010gx would be comparable (or
only marginally higher, e.g., < 1 M) to that of type Ib/c SNe.

3.2. Spectroscopy

A sequence of spectra of SN 2010gx was obtained with the
2.56 m Nordic Optical Telescope and the 4.2 m William Her-
schel Telescope (La Palma, Canary Islands), and the 8.1 m
Gemini South Telescope (Cerro Pachén, Chile). Pre-maximum
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Figure 3. Spectral evolution of SN 2010gx. All spectra are in the observed
frame. The phases in parentheses are relative to the B-band maximum. The
red pentagons represent the observed spectral energy distribution calculated
using Swift-UVOT (PI: Quimby) and Liverpool Telescope photometry obtained
between March 19 and March 20. Early UVOT magnitudes (Vega system)
are: uw2 = 18.69 + 0.07 (JD = 2,455,276.18), um2 = 18.21 £ 0.08 JD =
2,455,274.64), and uw1 = 17.71 £ 0.06 (JD = 2,455,274.65). The deviation of
the ultra-violet contribution from a hot blackbody continuum (7, = 15,000 K,
dotted blue line) is probably due to line blanketing in that region.

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

spectra obtained on March 21 and 22 show a very blue
continuum (with a blackbody temperature T, = 15,000 &
1700 K) with broad absorption features below ~5700 A
(Figure 3). Weak, narrow emission lines (He, HB, and the [O 111]
doublet at 4959,5007 /0\) of the host galaxy are also visible,
confirming the identification of the broad features as O 11, also
identified by Quimby et al. (2010b) in the spectra of SN 2005ap
(Figure 4, top).

A spectrum obtained on April 1 (+4 days) is still blue
(T, >~ 13,000 £1200 K) but is almost featureless. A significant
evolution of the spectra of SN 2010gx then occurred at 10—
20 days after peak. At these epochs the spectra show very broad
P-Cygni absorptions of Can, Fe1, and SiIi, very similar to
those observed in spectra of young SNe Ic (Filippenko 1997).
The subsequent spectrum, obtained on May 2 (+30 days), is
markedly more similar to those of SNe Ic soon after maximum
light. Finally, a further spectrum was obtained on June 5
(+57 days) and showed only a mild evolution in the spectral
features.
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Figure 4. Top: comparison of early-time spectra of SNe 2010gx and 2005ap
(Quimby et al. 2007) with one of the type Ib SN 2008D associated with the
X-ray transient (XRT) 080109 (obtained +1.84 days from XRT 080109; Modjaz
et al. 2009). All spectra show similar absorption bumps between 3500 A and
4500 A, although slightly shifted in the three spectra. These have been tentatively
identified as O 11 features (Quimby et al. 2010b) and blends of O /N mr/C 1
(Modjaz etal. 2009). Middle: comparison of the April 22 spectrum of SN 2010gx
with spectra of the Ic SN 19941 (Baron et al. 1996) and the moderately broad-
lined SN 2003jd (Valenti et al. 2008a) around maximum. Now the spectrum
of SN 2010gx is dominated by broad absorptions at about 3700 A (Can H
and K), 4300 A (Mg, blended with Fer), 4900 A (Fe, plus possibly Mg1),
and 6100 A (Si). Bottom: comparison of the June 5 spectrum of SN 2010gx
with later spectra of the type Ic SNe 2003jd (Valenti et al. 2008a) and 2004aw
(Taubenberger et al. 2006). The phases labeled in figure are from the B-band
maximum.

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

The spectral evolution of SN 2010gx from an SCP-06F6-
like event to a type Ic SN provides an unexpected clue for
understanding the evolutionary path of this class of transients.
In order to produce O 11 features (together with the Si 111, C 11, and
Mg 11 lines observed in spectra of other objects of this family,
see Quimby et al. 2010a, and Figure 4, top), high photospheric
temperatures are necessary. Interestingly, Modjaz et al. (2009)
noted a short-life “W” feature in a very early spectrum of the type
Ib SN 2008D. That feature, visible in a spectrum taken 1.84 days
after the X-ray flash 080109 associated with the SN, disappeared
1 day later. Modjaz et al. (2009) noted striking similarity with
the early-time spectrum of SN 2005ap and (following Quimby
et al. 2007) tentatively identified such short-life features as a
combination of O, N1, and C III lines. However, the “W”
feature in SN 2008D is slightly blueshifted compared to the
analogous feature visible in the early spectra of SNe 2005ap and

Vol. 724

2010gx. Therefore, fleeting lines due to ionized intermediate-
mass elements could be common in very early spectra of some
type Ib/c SNe. However, these lines are visible for several weeks
after the explosion in SCP-06F6-like objects, which is likely due
to higher densities and temperatures of the ejecta which persist
for longer than in canonical SNe Ib/c.

As the SN expands, the ejecta become cooler and other broad
lines appear (Ca1, Mg, Fel, and Sii). These features are
commonly visible in Ib/c spectra around maximum (Filippenko
1997). In Figure 4 (middle), a later spectrum of SN 2010gx
(+21 days) is compared with a pre-maximum spectrum of the
normal type Ic SN 19941 (Baron et al. 1996) and a slightly post-
maximum spectrum of the broad-line Ic SN 2003jd (Valenti
et al. 2008a). The striking similarity among these three spectra
is a confirmation that SN 2010gx (and possibly all SCP-
06F6-like objects) should be considered spectroscopically as
SNe Ic, although with rather extreme photometric properties
(Section 3.1). The similarity with normal stripped-envelope SNe
is even more evident in the comparison of the last spectrum of
SN 2010gx (June 5) with spectra of the type Ic SNe 2003jd
(Valenti et al. 2008a) and 2004aw (Taubenberger et al. 2006)
obtained about 1 week after their B-band peaks.

4. THE NATURE OF ULTRA-BRIGHT EVENTS

SN 2010gx provides important clues to understand the nature
of ultra-bright events. Its spectro-photometric similarities with
this family is well established: high luminosity, slow-evolving
light curves, similar spectral properties, and faint host galaxies.
The spectral evolution of SN 2010gx now links this family
of transients to the more common type Ib/c SNe, and by
implication the progenitor stars. The overall spectral evolution
is indeed similar to that of SNe Ib/c, although SN 2010gx
spectroscopically evolved on a much longer timescale. The
observed parameters of SN 2010gx present several problems
in interpreting the explosion. Its impressive luminosity at
maximum and slower evolution could simply be interpreted as
implying large photospheric radii (L ~ R>T*) and large ejecta
masses (T ~ (k M/v)'/?; for radiative diffusion from a sphere).
The energy source for SNe Ib/c is the decay of radioactive
isotopes, but the 80 day long post-peak decline of SN 2010gx
(Figure 2) is too steep to be due to °Co decay. It is plausible that
a radioactive tail could be detected at later phases, if the light
curve flattens to the luminosity of the type Ic SN 1998bw. But
this would imply < 1 M, of >°Co decaying into °Fe to power
the tail luminosity, and such a moderate mass of *°Ni cannot
account for the high bolometric luminosity at peak, which is
~(3-4)x 10" erg s~!. Assuming that the bolometric luminosity
from the earliest PTF detection to our earliest multi-band
observation was constant, the energy radiated by SN 2010gx
during the first 100 days is ~6x 10°! erg.

The peak luminosity of SN 2010gx is quite similar to that
of SN 2007bi, but the light curve and spectral evolution are
completely different (Gal-Yam et al. 2009; Young et al. 2010).
The slow decay time and appearance of strong [Feu] lines
in SN 2007bi suggested a kinetic energy of few x10°3 erg,
very massive ejecta, and 3—-6 M, of *Ni synthesized. Gal-Yam
et al. (2009) postulated that this was the explosion of a 100 M,
core in a pair-instability SN. While this possibility was also
noted by Young et al. (2010), the gravitational collapse of
the C+O core of a massive star (Mzams = 50-100 My) is
a viable mechanism (as recently calculated by Moriya et al.
2010). Whatever the explosion scenario, a large amount of
%Ni is necessary. However, SN 2010gx is markedly different
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in its properties, particularly the more rapid decay in its light
curve indicates that the pair-instability scenario and a large °Ni
production are unlikely to be the explanation.

The apparent lack of any evidence of light curve flattening
to a radioactive tail led Quimby et al. (2010b) to favor the
pulsational pair-instability eruption scenario over a genuine SN
explosion for SN 2005ap, SCP-06F6, and other PTF SNe. In the
pulsational pair-instability model, the luminosity is generated by
the collision of shells of material ejected at different times by
the pulsations. Little or no *°Ni powers the light curve for long
periods. The outbursts are expected to be energetic, reaching
very high peak luminosities and creating hot (T, =~ 25,000 K),
optically thick photospheres (Woosley et al. 2007). All of this is
consistent with the parameters observed in ultra-bright SNe, and
our well sampled light curve of SN 2010gx is not too different
from those calculated by Woosley et al. (2007). However, these
models are for supergiant progenitors with large, extended
H-rich envelopes. The energy released in the pulsations is
predicted to be (0.005-2)x10°! erg, in most cases below
10°! erg. This is enough to eject the loosely bound envelope
of an extended supergiant, but weather or not this mechanism
could eject a substantial part of a more compact WR star (Dessart
et al. 2010) remains to be calculated in detail. Additionally, we
do not see any sign of interaction between dense gas shells in
the form of narrow circumstellar lines. While the pulsational
pair-instability model is appealing as it can produce the high
luminosity, it needs further consideration to determine if it is
physically viable for H-free progenitor stars.

Another possibility, also discussed in Quimby et al. (2010b),
is that ultra-bright SNe are powered by the spin down of newly
born magnetars (Kasen & Bildsten 2010; Woosley 2010). A
magnetar with a moderate magnetic field (B ~ 10'* G) and
spinning periods of 2-20 ms can produce peak luminosities
similar to that observed in SN 2010gx (~(3—4)x 10* erg s71).
In addition, magnetar-powered SN models do not need large
%%Ni and total ejected masses (Kasen & Bildsten 2010; Woosley
2010) and can show Ic SN features (Woosley 2010). However
our extensive light curve coverage of SN 2010gx shows a
faster decline than the model light curves, and our estimated
photospheric temperatures are a factor 2—4 higher than model
predictions.

The observational evidence presented in this Letter links
SN 2010gx (and probably the entire family of transients de-
scribed by Quimby et al. 2010b) with SNe Ic. The very luminous
and broad light curve implies much larger ejecta masses than
inferred even for the broad-lined SNe Ic (~8-15 M; Valenti
et al. 2008a). The close similarity in the spectra implies that
the progenitor was a massive WR star, but the energy source
powering the remarkable luminosity is uncertain. In fact, we
have an SN-like transient which does not comfortably match
any of the known SN scenarios, i.e., core-collapse and S6Ni-
powered explosion, pair-instability, pulsational pair-instability
nor magnetar-powered event.

The key diagnostics in the future will be late-time photometric
monitoring after solar conjunction and very early detection of
new events. The presence of a late-time light curve tail with a
slope roughly consistent with the *Co decay could support a
real SN explosion, and the early rise time can help to determine
the progenitor radius and possibly signs of interaction between
colliding shells. The recent suggestion that the most massive
stars in the LMC may be up to 320 M, (Crowther et al. 2010)
could lead to more diverse SN progenitor populations than is
currently appreciated (Smartt 2009).
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A change in the optical polarization associated with a
v-ray flare in the blazar 3C 279

The Fermi-LAT Collaboration and members of the 3C 279 multi-band campaign*

It is widely accepted that strong and variable radiation detected
over all accessible energy bands in a number of active galaxies arises
from a relativistic, Doppler-boosted jet pointing close to our line of
sight'. The size of the emitting zone and the location of this region
relative to the central supermassive black hole are, however, poorly
known, with estimates ranging from light-hours to a light-year or
more. Here we report the coincidence of a gamma (y)-ray flare
with a dramatic change of optical polarization angle. This provides
evidence for co-spatiality of optical and y-ray emission regions and
indicates a highly ordered jet magnetic field. The results also
require a non-axisymmetric structure of the emission zone, imply-
ing a curved trajectory for the emitting material within the jet, with
the dissipation region located at a considerable distance from the
black hole, at about 10° gravitational radii.

The flat spectrum radio quasar 3C 279 was the first bright y-ray blazar
reported by the EGRET instrument aboard the Compton Gamma-Ray
Observatory to show strong and rapidly variable y-ray emission®™
recently, it has also been detected at photon energies above 100 GeV
by the MAGIC ground-based Cherenkov telescope’. This blazar, at red-
shift z= 0.536, harbours a black hole with mass®” M = (3-8) X 10®M,
(where M, is the mass of the Sun); for specificity, we adopt 6 X 10°Mo.
It shows superluminal expansion best described as the jet material pro-
pagating with the bulk Lorentz factor Ij =16 =3 at a small angle
(0= 2°) to our line of sight®. The high degree of the optical polarization
provides evidence for the presence of a well ordered magnetic field in the
emission zone’. This may either reflect the global topology of the large-
scale magnetic field, or may result from the compression of chaotic
magnetic fields in shocks and shear regions along the outflow™.

The best coverage of the broad-band flux variability of 3C 279 was
obtained after the start of routine scientific operation of the Large
Area Telescope (LAT)'" onboard the recently launched Fermi
Gamma-ray Space Telescope (4 August 2008 = 54682 Modified
Julian Day, or MJD). In Fig. 1 we plot the flux history in the y-ray
band above 200 MeV, as well as in the X-ray, optical, infrared and
radio bands, together with polarization information in the optical
band. Of all the observed bands, the y-ray band shows the most
violent variations, with a change by an order of magnitude in flux
during the observation. It also dominates the electromagnetic output
of 3C279, with an apparent y-ray luminosity of as much as
~10" ergs™ (see Fig. 2 and refs 3 and 4). After being quiescent for
the first 100 days or so, the y-ray flux starts to increase at about
54780 MJD, but without any significant spectral changes: the y-ray
photon index is relatively constant during the entire observed period.
The high y-flux state persists for about 120 days and is associated with
erratic flaring, accompanied by bright and variable optical emission.

Towards the end of the high-flux state there is a sharp y-ray flare
at 54880 MJD with a doubling timescale as short as one day. This
sharp y-ray flare coincides with a significant drop in the degree of
optical polarization, from ~30% down to a few per cent, lasting for

At=20days. Subsequently, both y-ray and optical fluxes gradually
decrease together and reach the quiescentlevel, followed by a temporary
recovery of the high degree of polarization. This event is associated with
a dramatic change of the electric vector position angle (EVPA) of the
polarization, in contrast to being relatively constant before the event at
~50° (parallel to the jet direction observed by Very Long Baseline
Interferometry observations in radio bands; see ref. 8 for example).
Because the EVPA has +180° X n (where n=1,2...) ambiguity, we
selected values on the assumption that the EVPA would change
smoothly, such that it would follow the overall trend. The polarization
angle increases slightly at 54880 MJD—coincident with the y-ray
flare—then decreases by 208° at a rate of ~12° per day, and returns
to a level nearly exactly 180° from the original level, closely resembling
the behaviour of optical polarization measured in BL Lacertae'?, but ata
rate four times slower. This clearly indicates that the sharp y-ray flare is
unambiguously correlated with the dramatic change of optical polariza-
tion due to a single, coherent event, rather than a superposition of
multiple but causally unrelated, shorter duration events.

Concurrent X-ray observations indicate a relatively steady X-ray
flux during the high y-ray flux state (although with modest amplitude
variations roughly mirroring the y-ray time series; A. Marscher,
personal communication), but reveal a significant, symmetrical flare
about 60 days after the second y-ray peak—at 54950 MJD—with a
duration of ~20 days, similar to the duration of the y-ray flare. It
suggests that the X-ray photons are produced at a distance from the
black hole comparable to the distance of the optical/y-ray photons.
Importantly, this X-ray flare is accompanied only by a modest increase
of optical activity and not by a prominent optical or y-ray flare. The
X-ray spectrum during the isolated flare remains much harder than
the optical spectrum (see Fig. 2), and therefore cannot be attributed to
a temporary extension of the high-energy tail of the synchrotron
emission, but instead, may be generated by inverse-Compton scatter-
ing of low-energy electrons. However, the similarity of the profiles of
the y-ray and X-ray flares argues against the latter being just a version
of the former that is delayed owing to particle cooling, for example.
Therefore, the X-ray flare must be produced independently by another
mechanism involving primarily lower-energy electrons.

During the entire multiwavelength campaign reported here, the
radio and millimetre fluxes are less variable than fluxes in other
bands. In particular, they stay nearly constant in the periods of the
two prominent y-ray flares and the isolated X-ray flare, and no asso-
ciated or delayed radio flare was observed. This suggests that the
blazar activity in 3C 279 takes place where the synchrotron radiation
at these wavelengths is not yet fully optically thin, constraining the
transverse size Ryj,,.r Of the blazar emission zone':

Rplazar <5 % 1016 (VF‘,/Z X 10_1lerg Cm—2 S_1)1/2

(803 G (/10 15) 7" (130/15) am

*Lists of participants and their affiliations appear at the end of the paper.
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Figure 1| History of flux in various bands, y-ray photon index, and optical (RXTE) and dark-green points are measurements by Swift-XRT. d, Optical
polarization of 3C279. Light curves at the indicated wave bands coveringa  and ultraviolet (UV) fluxes in several bands. R-band data were taken by
year since the Modified Julian Day (MJD) of 54650 (corresponding to 3 July ~ ground-based telescopes from the GASP-WEBT collaboration™. V-band data
2008). The two dashed vertical lines indicate 54880 and 54900 MJD. Error were taken by a ground-based telescope (Kanata-TRISPEC*) and Swift-
bars at each point represent a 1 s.d. statistical uncertainty. a, b, Gamma-ray =~ UVOT. Data in all other bands were acquired by Swift-UVOT.

flux F, and photon index /" above 200 MeV averaged over 3-day intervals as e, f, Polarization degree and electric vector position angle (EVPA) of the

measured by Fermi-LAT from photons that passed the ‘diffuse’ event optical polarization measured by the Kanata-TRISPEC in the V-band (dark
selection. The source fluxes are calculated using ‘P6_V3_DIFFUSE’ for the blue) and by the KVA telescope without any filters (light blue). Note that
instrumental response function and a simple power-law spectral model: EVPA has £180° X n (where n =1, 2...) ambiguity. The horizontal dashed

dF/dE  E'. The detailed data analysis procedures are analogous to thosein  lines in f refer to EVPAs of 50° and —130°. g, h, Near-infrared flux Fy and
ref. 22. ¢, X-ray integrated flux Fx between 2 and 10 keV, calculated by fitting  radio fluxes measured by ground-based telescopes. Kanata-TRISPEC

the data with the simple power-law model taking into account a Galactic measured the J and K NIR bands, OVRO measured the 15 GHz radio band
absorption. Light-green points are from the observations with the and GASP-WEBT measured the J, H, K and several millimetre and radio
Proportional Counter Array (PCA) onboard the Rossi X-ray Timing Explorer ~ bands. All UV, optical and NIR data are corrected for the Galactic absorption.

(where VvF, is the energy flux measured in the millimetre band  inturn doesnotrequire any source/pattern propagation), or a curved
[~10"""Hz]), which is consistent with the limit provided by the trajectory of the dissipation/emission pattern. The last possibility
shortest doubling timescales of the y-ray flux variations. may be due to propagation of an emission knot following a helical

The gradual rotation of the polarization angle is unlikely to origi-  path in a magnetically dominated jet as was recently investigated in
nate in a straight, uniform axially symmetric, matter-dominated jet  the context of the optical polarization event seen in BL Lacertae'?, or
because any compression of the jet plasma by, for example, a per-  may involve the ‘global’ bending of a jet. The magnetic field in the
pendicular shock moving along the jet and viewed at a small but  emission region is anisotropic (presumably concentrated in the plane
constant angle to the jet axis would change the degree of polarization,  of a shock or disturbance propagating along the jet), so the degree
but would not result in a gradual change of EVPA. Instead, it could  and angle of observed polarization then depends on the instan-
reflect a non-axisymmetric magnetic field distribution (as in, for  taneous angle 0 of the direction of motion of the radiating material
example, ref. 14), a swing of the jet across our line of sight (which 5 lto the line of sight. The maximum rotation rate of the polarization
920
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Figure 2 | Energy spectrum from radio to y-ray band of 3C 279 at two
different epochs. The red points were taken between 54880 and 54885 MJD,
corresponding to the first five days of the sharp y-ray flare accompanying the
dramatic polarization change event (epoch 1). The blue points were taken
between 54950 and 54960 MJD, around the peak of the isolated X-ray flare
(epoch 2). The y-ray spectra were measured by Fermi-LAT. In the X-ray band,
the flux points are obtained by the RXTE-PCA in epoch 1 (red) and by Swift-
XRT in epoch 2 (blue). The fluxes in the UV range were measured by Swift-
UVOT. Observations in the optical-to-radio bands were performed by
ground-based telescopes as given in Fig. 1 (with additional radio coverage
provided by the Effelsberg radio telescope®). Each data point represents an
average source flux and the error bar represents =1 s.d. of the flux during each
epoch. Each data point is already corrected for Galactic absorption. Note that
the total energy associated with the X-ray flare is relatively modest, about 30
times less than the energy associated with the y-ray flare accompanying the
dramatic polarization change, and the y-ray emission is still dominant, having
five times the X-ray energy flux even during the X-ray flare event.

angle would correspond to 0 = 0,,;, and the polarization degree
would be highest for 0 = 1/I. The ‘bent jet’ scenario can explain
the observed polarization event (the change of angle as well as the
magnitude of polarization) provided the jet curvature is confined to
the plane inclined to the line of sight at an angle 0,,j, <1/7j¢ and
configured in such a way that the jet trajectory projected on the sky
turns by almost 180°. Similar geometry—albeit on larger scales—has
been observed in another blazar'®, PKS 1510-089. Nonetheless, in
both scenarios, the coherent polarization event is produced by a
density pattern co-moving along the jet, and so it is possible to
estimate the distance travelled by the emitting material during the
flare, Areyens this in turn allows us to constrain the distance of the
dissipation region (where flaring occurs) from the black hole, reyent
because Tevent = Arevent- With this) Tevent = Arevent =~ 1()IQ(Atevem/
20 days)(Le/ 15)? cm, which is about five orders of magnitude larger
than the gravitational radius of the black hole in 3C279.

The constraints on the distance of the dissipation region can be
relaxed under ‘flow-through’ scenarios, in which the emission
patterns may move much more slowly than the bulk speed of the
jet or not propagate at all: one such example is the model involving
swings (‘wobbling’) of the jet associated with jet instabilities such that
its boundary moves relative to our line of sight. In this case, the
timescale for the observed variation is the timescale for the jet
motion. Consequently, the emission region can easily be much closer
(by a factor I jzet) to the black hole than in the ‘helical’ or ‘bent jet’
scenarios, because the natural radial scale for At. .. = 20days is
Tevent = Aleyent = 500-1,000 gravitational radii (see, for example,
ref. 16). Under this scenario, the angle the jet makes with the line
of sight must change by at least ~I" j;1 to explain the large swing of
polarization. Here, the jet motion can be imposed at its base, be
caused by deflection due to external medium, or be a consequence
of dynamical instability.

This leaves us with three viable possibilities. Both the scenario
involving a knot propagating along the helical magnetic field lines
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and the ‘flow-through’ scenario above imply that the rotation of the
polarization angle should be preferentially following the same direc-
tion, because in those two models the twist presumably originates in
the inner accretion disk. In our case, we observe the rotation of the
polarization angle to be opposite in direction to that measured previ-
ously’, leaving us with the ‘bent jet’ model combined with a small
swing of the jet as the most compelling scenario.

The dominant source of ‘seed” photons for inverse-Compton
scattering depends on the distance of the dissipation event from
the central black hole'. At the parsec distances predicted by the
‘helical” or ‘bent jet’ scenarios that involve the radiating material
co-moving with the jet, the seed radiation fields are dominated by
infrared radiation emitted by a warm dust located in the circum-
nuclear molecular torus and by synchrotron radiation produced
within the jet. At the sub-parsec distances implied by the ‘flow-
through’ scenarios, this photon field could be the broad emission
line region' (clearly detected in this object'®, as expected in a quasar
possessing a luminous accretion disk'?), as well as the direct radiation
of such a disk® or its corona®'. In any case, the ~20-GeV electrons
and positrons producing the highest-energy v rays and the polarized
optical radiation lose their energy on timescales shorter than the light
travel-time from the black hole, and so must be accelerated locally.

In summary, the close association of the energetically dominant
v-ray flare with the smooth, continuous change of the optical polariza-
tion angle suggests co-spatiality of the optical and y-ray emission and
provides evidence for the presence of highly ordered magnetic fields in
the regions of y-ray production. Provided the emission pattern is co-
moving with the jet, we can measure the distance of the coherent event
to be of the order of 10° gravitational radii away from the black hole.
While the available data cannot exclude the theoretically less explored
‘flow-through’ scenarios—in which the dissipation events may take
place at much smaller distances, down to ~10> gravitational radii—
that the observed direction of rotation of the optical polarization angle
is opposite to the direction previously measured appears to support
the jet bending at larger distances as the best explanation of the avail-
able data. Furthermore, the detection of the isolated X-ray flare chal-
lenges the simple, one-zone emission models, rendering them too
simple. However, the Fermi satellite has been in operation for only
just over a year, and the outlook for a more comprehensive picture of
these enigmatic objects, primarily via multi-band campaigns includ-
ing well-sampled optical polarimetry, is excellent.
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ABSTRACT

We analyzed data accumulated during 2005 and 2006 by the Taiwan—American Occultation Survey (TAOS) in
order to detect short-period variable stars (periods of <1 hr) such as § Scuti. TAOS is designed for the detection of
stellar occultation by small-size Kuiper Belt Objects and is operating four 50 cm telescopes at an effective cadence
of 5 Hz. The four telescopes simultaneously monitor the same patch of the sky in order to reduce false positives.
To detect short-period variables, we used the fast Fourier transform algorithm (FFT) in as much as the data points
in TAOS light curves are evenly spaced. Using FFT, we found 41 short-period variables with amplitudes smaller
than a few hundredths of a magnitude and periods of about an hour, which suggest that they are low-amplitude
& Scuti stars. The light curves of TAOS § Scuti stars are accessible online at the Time Series Center Web site

(http://timemachine.iic.harvard.edu).

Key words: stars: variables: delta Scuti — methods: data analysis — surveys

1. INTRODUCTION

& Scuti stars (hereinafter, § Sct stars) are pulsating variables
inside the classical instability strip and on or close to the main
sequence. They are typically placed lower on the instability
strip than RR Lyrae stars or Cepheids and thus they are fainter
than RR Lyrae stars or Cepheids. Their spectral types are
between A and late F. Their periods are between ~0.02 days
and ~0.25 days, which is relatively shorter than other types
of variables (e.g., ¥ Dor; Henry et al. 2001). Based on these
characteristics, § Sct stars can be separated from other types of
variable stars such as RR Lyrae, 8 Cepheid, y Dor, etc. (Breger
2000a).

The majority of the § Sct stars are low-amplitude & Sct stars
(LADS) with amplitudes from a millimagnitude to a few tens of a
millimagnitude. LADS are mainly non-radial p-mode pulsators
(Breger 2000a). Another subgroup of & Sct stars is the high-
amplitude 6 Sct stars (HADS), whose amplitudes are bigger than
~0.3 mag. HADS are radial pulsators (Breger 2000a; Rodriguez
et al. 1996). In addition to LADS and HADS, there is another
interesting type of pulsation star called SX Phe variable stars,
which exhibits a type of pulsation similar to the é Sct stars. They
are relatively old and evolved Population II stars, whereas most
of the § Sct stars are Population I stars. Stellar evolutionary
theory is not yet successful at explaining these SX Phe variable
stars (Rodriguez & Lépez-Gonzélez 2000). Most of the SX Phe
show similar properties with HADS such as high amplitude and

short period. More detailed review of § Sct stars is presented in
Breger (2000a, and references therein).

Because of their great number of radial and non-radial modes,
it is known that § Sct stars are suitable for asteroseismology
research, which enables study of stellar interior structures
(Brown & Gilliland 1994). For a better understanding of
pulsating § Sct stars and thus stellar structure, several authors
studied & Sct stars and detected their multiple frequencies of
pulsation using either ground-based observations or space-based
observations (Breger et al. 2002, 2005; Ripepi et al. 2003; Buzasi
et al. 2005; Bruntt et al. 2007; Pribulla et al. 2008). Due to
the better photometric precision, space-based observation data
show better results on the analysis of multiple frequencies than
ground-based observation data (Bruntt et al. 2007; Pribulla
et al. 2008). However, some authors have pointed out that
ground-based observations using multiple-site telescopes are
still valuable because, with a baseline longer than space-based
observations, they are useful for detecting long-period pulsation
(for more details, see Breger et al. 2005; Bruntt et al. 2007, and
references therein). Moreover, by parameterizing the amplitude
ratio and the phase differences in different filters (e.g., ubvy), it
is possible to derive the spherical harmonic degree, [ (Garrido
et al. 1990; Balona & Evers 1999; Moya et al. 2004), which
is an important parameter for the asteroseismology studies.
Therefore, ground-based telescopes that are more feasible for
multiple-site and multiple-filter observations (e.g., Delta Scuti
Network, Zima et al. 2002) are nonetheless useful for the
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identification of pulsation modes and thus for the study of
interior structures.

Another interesting feature of § Sct stars is that some of them
show period and amplitude variations (Breger & Pamyatnykh
1998; Breger 2000b; Arentoft et al. 2001). The period variation
(1/P) dP/dt, based on observations, is about 10~ per year
for both period increases and decreases with equal distribution.
On the other hand, theoretical models give 10 times smaller
period variation than observed; they also predict that period
increases should be dominant over period decreases (Breger &
Pamyatnykh 1998). Amplitude variations and timescales of the
variations are different from star to star, ranging from a few
millimagnitudes to several tens of millimagnitudes and from
a few tens of days to a few hundreds of days (Arentoft et al.
2001). These period and amplitude variations are thought to be
caused not by evolutionary effects but by some other mechanism
(e.g., light-time effect because of the orbital motion in binaries
or nonlinear mode interactions). However, the true origin of
the variations is still unknown. For more details, see Breger &
Pamyatnykh (1998) and references therein.

McNamara et al. (2007) investigated HADS in the Large
Magellanic Cloud (LMC) and their period—luminosity (P—L)
relation to test if they can be used as the standard distance
candles. They found that the distance modulus for LMC derived
using § Sct stars is consistent with the distance moduli for LMC
derived using RR Lyrae and Cepheids, which implies the P-L
relation of § Sct stars can help to determine distances of long-
distance objects such as objects in the LMC.

In this paper, we present the detection of 41 § Sct candidate
stars from the Taiwan-American Occultation Survey (TAOS)
data accumulated during 2005 and 2006 observation (here-
inafter, TAOS § Sct stars). Among the 41 detections, there is one
previously known “suspected variable” star, NSV 3816, from the
Suspected Variable Stars and Supplement (Samus et al. 2009,
no period or type is provided in that catalog). The rest of the
40 TAOS § Sct stars are newly detected by this study. Only 14
of the detected TAOS § Sct stars have spectral types. Twelve of
those have spectral types from A to F, which are typical for § Sct
stars. The remaining two have B8 and G5 spectral types, which
are peculiar spectral types. Using spectroscopic instruments—
BOES (Kim et al. 2007) and FAST (Fabricant et al. 1998)—we
obtained spectra for those two stars. As aresult we found that the
B8 star is an A5 star and the G5 star is an FO star. Even though
the rest of the detected stars do not have spectral-type informa-
tion, their low amplitudes, short periods, and morphologies of
light curves strongly suggest that they are LADS.

In Section 2, we present a TAOS overview, data reduction
processes, and the detection algorithm we used to detect § Sct
stars in TAOS two-year data. We provide a list of the detected
TAOS § Sct stars and their physical parameters (e.g., magnitude,
period, amplitude, spectral type, etc.) in Section 3. In Section 4,
we present summaries.

2. TAOS & Sct STARS
2.1. TAOS Overview

TAOS aims to detect stellar occultations caused by small-
sized Kuiper Belt Objects (KBOs) at a distance of Neptune’s
orbit or beyond (Alcock et al. 2003; Chen et al. 2007; Lehner
etal. 2009). Because of the short duration (<1 s) and the rareness
of occultation events, TAOS monitors several hundreds of stars
in a wide field of view (3 deg?) with a high sampling rate. To
reduce false positives, TAOS uses four 50 cm telescopes which
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simultaneously monitor the same patch of the sky. Due to the
high sampling rate, TAOS data are also useful for detecting
short-period variable stars such as § Sct stars. Moreover, TAOS
telescopes keep monitoring the same field up to 1.5 hr and
can thus obtain full-phase light curves of variable stars whose
periods are shorter than 1.5 hr. To detect such short-period
variable stars, we analyzed TAOS data accumulated during 2005
and 2006. The data set consists of 117 TAOS observation fields,
which cover 351 deg” of the sky. It consists of ~200 runs,
where a run is a set of multiple (two or three'*) telescope
observations for a given field and a given date. Note that
the TAOS telescopes occasionally visit the same observation
field multiple times according to the telescopes’ observation
schedules, which enables detecting the same variable stars
multiple times. In such a case, we are able to derive multiple
frequencies of the stars as explained in Section 3.1.

2.2. Data Reduction

To detect periodic signals, we analyzed the light curves
generated by the TAOS photometry pipeline (Zhang et al. 2009).
The pipeline was developed by the collaboration to extract light
curves of each star from zipper images. The zipper images
are generated by the unique telescope operation mode called
zipper mode which was developed in order to achieve high-
speed photometry (Lehner et al. 2009).

After obtaining the light curves using the TAOS photometry
pipeline, we applied further cuts to the light curves. Some of the
individual measurements are flagged as invalid. This happens
when the star moves out of the field of view because of tem-
porary telescope vibrations or tracking error, thus yielding no
photometrical measurements. We therefore applied a B-spline
(de Boor 1978) and replaced the flagged measurements with
values interpolated from the spline fit. After the interpolation
process, in order to increase the signal-to-noise ratio (S/N), we
binned each light curve using a fifty-point window (10 s). Dur-
ing the binning process, we used the average time of the 50 data
points as the time of the binned data.

We then removed the systematic variations that are common
across light curves of the same run. Such systematic variations,
which we call trends, could be caused by air mass, temporary
telescope vibrations, noise in CCD images, etc. To remove such
trends, we applied the Photometric DeTrending algorithm (PDT,
Kim et al. 2009) to each individual run. PDT first calculates
the correlation between whole light curves as a measure of
similarity between light curves. PDT then uses the hierarchical
clustering algorithm (Jain et al. 1999) to group similar light
curves together and determines one master trend per group
by summing weighted light curves in the group. Using the
determined master trends, PDT finally removes trends from each
individual light curve by minimizing the residual between the
master trends and the light curve. For more details about PDT,
see Kim et al. (2009).

Figure 1 shows an example of a TAOS & Sct star’s light curve
before and after the detrending process. The x-axis is time in
minutes, and the y-axis is flux. As the figure shows, periodic
signals are clearly recovered after detrending. We show the
errors for each photometric measurement before detrending,
propagated from the errors estimated by the TAOS photometry
pipeline (Zhang et al. 2009).

14 During 2005 and 2006 observational season, one of the four TAOS
telescopes was not operational.
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Figure 1. Example light curve of a TAOS § Sct star. The x-axis is time
in minutes and the y-axis is flux. The top panel is the light curve before
detrending and the bottom panel is the light curve after detrending. The
periodic signals contaminated by unstable weather (e.g., moving clouds) are
successfully recovered after detrending. We show the errors for each photometric
measurement of the raw light curve.

2.3. Detection of Short-period Variable Stars

After we finished the preprocessing, explained in the previous
section, we applied the fast Fourier transform algorithm (FFT;
Brigham 1974) to each light curve in order to detect periodic
signals. Note that the individual measurements of TAOS light
curves are evenly spaced with a 5 Hz sampling rate.'> Thus FFT
is appropriate for the detection of periodic signals. We focused
on the detection of short-period variable stars whose periods are
<1.5 hr because TAOS monitors a given field for a maximum
of 1.5 hr.

We describe the basic steps of the detection process below.

1. We apply FFT to each detrended light curve and derive the
power spectrum of the light curve. We then examine if there
exists a frequency (or frequencies) whose power is bigger
than five times the standard deviation of powers of the
background frequencies. The standard deviation of powers
is calculated after removing outliers using 3o clipping.'®
We identify the star as a variable candidate if there is a
frequency higher than five times the standard deviation.

2. For each candidate variable, we check if the periodic signal
is detected on the other telescopes’ light curves of the same
run. If it is not detected by the other telescopes, we remove
the star from the candidate list.

3. We visually inspect all raw zipper images for the candi-
dates and remove false positives caused by moving aster-
oids, photometry defects, or other contamination due to
various noise sources. For instance, the flux of stars in the
neighborhood of fast-moving objects could be increased
and decreased within an hour, which resembles periodic
signals.

4. We cross-match all of the candidates with SIMBAD
(Wenger et al. 2000) and remove the false positives that are
confirmed to be other types of variable stars (e.g., eclipsing
binary stars).

15 Binned light curves are evenly spaced as well.
16 Those outliers are only removed for the calculation of the standard
deviation. They are included in the search of periodic signals.
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5. Finally, we remove the variable stars whose periods are
longer than 1.5 hr.

3. DETECTION RESULTS

With the detection algorithm described in the previous sec-
tion, we found 41 § Sct candidate stars whose periods are shorter
than 1.5 hr and whose amplitudes are within a few hundredth of
a magnitude (hereinafter, TAOS § Sct stars). Among those 41
TAQOS § Sct stars, one of them is a previously suspected variable
star, NSV 3816, from the Suspected Variable stars and Supple-
ment (Samus et al. 2009). However, the period and amplitude
of NSV 3816 have never been published before. The remaining
40 TAOS 6§ Sct stars are newly detected by this study.

After the TAOS § Sct stars were identified, we extracted the
physical parameters of each star by cross-matching them with
various astronomical catalogs. We show catalogs we used in
Table 1. We found that 12 of the detected 41 TAOS § Sct stars
have spectral types from A0 to F5, which are typical spectral
types for & Sct stars. Unfortunately, the rest of them, except for
two peculiar 6 Sct stars—discussed in Section 3.3—do not have
spectral information. Nevertheless, their short period and low
amplitude strongly suggest that they are LADS rather than other
types of variables, such as RR Lyrae or Cepheids, whose periods
and amplitudes are relatively longer and larger than those of §
Sct stars.

As a byproduct of our analysis, we detected a previously
known variable star with § Sct pulsation, GM Leo, which is
actually a A Bootis star (Handler et al. 2000). Some XA Bootis
stars show § Sct pulsations (Paunzen 2004) and can have
spectral types from late B to early F, which makes it difficult
to distinguish them from & Sct stars. In such cases, there are no
clear differences between § Sct stars and A Bootis stars except
the metal abundance (Balona 2004); A Bootis stars show weak
metal lines such as the Mg 11 A4481 line (Paunzen 2004).

We also checked several preexisting catalogs of § Sct stars
to see if there are previously known & Sct stars in the TAOS
observation fields. Table 2 shows the preexisting catalogs we
checked. As aresult of this search, we found only one previously
known § Sct pulsation star to be in the TAOS observation fields.
That turns out to be GM Leo, which, as mentioned above, we
successfully detected. Although GCVS classified GM Leo as
8 Sct star based on the work by Handler et al. (2000), Handler
etal. (2000) in their paper claimed GM Leo is not a § Sct star but
a A Bootis star. Thus we removed GM Leo from our detection
list.

3.1. List of the Detected 41 § Sct Stars

Table 3 shows the 41 TAOS § Sct stars’ physical information
such as positions, magnitudes, frequencies, amplitudes, spectral
types, etc.

We used the FFT algorithm to detect periodic signals; how-
ever, we used PERIODO04 to derive their physical parameters
such as period and amplitude.!” This is because PERIOD04
improves the frequency by fitting the light curve with a com-
bination of sine curves. Moreover PERIODO04 also provides
errors for the derived frequencies. Figure 2 shows a compari-
son result of power spectra derived from an FFT method and
PERIODO04 for a single TAOS § Sct star. The x-axis is frequency
in counts/day and the y-axis is scaled power. The solid line is

17" Since PERIODO04 gives half of the full amplitudes, we doubled amplitudes
derived by PERIODO04 as Rodriguez et al. (2000) and other authors do.
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Table 1
Catalogs Used to Extract Additional Parameters
Catalog Reference
GCVS Perryman & ESA (1997)
All-Sky Compiled Catalogue of 2.5 million stars Kharchenko (2001)
HD Cannon & Pickering (1993)
Catalog of Stellar Spectral Classifications Skiff (2009)
Tycho-2 Catalogue of the 2.5 Million Brightest Stars Hgg et al. (2000)
Guide Star Catalog (GSC) Lasker et al. (2008)
USNO-B 1.0 Monet et al. (2003)
SAO Star Catalog J2000 SAO Staff (1995)
Catalog of Projected Rotational Velocities Glebocki & Stawikowski (2000)
Rotational Velocity Determinations for 118 § Sct Variables Bush & Hintz (2008)
Table 2
Preexisting Catalogs of § Sct Stars
Catalog Source Surveys Number of § Sct Stars Reference
R2000? MACHO, OGLE, Hipparcos, etc ~600 (Rodriguez et al. 2000)
ROTSEP ROTSE 6 (Jin et al. 2003)
ASAS® ASAS ~500 (Pojmanski et al. 2006)
GCvsd Various surveys ~500 (Samus et al. 2009)
TAOS TAOS 41 This paper
Others
5 new y Doradus and 5 new § Sct survey 5 (Henry et al. 2001)
Case study for HD 173977 1 (Chapellier et al. 2004)
Case study for HD 8801 1 (Henry & Fekel 2005)
The first HADS in an eclipsing binary star 1 (Christiansen et al. 2007)
Variable stars in NGC 2099 9 (Kang et al. 2007)
Transit survey of M37 2 (Hartman et al. 2008)
ASAS variable stars in the Kepler field of view 4 (Pigulski et al. 2009)
Notes.
2 The catalog compiled by Rodriguez et al. (2000).
b Robotic Optical Transient Search Experiment.
¢ All-Sky Automated Survey.
4 General Catalog of the Variable Stars.
" " " ; of the sky. Thus we have a maximum of three simultaneous light
B Ezio 404 curves for all TAOS § Sct stars for a given zipper run. To derive
10k more precise frequencies and amplitudes, for each identified &
Sct star we summed the light curves from each of the telescopes.
Moreover, the TAOS telescopes occasionally visit same fields
0.8 multiple times. In such cases, we merge all corresponding
g normalized light curves'® of each identified § Sct star into a
3: 0.6 single but longer light curve. Having longer light curves we were
< able to extract multiple frequencies using PERIOD04. Among
& the extracted frequencies, we selected the frequencies whose
04 S/Nis bigger than 5. The S/N of each frequency was calculated
) using PERIOD04 as well.” As a result, we found 16 TAOS §
02 I Sct stars having multiple frequencies (see Table 3). Note that
) we did not attempt to extract multiple frequencies if the star is
' detected only once (i.e., detected in only a single zipper run). It
0.05 60 200 500 300 1000 is also worth mentioning that we lose detectability on relatively

Frequency (cd™!)

Figure 2. Comparison result of the power spectrum derived from an FFT method
and from PERIODO04. The x-axis is frequency in counts/day and the y-axis is
scaled power. The solid line is the power spectrum derived from an FFT method,
and the dashed line is the power spectrum derived from PERIODO04. The two
spectra appear almost identical.

a power spectrum derived from an FFT method, and the dashed
line is a power spectrum derived from PERIODO04. As the figure
shows, the two spectra are almost consistent.

As we mentioned in the previous section, TAOS operates
multiple telescopes simultaneously monitoring the same patch

long-period pulsations because we normalized the light curves
while merging them.

All detected § Sct stars are relatively bright as shown in the
table (the faintest star’s my is around 12). This is because the
limiting magnitude of TAOS zipper mode is relatively bright at
~13.5 (Lehner et al. 2009) and also because high S/N is needed
to detect low-amplitude variations of a few millimagnitudes. To

18 We normalized each light curve by their mean values.

19 Although other authors have suggested a threshold of S/N > 4 (Breger

et al. 1993; Christiansen et al. 2007), we empirically found that a threshold of
S/N > 4 produces false positives and thus we set the S/N threshold to 5.
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Table 3
TAOS § Sct Stars in TAOS Two-year Data
No. ID? RA. Decl. my mg Frequency Amy® S/N° Epoch Spectral Type ~ #/#¢ Note
(hh:mm:ss)  (dd:mm:ss) (cd™) (mmag) (MJD)
1 124.00003 00:52:40 +06:39:55 8.89 9.20 24421 +3.975¢* 3.83 £ 0.20 6.5 53626.7469 A2 477
2 038.00124 02:56:54 +34:23:20  11.60  12.00  23.598 & 4.775¢~! 7.95 + 0.44 11.9 53678.6909 1/2
3 053.00009 03:37:02 +18:21:51 8.48 8.80  20.544 £ 2.314e~* 599 £+ 0.14 18.5 53671.7396 A2 3/8
4 059.00115 03:42:41 +17:55:01  12.12  12.60 25.836 & 7.587e* 9.19 + 0.68 13.6 54021.6614 3/8
32.116 + 8.434e™* 7.97 £ 0.66 11.8 54021.6579
12.034 + 1.291e73 4.94 £ 0.58 7.5 54021.5979
40.403 & 1.713¢73 3.53 £ 0.62 5.25 54021.6523
5 059.00005 03:46:01 +18:34:00 9.14 9.46  33.11542.022¢™* 8.00 £+ 0.20 15.7 54006.7013 AS 7/8 Bg¢
18.068 =+ 4.793e~* 3.26 £ 0.20 6.4 54006.7020
6 049.00056 04:03:21 +19:21:31 1091 11.48  24.205 £ 3.694e* 9.15 + 0.34 13.7 54029.8147 6/16
17.761 & 6.312¢ ™ 4.98 + 0.36 7.5 54029.7806
29.544 + 8.243¢ 4 4.00 £ 0.34 6.0 54029.8094
7 068.00053 04:30:06 +20:55:00 1145 12.36  32.504 £2.402¢=>  10.17 & 0.28 15.5 53643.8513 FO 8/15 Gsf
26.117 £5.939¢ 4.10 £ 0.28 6.24  53643.8542
8 060.00151 04:48:37 +21:10:33 1144 11.64  43.180 & 3.709¢* 5.13 + 0.26 8.4 54012.7340 F5 6/32
9 022.00001 04:56:14 +21:34:20 7.34 7.70  21.582 + 1.709¢* 3.97 £ 0.12 12.9 54021.7647 FO 7/25
21.146 & 3.268¢™* 2.15 + 0.12 6.94  54021.7495
40.637 + 4.339¢ ™4 1.57 £ 0.12 5.12  54021.7926
10 020.00206 05:08:38 +22:49:37  11.85 12.16  53.575+5.075¢~! 7.62 + 0.46 9.9 53705.6765 1/3
11 020.00141 05:09:24 +23:16:05 1140 12.29 31.535 + 6.862¢~! 6.87 £ 0.52 5.7 53705.6877 1/3
12 021.00011 05:09:40 +21:50:05 8.99 9.21  41.754 £ 1.493¢™* 8.05 + 0.18 17.7 53975.7771 5/7
37.264 + 4.476e* 2.73 £ 0.18 59 53975.7883
13 020.00135 05:10:14 +23:01:24 1090 11.78  39.254 4 6.865¢~! 5.11 + 0.40 6.3 53705.6974 1/3
14 024.00234 05:15:19 +22:53:41 11.93 1239  25.804 £247le”! 3535 + 1.04 12.8 53679.7864 1/2
15 160.00106 06:01:30 +21:27:38  10.38  10.69  21.063 £ 3.878¢* 7.44 £ 0.22 13.9 53680.8125 3/8
16 160.00004 06:04:05 +21:29:39 7.81 7.97  25.827 +5.607e* 4.70 £ 0.16 15.5 53680.8193 3/8
22.395 £ 7.432¢ 4 3.55 £ 0.14 11.7 53680.8406
38.868 £ 1.077e 3 1.59 £ 0.12 52 53680.8298
17 160.00199 06:04:26 +21:21:55 10.96 11.16  43.741 £9.070e* 4.12 £ 0.26 11.0 53680.8119 3/8
18 052.00132 07:39:07 +21:39:20  11.14  11.67  23.802 & 3.343¢ 73 4.69 £ 0.30 72 53699.7766 2/3
19 052.00069 07:39:09 +20:48:41 1043 10.85 21.288 £ 7.664e* 7.51 £ 0.28 11.6 53682.7645 3/3
29.627 £ 1.666e > 3.41 + 0.28 52 53682.7835
20 052.00159 07:39:20 +21:11:22 1125 11.59 18.793 £+ 2.293¢3 9.59 £ 0.42 18.8 53699.7682 2/3
27.366 & 3.345¢ 73 6.69 + 0.42 13.4 53699.7680
41.107 & 6.306¢ 3 3.19 £ 0.32 6.2 53699.7687
21 054.00014 07:56:31 +21:52:29 9.50 9.74 20310 £ 6.086e > 2.89 + 0.14 8.5 53702.8142 AS 9/19 NSV 3816
45.725 4 7.022¢ 7 2.16 £ 0.14 6.3 53702.8211
23.012 & 7.570e 3 2.32 £ 0.14 6.8 53702.8130
22 054.00075 07:58:27 +21:36:24  10.80  11.11  22.591 £ 3.776e> 7.21 £ 0.026 129 53702.8148 5/19
23 064.00006 08:43:26 +16:53:00 8.80 9.11  19.763 £3.791e"! 6.84 + 0.34 8.3 53812.5164 1/2
24 064.00050 08:43:45 +17:25:00  10.60 10.94  20.148 + 4.392¢~! 747 £ 0.44 8.6 53812.5238 1/2
25 066.00003 08:44:07 +15:55:51 8.56 8.71  54.890 & 9.400e ! 6.37 + 0.38 10.6 53774.6133 A0 1/2
26 062.00060 09:05:56 +17:47:27 1090 11.50 38.163 +8.580e™* 11.24 4+ 0.70 7.4 53753.6878 AS 3/9
46.333 +1.213e73 7.94 + 0.68 5.2 53753.7126
27 062.00030 09:09:53 +17:41:08  10.18 1040  21.098 £ 3.614e™> 7.64 £ 0.22 9.0 53753.6725 4/9
28 107.00023 13:10:39 —06:25:01 1025 10.51 20214 £1.921e™*  10.58 + 0.30 10.4 53767.8800 A0 4/10
29 099.00087 15:58:40 —19:27:14  11.62 1246  19.673 £3.479¢™!  19.86 £ 0.92 12.4 53903.6396 1/1
30 148.00060 16:51:54 +07:36:44 10.80  11.10  24.652 £4.632e™*  27.71 £ 0.64 14.3 53812.7968 A5 2/12
31 012.00024 19:51:31 —22:23:03 9.84 10.20 27.102 £ 7.279%¢™! 8.22 +£ 0.78 6.0 53959.6073 AGIII 1/4
32 153.00128 20:04:47 —20:32:05 11.63 1234 19313 £5.077e"! 4372 £ 2.92 6.4 53919.7373 1/1
33 121.00214 21:01:43 +16:39:37  11.20  11.57  23.471 £ 6.650e™* 9.20 + 0.48 6.2 53559.7694 2/10
34 121.00043 21:03:25 +15:21:26 9.13 17.53  30.376 & 1.866e 3 3.61 £ 0.16 12.8 53750.7027 3/10
35 028.00439 21:54:03 +25:11:07  12.85 13.54  19.445 £ 6.7477° 32.02 £ 1.16 18.4 53575.7487 5/9
21.088 £ 1.405¢™*  15.39 + 1.02 8.8 53575.7599
8.847 + 1.238e73 9.79 + 1.02 5.7 53575.7475
36 028.01026 22:01:08 +24:44:33  13.01 13.42  33.008 £5.843e™>  36.45 + 1.72 11.5 53575.7736 5/9
37 003.00147 22:01:53 —12:28:52  12.24 1223 17.731 £2.283¢™* 32.24 £ 1.14 18.5 53947.6845 4/4
41.446 +£1.392e3 1243 + 1.28 7.4 53947.7181
30.608 =+ 8.642¢~* 9.26 + 1.26 5.4 53947.7213
38 138.00022 22:05:55 +28:02:32 9.54 10.05 17.767 £6.301e™ 5.11 £ 0.20 12.0 53781.7689 A3 6/13
18.090 =+ 9.286e > 3.50 + 0.20 8.2 53781.7733
39 138.00110 22:09:41 +28:12:40  10.80 11.30 16.877 £ 1.751e™* 7.87 £ 0.32 12.6 53584.7897 4/13
40 030.00019 22:59:23 +37:14:33 9.26 9.65  20.199 £ 9.589¢* 5.21 £ 0.20 13.5 53657.6049 F2 4/8
29.390 £ 1.564¢ 3 2.60 + 0.18 6.7 53657.6029
19.757 £ 1.579¢ 3 2.86 £ 0.20 7.4 53657.5702
41 030.00195 23:02:06 +36:30:28  11.51  11.91  22.278 £5.635¢™*  13.56 & 0.42 21.4 53657.5695 5/8
18.802 + 1.529¢ 3 5.14 £ 0.40 8.1 53657.6120
Notes.

% Combination of TAOS field ID and TAOS star ID.
b We doubled amplitudes derived by PERIOD04.

¢ S/N of frequencies derived using PERIODO04.
4 The number of identifications/the number of zipper runs. Note that we did not count zipper runs observed by only one telescope.

© The B8 star found to be an A5 star as explained in the text.
'The G5 star found to be an FO star as explained in the text.
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Figure 3. Example of a spectral window of a single zipper run. Peaks with
regular intervals (two times of the Nyquist frequency) appear because points are
equally spaced in a single zipper run.

find my, mp, and spectral types, we used Centre de Données
astronomiques de Strasbourg (CDS) Web service (Genova et al.
2000).

In Table 3, we also provide the number of the total observa-
tions (i.e., the number of the total zipper runs) and the number
of identifications by the FFT analysis for each TAOS § Sct star.
Since the TAOS telescopes observe same fields multiple times,
we have multiple light curves for stars in the fields. Note that we
applied the FFT algorithm to each light curve to detect periodic
signals. Nevertheless, as the table shows, not every light curve
of the TAOS § Sct stars was confirmed to have periodic signals.
This is mainly because of the poor quality of some of the light
curves caused by trends and noise (i.e., unstable weather, tele-
scope vibration, etc.). Although we removed most of the trends
using PDT, it is nearly impossible to recover the intrinsic pe-
riodic signal of a few millimagnitudes in the presence of large
systematic errors.

3.2. Spectral Windows and Power Spectra of TAOS & Sct Stars

In Figure 3, we show an example of a spectral window of
a single zipper run. Since the observational times are almost
equally spaced, peaks with regular intervals (two times the
Nyquist frequency) are present in the spectral window (Deeming
1975). The Nyquist frequency is 4320 Hz since the gap between
each consecutive binned data is 10 s.

Figures 4-6 show the spectral windows along with the power
spectra of three TAOS § Sct stars. Stars included in these figures
are 020.00141 (Figure 4), 121.00043 (Figure 5), and 054.00014
(Figure 6), respectively. The top panels in each figure show the
spectral windows, and the bottom panels (and the middle panel
in Figure 6) show the power spectra of the stars. Dashed lines
indicate the detected frequencies. Note that we improved the
detected frequencies by fitting a combination of sine waves using
PERIODO4. Thus the improved frequencies could be slightly
shifted from the original peaks in the power spectra (e.g., see
the bottom left panel in Figure 4) after the fitting.

As Table 3 shows, the star with ID 020.00141 was identified
only once and is relatively fainter (my = 11.40) than other
TAOS § Sct stars. Its amplitude is one of the smallest amplitudes
and its detected frequency S/N is the lowest among TAOS § Sct
stars. Thus the power spectrum of this star represents one of
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Figure 4. Spectral window and the power spectrum of the star ID 020.00141.
The top panel shows the spectral window, and the bottom panel shows the power
spectrum of the star. The dashed line shows the detected frequency. In the top
panel, we magnified the spectral window to clearly show the detected frequency.
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Figure 5. Spectral window and the power spectrum of the star ID 121.00043.
The top panel shows the spectral window, and the bottom panel shows the power
spectrum of the star. The dashed line shows the detected frequency. In the top
panel, we magnified the spectral window to clearly show the detected frequency.

the “worst-case scenarios.” We detected one single frequency
for this star. The star with ID 121.00043 was identified three
times and is relatively bright (my = 9.13). The spectral window
and the power spectrum of the star could represent a “moderate-
level scenario.” We detected one frequency for this star. Finally,
the star with ID 054.00014 was identified nine times and is
relatively bright (my = 9.50). Thus its spectral window and
power spectrum represent one of the “best-case scenarios.”
Using PERIODO04, we detected three frequencies for this star.
As can be seen from the figures, there are no significant peaks
in the spectral windows at the detected frequencies.

3.3. Spectroscopy of Two Peculiar Spectral Type § Sct Stars

As we mentioned in the previous section, we found two
peculiar spectral-type & Sct stars which have B8 and G5 spectral
types. These are the bluest and reddest spectral types of &
Sct stars ever detected. The spectral type of the B8 star was
extracted from the Henry Draper Catalogue and Extension (HD;
Cannon & Pickering 1993). Unfortunately, we could not find any
spectroscopic literature for the G5 star so we suspect that the
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Figure 6. Spectral window and the power spectrum of the star ID 054.00014.
We detected three frequencies (dashed lines) using PERIODO04. The top panel
shows the spectral window. The middle panel shows the first two frequencies.
The bottom panel is the power spectrum after whitening the two frequencies. In
the top panel, we magnified the spectral window to clearly show the detected
frequencies.

spectral type is most likely derived from its color information.
The spectral type of the G5 star was extracted from SIMBAD.
To confirm their spectral types, we observed the two stars with
spectroscopic instruments.

For the BS star, we used the BOES? of the 1.8 m telescope at
the Bohyunsan Optical Astronomy Observatory (BOAO), South
Korea (Kim et al. 2007). We used IRAF (Tody 1986, 1993) for
the reduction of the obtained spectroscopic data. Figure 7 shows
the normalized spectrum of the B8 candidate star. We indicate
several important spectral lines in the figure. As the figure shows,
the Ca K line is very strong which is typical for A-type stars
(Gray & Garrison 1987). B-type stars do not show such a strong

20 BoaO Echelle Spectrograph.
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Caumu K line. The spectrum also shows weak metallic lines (e.g.,
Carand Mg 11 lines) which are usually presented in A-type stars.
Based on the strength of the Ca1 K line, hydrogen lines, and
metallic lines, the star is likely an A5-type star although the
classification of sub-class is rather uncertain due to the low S/N
of the spectrum.

In addition, to observe the G5 star, we used the FAST
instrument mounted at the Fred Lawrence Whipple Observatory
(FLWO) 1.5 m telescope, Mount Hopkins in Arizona (Fabricant
et al. 1998). After comparing the observed data with standard
spectral libraries (Pickles 1998), we found that the spectral type
of the star is not a G5 but an FO. Therefore, the star is likely a
typical § Sct star.

4. SUMMARY

We analyzed the TAOS two-year data accumulated during
2005 and 2006 observations in order to find short-period vari-
ables. Using the TAOS photometry pipeline, we created photo-
metric light curves. We removed systematic trends commonly
appeared in the light curves using PDT. To detect periodic sig-
nals in the detrended light curves, we applied the FFT to each
light curve. FFT is a simple but powerful algorithm for detection
of periodic signals when data points are evenly spaced. We then
chose light curves which possess a frequency (or frequencies)
whose power is five times larger than the standard deviation of
powers of all background frequencies in the power spectrum
derived using FFT. We visually checked the light curves and
raw images of all candidates to remove false positives caused
by moving asteroids, photometry defects, etc. We also removed
candidates which were detected by only one of the three tele-
scopes. All remaining 41 variable candidates have periods about
an hour and amplitudes less than a few hundredth of a magni-
tude, which strongly suggests that they are LADS.

We cross-matched the detected § Sct candidate stars with
many astronomical catalogs to extract additional information
(e.g., magnitude, spectral type, variability type, etc.). As aresult,
we found that 14 stars have spectral types from A to F, which
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Figure 7. Normalized spectrum of the B8 candidate star. There are strong Ca1r K line and weak metallic lines, which is typical for A-type stars. The star is likely an

AS-type star rather than a B8-type star.
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are typical spectral types for § Sct stars. The rest of the detected
8 Sct stars do not have spectral information.

The light curves of TAOS § Sct stars are accessible at the
Time Series Center (TSC, http://timemachine.iic.harvard.edu),
Initiative in Innovative Computing (IIC) at Harvard. PERIOD04
project files of each star is also provided. The project files
contain complete light-curve data, power spectrum, frequency,
and amplitude information.
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ABSTRACT. The Taiwanese-American Occultation Survey (TAOS) monitors fields of up to ~1000 stars at 5 Hz
simultaneously with four small telescopes to detect occultation events from small (~1 km) Kuiper Belt Objects
(KBOs). The survey presents a number of challenges, in particular the fact that the occultation events we are search-
ing for are extremely rare and are typically manifested as slight flux drops for only one or two consecutive time
series measurements. We have developed a statistical analysis technique to search the multi-telescope data set for
simultaneous flux drops which provides a robust false-positive rejection and calculation of event significance. In this
article, we describe in detail this statistical technique and its application to the TAOS data set.

1. INTRODUCTION

The Taiwanese-American Occultation Survey operates four
small telescopes (Bianco et al. 2010; Wang et al. 2009; Zhang
et al. 2008; Lehner et al. 2009) at Lulin Observatory in central
Taiwan to search for occultations by small (~1 km diameter)
KBOs (Schlichting et al. 2009; Wang et al. 2010; Bianco et al.
2009; Bickerton et al. 2009, 2008; Nihei et al. 2007; Chang et al.
2007; Roques et al. 2006; Cooray 2003; Cooray & Farmer
2003; Roques et al. 2003). Occultation surveys are the only
method available to detect these objects, as objects smaller than
about 20 km in diameter have magnitudes R > 30, which is
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beyond the limit of direct observation. Occultation events
are extremely rare (estimated rates range from 10~* to 1072
events star 'yr!), they are very short in duration
(<200 ms), and at the 5 Hz observing cadence used by TAOS,
they result in measured flux drops of typically <30% in one or
two consecutive points. This presents a number of challenges, in
particular the identification of false-positive events of statistical
origin and candidate events which are in fact of terrestrial origin
(e.g., birds, airplanes, and extreme scintillation events). We re-
ject these false-positive events by requiring simultaneous detec-
tion in multiple telescopes.

A second challenge is finding a robust method to determine
the statistical significance of any candidate events. The noise
distribution of each light curve is not known a priori, due to
non-Poisson and non-Gaussian processes on the tails of the flux
distributions. The typical stars in our fields have magnitudes
R~13 and a signal-to-noise ratio (S/N) of ~10. Moreover,
TAOS monitors fields for durations of up to 1.5 hr, and changes
in atmospheric transparency and air mass introduce further un-
certainties into the flux measurements.

To overcome these difficulties, we have developed nonpara-
metric techniques using rank statistics. Rank statistics facilitate
a simultaneous analysis of multi-telescope photometric mea-
surements to enable a robust determination of event significance
and false-positive rejection, which are independent of the under-
lying noise distributions of the light curves being analyzed.
Occultation events and the application of rank statistics to detect
such events in the TAOS data are described in the following
sections. In § 2 we review the characteristics of occultation
events and describe how such events would appear in the data.
In § 3 we discuss the rank product statistical test used to cal-
culate event significance and the false-positive rate. In § 4
we describe the light-curve filtering techniques and diagnostic
tests used to ensure that the rank product statistical test is valid,
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and in § 4.4 we describe a new and more robust set of diagnos-
tics tests.

The following definitions apply throughout the remainder of
this article. We define a data run as a consecutive series of
multi-telescope observations of a given star field made at a ca-
dence of 5 Hz. Typical data runs last 1.5 hr, comprising 27,000
time series images on each telescope. We define a light-curve set
as a set of multi-telescope light curves of a single star during a
given data run. There are typically 300-500 stars in an image,
and hence 300-500 light-curve sets in a data run. We adopt the
standard statistical notation wherein we denote a random vari-
able with an upper case letter, and use the corresponding lower
case letter for an actual value for that variable (e.g., Z is a ran-
dom variable which could take on a value of z). We use the
function p() to describe a probability density distribution,
and P() to describe an actual probability. Finally, we note that
the four telescopes are labeled TAOS A, TAOS B, TAOS C,
and TAOS D. TAOS C came online in 2008 August, and to date
no data from this telescope have been analyzed. All example
light curves shown in this article come from telescopes A, B,
and D.

2. OCCULTATIONS BY KUIPER BELT OBJECTS

An occultation event occurs when an object passes between
the telescope and a distant star (Bickerton et al. 2009; Nihei et al.
2007; Roques et al. 2003). The Earth and the occulting object
are in relative motion, inducing a variation in the measured stel-
lar flux over time. The target population for TAOS is small

10 km >

-
-4

(~1 km diameter) KBOs, whose sizes are on the order of the
Fresnel scale, which is given by

AA
F= 5
where ) is the wavelength of observation and A is the observer—
KBO distance. For TAOS, the median wavelength of observa-
tion is A &~ 600 nm, and the typical distance to KBOs is 43 AU,
resulting in F' = 1.4 km. Occultation events by KBOs with
diameters D < 10 km thus show significant diffraction effects.
This is illustrated in the left panel of Figure 1, which shows a
simulated occultation “shadow” from a 3 km diameter KBO
projected onto the surface of the Earth.

The timescale of an occultation event is set by the relative
velocity between the KBO and observer, the size of the occulta-
tion shadow, and the impact parameter (minimum distance
between the KBO and the line of sight to the target star).
Assuming a circular orbit, the relative velocity between the
Earth and KBO in the plane of the sky is given by

. Y
Vpel = VR [cosqb — <LZU> <1 — 12[; sin’ (b) ], 1)

where ¢ is the angle of observation between the occulted star
and opposition, and vg = 29.8 kms~! is the velocity of the
Earth around the Sun. The event width (the length of the chord
across the occultation shadow where it crosses the telescope) is
given by

— —
1
o C 1
‘._\'\ L i
0.5 —
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FIG. 1.—Left panel: diffraction shadow projected onto the surface of the Earth from a 3 km diameter KBO at 43 AU. Right panel, top: perfectly sampled light curve
assuming zero impact parameter. Right panel, bottom: same light curve as sampled by the TAOS system at 5 Hz. Solid curve has measurements centered on event, dotted

line shows light curve where sampling is out of phase with event.
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W= VH -,

where b is the impact parameter, and H is the event cross sec-
tion, which we define as the diameter of the first Airy ring of the
diffraction shadow, and which can be approximated by (Nihei
et al. 2007)

H ~ [(2V3F)} + D + 6,A, )

where 6, is the angular size of the occulted star.

For the very small objects (D <1 km) targeted by this sur-
vey and stars with small angular diameters (the vast majority of
stars covered by this survey), the minimum event cross section
is set by the Fresnel scale:

H,in ~ 2V/3F. 3)

At 43 AU, H_;, ~5km. At opposition (¢ =0), v~
25 kms™!, and with b =0 the resulting event duration is
200 ms, with the duration getting smaller as b is increased.

This is illustrated in the right panels of Figure 1. The top
panel shows a slice through the simulated diffraction shadow,
assuming the KBO crosses the line of sight to the star
(b = 0). Note that the event width, given by the distance be-
tween the two top peaks, is about 5 km. (In this case, the event
width is dominated by the Fresnel scale, so the approximation
given in eq. [3] applies.) The bottom panel shows this event as it
would be measured by the TAOS system at 5 Hz. The solid line
shows the light curve which would be measured if the sampling
was in phase with the event, that is, the measurement at ¢ = 0 is
centered on the epoch when the KBO is centered on the line of
sight to the target star. The dotted line shows the same event
with the sampling out of phase with the event.

Typical occultation events for small KBOs at opposition will
thus manifest themselves in the TAOS data as a reduction in flux
on one or two consecutive photometric measurements of a star
with an otherwise flat light curve. However, when observing
away from opposition, the relative velocity decreases, as indi-
cated by equation (1). Furthermore, TAOS is also sensitive to
objects more distant than the Kuiper Belt. The discovery of
Sedna (Brown et al. 2004) indicates the possibility of a large,
heretofore unknown population of objects at distances of 100 to
1000 AU (see Wang et al. 2009 and references therein). Such
events will also be of a longer duration due to the increased
angular size of the Fresnel scale, as indicated by equation (2).
Figure 2 shows a simulated light curve with an occultation by a
5 km object at 500 AU, observed at 70° from opposition. The
width of the event is about 22 km, and with a relative velocity of
about 9 km s, the event duration is about 2.5 s, corresponding
to a total of 13 measurements at our cadence of 5 Hz. (Once
again, the approximation for the event width given in eq. [3]
applies.)

The goals of the TAOS statistical analysis described in this
article are to find as many such events as possible, minimize the

2010 PASP, 122:959-975
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FiG. 2.—Simulated light curve with an occultation by a 5 km object at
500 AU, measured at 70° from opposition. Diffraction features are smoothed
out due to finite angular size of the occulted star. Dotted line is the infinitesi-
mally sampled light curve, and the solid line indicates the light curve as would
be measured with 5 Hz sampling. See Nihei et al. (2007) for a discussion of
occultation events from objects at such distances.

false-positive rate, and provide a method to robustly estimate the
statistical significance of any candidate event. The statistical
technique should be sensitive to both the one- and two-point
events shown in Figure 1 and the longer duration events such
as that shown in Figure 2. In the following sections the applica-
tion of rank statistics to meet these goals will be described. The
discussion will begin with a focus on single-point events, and
the extension of the statistical technique to multipoint observa-
tions will be presented in § 3.4.

3. RANK STATISTICS

The idea of rank statistics is quite simple, and is best intro-
duced with a single series. Take a time series of flux measure-
ments f,..., f v, from one telescope, where N, is the number
of points in the time series. Replace each flux measurement f;
with its rank r;. That is, the lowest f; will be assigned rank 1
and the highest assigned rank N,. If we use a total of T tele-
scopes, we replace the time series for each telescope with its
rank within the light curve from that telescope, giving a set of
T rank time series r;;. Thus for each time point ¢;, we have a
rank tuple

(le, ceey T'Tj).

If, for each telescope i, the rank r;; follows a uniform distribu-
tionon {1, ..., N, } at each time point ¢;, and if the light curves
[i; are independent between the different telescopes, then each
rank tuple combination is equally likely at each time point, and
we can calculate exact probability distribution of these rank
tuples. The calculation of the probability distribution of the raw
data is impossible to perform on the original time series mea-
surements, since the underlying distributions of the flux mea-
surements f;; in each light curve are unknown. That is, by
working with the ranks, we replace something unknown, the
distribution of the data, with something known, the distribution
of the ranks.
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A time series is stationary if the distribution of any finite
subset of the series is invariant under time shift. A stationary
time series f; is ergodic in mean if, for any function G' with
an expected value E(G(f)) < oo, we have the following con-
vergence with probability of 1 (law of large numbers):

1 n
Jim -3 GU7) ~ BG()

It can be shown that if a time series f; of length N is ergodic in
mean, then the distribution of ranks r;//N will converge to the
uniform distribution for any sequence 1 < j < N, and it is well
known that ergodicity in mean can be assured under very weak
assumptions on temporal dependence within a light curve. This
proof is beyond the scope of this article, but it is published in
Coehlo (2010).

Therefore, if the data f; are stationary and ergodic in mean,
this implies that at each time point ¢;, 7; will be uniform on
{1,...,N,}. In addition, if the light curves from different tele-
scopes are independent, then the rank tuples (74, ...,rp;) will
be uniform on

{1727---’Np}T,

and we can calculate exact probability distributions of the rank
tuples. However, most of the light-curve sets exhibit slowly
varying trends that are highly correlated between the different
telescopes, so our light curves are neither uncorrelated nor sta-
tionary. We have developed a filtering algorithm to remove
these trends, and in most cases the resulting individual light
curves can be plausibly modeled as stationary and ergodic in
mean. In most cases the correlations between the light curves
from different telescopes are also removed by the applica-
tion of the filter. This filtering algorithm will be described
in § 4.

Figure 3 introduces the rank-rank diagram, which is a
scatter-plot of the ranks on two telescopes. Similar plots will
be used throughout the remainder of the article to illustrate var-
ious statistical tests. Note that each rank must occur once and
only once in each time series. Thus there must be exactly one
point in each row and in each column. The ranks within a single
light curve are thus not independently distributed. However, if
the conditions on ergodicity in mean and no dependence be-
tween telescopes are met, then the rank pairs will be uniformly
distributed throughout the diagram.

3.1. The Rank Product Test Statistic

As can be seen in Figure 1, events consistent with occulta-
tions by KBOs will appear as one or two consecutive flux drops
in all four telescopes. Our test is thus designed to find those rank
tuples where all of the ranks are small, corresponding to a region
toward the lower left corner of the rank-rank diagram shown in
Figure 3 (expanded to 7" dimensions, where T is the number of

Rank #2
MW A L O N 0 O

—_

Rank #1

FIG. 3.—Schematic of a rank-rank diagram, with IV, = 9. Axes are ranks of
photometric intensity for individual data points on two different telescopes. A
single two-telescope photometric measurement will correspond to a rank doublet
on this plot. These are marked with the dark squares and labeled with the time at
which they where measured. For example, note the highlighted rank pair at (5,7),
measured at time 3. Note that each rank value occurs once and only once in the
time series for each telescope.

telescopes). The assumptions on the rank statistics and condi-
tions placed on the raw data allow us to calculate the signifi-
cance level « of various test statistics corresponding to this
region.

The statistical analysis is designed to use each rank tuple
(71, --.,77;) to perform a hypothesis test that there is an event
attime ¢;. Each measurement r;; can be used as a test statistic for
the null hypothesis of no occultation event versus the alternative
that there is an occultation, yielding a p-value given by

P(R<r;) = %
P

The goal is to use the tuple of T p-values at time #; to calculate a
single test of significance. Fisher proposed that the product of
the p-values be used as a test statistic for this general problem
(Fisher 1958; Mosteller & Fisher 1948). Given the product of
ranks at time ¢; over all telescopes T’

T
Y = H Tijs

4=l (%) @)

Event detection based on the rank product statistic was de-
scribed in Lehner et al. (2006) and Zhang et al. (2008). In the

2010 PASP, 122:959-975
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description presented in Lehner et al. (2006), we made the
assumption that the distribution of p-values ;;/N, was uni-
form on the continuous interval [0,1]. In this case, it can be
shown that the rank product distribution has a distribution of
the form

T, 5)

which is simply the I' distribution. However, the distribution of
ranks is in fact uniform on the discrete set {1/N,,2/N,, ..., 1},
and we found that the assumption of a continuous distribution
leads to substantial errors for large values of z. The true distri-
bution of the rank product can be calculated using the function
K(n;T, N,), which we define as the number of ways to get a
product of n by multiplying 7" integers (number of telescopes)
between 1 and N, (number of points in the light curves). This
function can be calculated numerically, and we have developed
a simple algorithm to calculate K (n; T, N,)) whenn < N, (see
Appendix). Some values of this function for 7" = 4 telescopes
are shown in Table 1. Note that this function is independent of
N,ifn<N,.

Rather than using the function K to calculate the probability
density of the rank product statistic z, it is simpler to calculate
the distribution as a function of the rank product y as

1

p(y) = N_Z?K(y; T,N,).

We thus calculate the significance, or p-value, of any candidate
event as

1 Y
P(Y <y)=—5 > K(iT,N,). (6)
i=1

2

However, for clarity we continue to display results in terms of
the rank product statistic z because candidate events are more
easily distinguished on the tail of the distribution (see Fig. 4).
Given the relation between z and y, it clearly follows that

P(Z 2 2(y)) = P(Y <y).
Note that the results published in Zhang et al. (2008) and Bianco
et al. (2010) use the correct probability distribution based on the
discrete rank distribution.

The efficacy of the rank product method is shown in Figure 4
(right panel). A three-telescope (top) and a four-telescope
(bottom) data run were simulated. On the three-telescope run,
an event was added with a rank triplet {10,10, 10}, and on
the four-telescope run, an event was added with ranks
{10, 10, 10, 10}. The four-telescope event has a p-value of 3.7 x
10~'2 under the null hypothesis, while the three-telescope event
has a p-value of 1.5 x 107, This simple example illustrates the
value of using multiple telescopes, in that the absence of the
fourth telescope decreases the significance of the event by more
than 2000, while keeping the false-positive rate fixed.

The rank product test statistic is based on subsets of the rank
tuples where events would plausibly be expected to be found.
However, in general, the subset of rank tuples that provides the
most sensitive detection is composed of those tuples which are
most likely in the event of an occultation. We could imagine
identifying this subset by running an enormous simulation of
occultations which produced a probability for each of the
T™» tuples. The rejection region for the test would then be com-
posed of the quadruplets with largest probabilities, the number

TABLE 1
RANK QUADRUPLETS USED TO CALCULATE K (z;T,N,) FOR T'=4 AND 2 < N,

K1) =1 K(2)=4 K(3)=4 K(4) =10 K(5) =4 K(6) =16
111 1112 1113 1114 1115 1116
1121 1131 1141 1151 1161
1211 1311 1411 1511 1611
2111 3111 4111 5111 6111
1122 1123
1212 1132
2112 1213
1221 1312
2121 2113
2211 3112
1231
1321
2131
3121
2311
3211
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FIG. 4.—Left panel: event significance as a function of z (solid line), assuming N, = 27,000 and T' = 4. Also shown for comparison is the event significance
calculated using the I' distribution approximation (dashed line). Right panels: the results of two simulations illustrating the power of the rank product method for
event selection. On the top panel, the histogram shows the parameter z for 7" = 3 and N, = 27,000, and the dashed line shows the true distribution given the null
hypothesis. The rank triplet on the tail has ranks {10,10,10}. The bortom plot is the same, but with 7'= 4, and the outlier arises from a rank quadruplet of

{10,10,10, 10}.

being determined by the desired false-positive rate. Note that the
rejection region might not be symmetric in the telescopes (in-
variant to the telescope labels), which might be desirable if light
curves from some telescopes had much better signal to noise
ratios than from others. We have not carried out such a simula-
tion, but a modest simulation indicates that the rejection region
determined by the rank product statistic is sufficient for the pur-
pose of event detection.

3.2. False-Positive Rate

The methodology we employ is to search for an event at
every time point in every light-curve set that the survey has col-
lected. Hence, the total number of hypotheses tested is

Nhyp = ZNp(l%
l

where the sum is over all light-curve sets [ in the data set.

If we set a significance threshold of « to declare an event at
time point ¢; in light-curve set /, and we use the same signifi-
cance threshold at all times in all light curves, then the expected
number of declared events due to chance would be

ax Ny, =ax > N,().
[

Therefore, to control false positives we must make « very small.
For the results published in Zhang et al. (2008), the data set
(after diagnostic cuts, see § 4.3 for details) comprised a total

of 2.3 x 10° tuples, and the threshold used was o = 10717,
which gives a predicted 0.23 false-positive events. To keep
the false-positive rate low for the larger data set (9.0 x 10°
tuples) used in Bianco et al. (2010), we used o = 3 x 1071,
corresponding to an expected number of 0.27 false positives.
In all likelihood there will be at most one occultation in a
light-curve set, and if an occultation occurred over consecutive
time points it would only be counted once. Hence, one could
consider performing a hypothesis test over the entire light-curve
set rather than at each time point by looking at the minimum of
the rank product over all time points in the light-curve set:

5 = mln7 Hrij.
1

If we test based on (3 at level «/, then the expected number of
false positives is

Zo/ = o/ X number of light-curve sets.
]

The distribution of 3 can be evaluated numerically, but it is
much easier to work with the rank product at every time point.
Given a constraint on the false-positive rate, and given the
lengths of the series of interest, and the part of the distribution
we are interested in (the tail), it has been found (Coehlo 2010)
that there is little difference if we work with 3 or with the rank
product at all time points; the same events will be detected.
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- 38 -



ANALYSIS OF TAOS MULTI-TELESCOPE TIME SERIES DATA 965

3.3. Power of Rank Product Test

The primary advantage of the rank product test is that one
can calculate the exact level of the test, that is, the probability
of measuring a particular rank product under the null hypothesis
(no event is present). However, the replacement of the original
data by the ranks leads to a loss of power of the test, that is, the
probability of detection under the alternative hypothesis (an
event is present). This is due to the loss of information when
mapping the photometric measurements onto the rank space.

It is impossible to know how much power is lost by using the
rank product test since the underlying distributions of the photo-
metric measurements are not known. However, we can calculate
the loss of power when the data are Gaussian by comparing the
rank product with the power of the likelihood ratio test (after co-
adding the light curves in a light-curve set), which is optimal
under the Gaussian assumption. We have performed such a
simulation, using T’ = 3 telescopes and light curves of length
N, = 27,000. For the simulation, we generated a total of 10°
light-curve sets. Each light curve is generated with a mean value
1 and a noise level 0. To each light-curve set we added a single-
point occultation event of depth

6=axpu,

where a is a free parameter. We then found how many events
were recovered by each test, using a threshold level of
a = 1071%, It can be shown (Coehlo 2010) that the power of
each statistical test is a function of

0
¢c=—=axS$S/N,
g

and is otherwise independent of 1 and 0. We thus repeated the
test for several values of ¢, and the results are shown in Figure 5.
The top panel of Figure 5 shows the power of the Gaussian and
rank product tests as a function of the event depth ¢, and the
bottom panel shows the ratio of the powers of the rank product
and Gaussian tests. The power of both tests is very low for oc-
cultation event depths ¢ < 3. For values of ¢ ~ 3, the power of
the rank product test is about 70% of the power of the Gaussian
test, and for larger values the ratio rapidly approaches one. Also
note that for ¢ > 5, nearly every event is detected by both
tests. Since many occultations produce values of ¢ outside
the 3 <c¢ <5, and the power reduction is modest inside
3 < ¢ <5, we conclude that we do not lose much power in
the Gaussian case.

3.4. Detection of Multipoint Occultation Events

If we had an occultation from a large object in the Kuiper
Belt, it would cause a substantial flux drop for several consec-
utive time points, resulting in several values of the rank product
that pass the significance threshold. On the other hand, if the
object were at 200 AU, it might cause a modest flux drop
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0.8
0.6

Power

0.4
0.2

0.9

0.8

Ratio

0.7

0.6 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

(@]
[AV]
N
(o]
fed]

FIG. 5.—Top panel: power of the rank product test (solid line) and Gaussian
test (dashed line) as a function of occultation depth c. Bottom panel: ratio of the
power of the rank product test and the power of the Gaussian test as a function of
occultation depth c.

for several time points, none of them big enough to pass the
threshold. In the latter case, it is useful to consider functions
of the data that look at neighboring time points for detection.

Let our original time series be fy, ..., fy, and suppose we
form a new series by

R )

For example, b could be a moving average:

b(fj—k77fj7 "'afj+k’) =95 1

The series a; might show a larger response at the center of the
modest signal than f;, leading to better detection efficiency. An-
other possibility for b is to take the inner product with some
signal. For example, a series of event templates could be used
as the function b to search for occultation events from objects
of specific sizes and distances, which is what was done by
Schlichting et al. (2009), Wang et al. (2010), and Bickerton
et al. (2008).

Such manipulation of the data will introduce significant auto-
correlation into the light curves. However, if the series f; is sta-
tionary and ergodic in mean, and if & is small relative to the
length of the light curves, then it follows that a; will also be
stationary and ergodic in mean, so the rank product distribution
will still be satisfied. This is because the autocorrelation
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structure is expected to be the same throughout the light curve.
See Coehlo (2010) for a detailed discussion.

4. LIGHT CURVE FILTERING

As discussed in § 3, the tests based on rank statistics are
valid only if the light curves from each telescope are stationary,
ergodic in mean, and independent of those from other tele-
scopes. However, in the actual data, significant correlations
and nonstationarity are evident, as can be seen in the top left
panel of Figure 6. Trends like those evident in the light curves
in Figure 6 can arise due to changing air mass and atmospheric
transparency throughout the duration of a run. The bottom left
panel of Figure 6 shows the rank-rank diagram corresponding to
this light-curve set (telescopes A and B are shown). Under the
assumption of independence, the points should be distributed
uniformly across the diagram; clearly this is not the case.

To solve this problem, we apply a mean filter to the light
curves in order to remove the slowly varying trends. Each
photometric measurement f; in a light curve is replaced with

gj:fj_fja

where f, is defined as a 3o-clipped (Bertin & Arnouts 1996; Da
Costa 1992) mean taken over a window of size W, which is
centered on the point f;.

After application of the mean filter, we found many light
curves that exhibit fluctuations in variance over time. In periods
of higher variance, more extreme high or low rank values are
more likely, and our assumption on the uniform distribution
of ranks throughout a light curve is invalid. We thus correct
for changes in the variance by applying a variance filter, where
we replace every point g; with
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FIG. 6.—Top left: an unfiltered three-telescope light-curve set for a single star. Note
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the correlated variations in the light curves. Bottom left: rank-rank diagram for

telescopes A and B. Top right: same light-curve set after filtering. Botfom right: rank-rank diagram after filtering. All four plots are reproduced from Zhang et al. (2008).
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where the standard deviation o is calculated over a window of
size W, centered on the point g;, and 30 clipping is applied here
as well.

We want to choose the window sizes to be small enough to
accurately correct for high frequency trends, but we also want
them large enough to enable accurate determination of f and .
After testing various window sizes, we found that Wu =33 and
W, = 151 work best (the variance fluctuates much more slowly
than the mean, hence the larger window size).

We note that much work has been done in the past on remov-
ing such trends from light curves, most of which involves re-
moving correlated trends in light curves from different stars
in the same series of images (for example, see Kovdcs et al.
2005; Tamuz et al. 2005; Bianco et al. 2009). The simpler ap-
proach we have adopted works well enough for our purposes,
but we are considering adopting similar techniques for future
analysis.

The top right panel of Figure 6 shows the same light-curve
set shown in the left panel, after filtering. The trends in the mean
and variance have clearly been removed. The rank-rank diagram
of the filtered light-curve set is shown in the bottom right panel
of Figure 6. No dependence is evident in this diagram.

Figure 7 shows autocorrelation functions (ACFs) after appli-
cation of the mean and variance filters. Three of the panels show
ACEFs of light curves in the TAOS data after filtering (such as
those shown in the top right panel of Fig. 6), and one of them
shows the ACF of a synthetic light curve of white noise, after the
same filters have been applied. The autocorrelation is insignif-
icant in all cases after a time lag of 6.6 s, which corresponds to

the window size W, of the mean filter. The ACF of the simu-
lated light curve demonstrates that the observed features in the
ACFs are consequences of the mean filter. The small feature in
Figure 7a evident at time lag of 30 s is likely due to the variance
filter which has a window size of W, = 151 points. The short
timescale (relative to the length of the light curve) of the sig-
nificant autocorrelation features is consistent with our modeling
of the filtered light curves as stationary and ergodic in mean,
as dependence over longer timescales would invalidate our as-
sumptions that all possible ranks are equally likely at each time
point (Coehlo 2010).

While the filter appears to work well on the example light-
curve set shown in Figure 6, we still need to quantify how well it
actually works. This is important because some data runs may
exhibit variations that are not adequately corrected for by the
filters we apply. In particular, data runs with extremely rapid
fluctuations in the mean (due to fast-moving cirrus clouds or
other phenomena) will not be removed if the event width is
small when compared with W,,. This is illustrated in Figure 8,
which shows a light-curve set taken during a night with periods
of fast-moving cirrus clouds. Significant correlations are evident
in the filtered light curves. The corresponding rank-rank dia-
gram of telescopes TAOS A and TAOS B is shown in Figure 9.
Significant overdense regions are evident in the lower left and
upper right corners of this diagram. In order for the application
of the rank statistics to be valid, such data need to be flagged and
cut from the data set before the application of the rank pro-
duct test.

We have thus developed two diagnostic tests to be applied to
each light-curve set to assess the quality of the data after the
application of the filters. We have found that phenomena induc-
ing correlations in the light-curve sets tend to affect the entire
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FiG. 7.—Autocorrelation plot from four light curves. Panels (@), (b), and (¢): autocorrelation plots from three filtered TAOS light curves. Panel (d): autocorrelation plot
from a synthetic white-noise light curve, after application of the mean and variance filters. Dashed lines are the 95% confidence level limits for what would be expected

for randomly distributed light curves.
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FiG. 8.—Left panel: An unfiltered light-curve set on a night with periods of cirrus cloud cover (during the periods of significant flux drops). Right panel: the same
light-curve set after filtering, zoomed in to a period of cloud cover. Significant correlations are evident. Note that the correlation is stronger between telescopes TAOS A
and TAOS B, which are close together (6 m separation). TAOS D, which is about 100 m away, has similar features but they are offset in time.

data run. Therefore, these diagnostic tests (described in the fol-
lowing subsections) are applied to entire data runs rather than
individual light-curve sets. Data runs failing these tests are not
considered for further analysis. The tests, described in the fol-
lowing subsections, were used in Zhang et al. (2008), Wang et al.
(2009) and Bianco et al. (2010). An improved version of these
tests has been developed for use in future analysis runs, and
these new tests will be described in § 4.4.

4.1. Pearson’s x? Statistic

A simple test to determine if the light curves in a light-curve
set are dependent is to divide the multi-telescope rank space into
a grid and count the number of rank tuples in each grid element.
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F1G. 9.—Rank-rank diagram (telescopes TAOS A and TAOS B) of the light-
curve set shown in Fig. 8. The rank pairs are not uniformly distributed, as there
are denser than average regions in the lower left and upper right corners.

This is illustrated in the left panel of Figure 10, in the case of
two telescopes where the rank-rank diagram is divided into a
N o X N o grid, where NV e =3 With NV »=9 and 9 grid elements,
the expected number of rank pairs in each grid element is 1.

One can then perform a Pearson’s x? test on the number of
rank pairs in each grid element by calculating

T
Ng

ngz(Oi*Ei) ,

where O; is the observed number of rank tuples in grid element
1, and

E, =
N
Ng
9 9 I
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7 7
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FIG. 10.—Left panel: rank-rank diagram illustrating the Pearson’s x? test. The
rank-rank diagram is divided into a N, x N, grid (N, = 3 in this case), and the
number of rank pairs in each box is tabulated and compared with the expected
uniform distribution. Counts in the gray elements are not free parameters. Right
panel: rank-rank diagram illustrating the hypergeometric test. The test counts
the number of objects in the lower left corner (dark shaded region) of the
rank-rank diagram, in this case with a box size of R = 4. Note that there are
four rank doublets with | ; < 4 and four rank doublets with ry; < 4 (light shaded
regions) since each rank must occur exactly once in a light-curve set for each
telescope. In this case there are three rank doublets where r;; <4 for both
telescopes.
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is the expected number of rank tuples in grid element ¢. (Note
that £, may vary slightly among grid elements if N, is not an
exact multiple of N,.)

For a given data run, we expect the distribution of the Pear-
son’s x? statistic to follow the x? distribution, given by

_ 1 /21—, /2

p(um V) = Wuc et/ s (N
where u,. = x? and v is the number degrees of freedom. The
derivation of v can be illustrated by Figure 10. It is important
to note that every rank must appear once and only once in the
time series for each telescope, and this constrains the value of v.
The degrees of freedom is the number of cells in the grid minus
the number of independent constraints. First, the cell counts
must sum to NN, giving one constraint. Secondly, the counts
in each grid row and each grid column must sum to three, giving
two constraints on the three rows and on the three columns
which are independent of each other and of the first constraint.
Thus the total degrees of freedom are 9 —2 —2 —1=4. To
illustrate, note that in the left grid column, the ranks 1, 2,
and 3 must appear in telescope 1. Therefore, for telescope 2,
since there are two doublets in the bottom left grid element
and one doublet in the middle left grid element, there must
be zero doublets in the top left element. The gray grid elements
in the rank-rank diagram are thus not free parameters. For an
arbitrary number of telescopes 7', the number of degrees of free-
dom can be shown to be equal to

v=NI -T(N,~1) 1.

4.2. The Hypergeometric Test

While the Pearson’s x? test validates that the rank tuples are
spread uniformly over {1...N,}”, it is also useful to demon-
strate that there is no bias toward rank quadruplets with all ranks
relatively low, since these are the target events in the survey.
Given a rank limit 12, we define the variable wy, as the number
of rank quadruplets with r;; < R for all telescopes 4. This is
illustrated in the case of two telescopes in the right panel of
Figure 10, where we choose R = 4. In this figure, u;, = 3 is the
number of rank doublets in the shaded lower left corner of the
rank-rank diagram. Note that with R = 4 there are exactly four
rank doublets with both r; < R and ry; < R. The probability
distribution of the number of rank doublets with both ranks r;; <
R is given by the hypergeometric distribution

A=
()

where u, < R (if u,, > R then P = 0).

]P)(U = Uh) =
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To expand this calculation to more than two telescopes, we
use the law of total probability to calculate

R
P(Uiy = up) = Y [P(Uiy = w|U; = 1) x P(U; = 1)], (9)

I=uy,

where vy, is the number of measurements with » < R on all tele-
scopes 1 to ¢ + 1. The conditional probability is defined as

)

given that each rank must occur exactly once for each telescope,

(10)

]P)(Ul = Z) = 5lRa

and one can thus expand equation (9) to include an arbitrary
number of telescopes.

4.3. Application of Diagnostic Statistics

To date, the TAOS project has only analyzed data sets with
light curves from three telescopes (Bianco et al. 2010; Wang
et al. 2009; Zhang et al. 2008). Therefore we only describe
the application of the diagnostic tests to three-telescope data.
The development of these tests was a work in progress when
the results presented in Bianco et al. (2010); Wang et al.
(2009); Zhang et al. (2008) were calculated, and an improved
method is described in § 4.4. However, we now present the orig-
inal methods used to apply the diagnostic tests to the data to
illustrate what was done to derive our previously published
results. We note that for any analysis of TAOS data we will
perform in the future, we will use the improved methods de-
scribed in § 4.4.

For each data run, we apply both the Pearson’s y? statistic u,
and the hypergeometric test statistic uy, to each light-curve set.
For the Pearson’s x? test, we use a grid size of N ¢ = 9, which
corresponds to a total of v = 112 degrees of freedom. For the
hypergeometric test, we set R = N, /5, rounding to the nearest
integer. (A typical 90 minute data run will have N, = 27,000,
but many runs are truncated due to bad weather.) Due to the fact
that any correlations in the data may not show up in light curves
with low S/N values, we perform the diagnostic tests only on
those light-curve sets with S/N > 10. Details of the algorithm
used to calculate S/N values of our light curves are given in
Zhang et al. (2009). To summarize, we first calculate a So-
clipped rolling mean similar to that calculated in the mean filter,
and then average the value of the rolling mean to get the signal.
We then subtract the rolling mean from the raw light curve, and
calculate a So-clipped standard deviation of the new light curve,
which we use as an estimate of the noise.

- 43 -



970 LEHNER ET AL.

Even in the case of completely independent light curves, ran-
dom chance will give rise to a number individual light-curve sets
with aberrant values of the test statistic. We therefore look at the
ensemble of test statistics for each data run, and require a match
to the theoretical distributions. A set of examples is shown in
Figure 11. The top panels show histograms of w, and w;, for all
of the light-curve sets in a data run with no evident dependence
among the light curves, and the bottom panels show the same
data for the pathological data run that contains the light-curve
sets shown in Figures 8 and 9. Clearly, the data shown in the top
panels match the theoretical distribution quite well, while the
data in the bottom panels do not.

To determine which data runs are to be rejected, we test the
goodness of fit of the distribution of test statistics over the light-
curve sets in a data run to their theoretical distributions. To set a
threshold, for each data run we calculate the quantity D,
which is defined as the absolute value of the maximum differ-
ence between the cumulative distribution of measured test sta-
tistics and the theoretical cumulative probability distribution.
This is analogous to the Kolmogorov-Smirnov test (see Press
et al. 1994, and references therein). For each data run, we cal-
culate D,,,, for both the Pearson’s x? test and the hypergeo-
metric test. A scatter plot of these values is shown in Figure 12.

Data runs that fail either of the two tests are removed from
the occultation event search. For data runs exhibiting wide-
spread dependence between the light curves from different tele-
scopes, we expect the measured distributions to differ
significantly from the theoretical distributions, giving rise to
large values of D,,,. Visual inspection of several data runs in-
dicated that setting a cut on D, > 0.2 allowed us to reject
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nearly all of the runs where the light curves exhibit clear, wide-
spread dependence.

4.4. Improved Application of Diagnostic Tests

While the diagnostic tests described in the previous section
are sufficient to remove nearly all of the data runs with signifi-
cant dependence between light curves from different telescopes,
they suffer from some limitations which motivated us to im-
prove the techniques. First, the threshold D, was chosen
somewhat arbitrarily after visual inspection of many data sets,
since there is no way to determine empirically what the opti-
mum threshold actually is. Second, in order for the measured
statistical distributions to match the theoretical x? and hyper-
geometric distributions, the original time series data in the light
curves are required to be independent and identically distributed
(i.i.d.), which is a stricter requirement than stationary and ergo-
dic in mean. If some autocorrelation structure were present in
the light curves, the light curves could still be stationary and
independent from each other, however, the test statistics would
not be expected to match the theoretical distributions. Finally,
and most importantly, we would like to apply the same tests to
light curves when searching for multipoint events. As discussed
in § 3.4, for such event searches we would take a moving aver-
age of the light-curve data, or perhaps take the inner product of
the light curve with some event template. Such filtering will in-
duce autocorrelations into the light curves, and increase the S/N
values as well. If we increase the S/N enough, some insignif-
icant correlations between the light curves might in fact become
significant in the filtered data. So it would be useful to apply the
diagnostic tests to the data runs after the application of these
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FIG. 11.—Results of diagnostic tests. Histograms indicate actual data, and solid lines indicate theoretical distributions. Top panels: Pearson’s x? test (left) and
hypergeometric test (right) for a data run with no evident dependence between telescopes. Bottom panels: same as top panels, but for a data run with significant
dependence between light curves. The light-curve set shown in Figs. 8 and 9 comes from this data run.
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FiG. 12.—Scatter plot showing D, values for the Pearson’s x test (z-axis)
and hypergeometric test (y-axis). Each point corresponds to a single data run.
For each test statistic, we reject data runs with D, > 0.2 (dotted lines).

filters. However, the introduction of significant autocorrelations
into the light-curve data will more or less guarantee that all of
the data runs will fail the diagnostic tests since the light curves
will not be i.i.d.

We have thus developed a new technique based on the Block-
wise Bootstrap (Kiinsch 1989) method (hereinafter BBS),
which uses both the Pearson’s x? statistic v, and the hypergeo-
metric statistic wuy,, described earlier, but requires no assump-
tions about the theoretical distributions for either statistic.
The BBS test is implemented as follows. First, for a given
light-curve set, we calculate both u,. and w,. Then we divide
each light curve in the light-curve set into 100 subsets, or blocks,
of data. We then permute the blocks randomly, with each light
curve in the light-curve set undergoing a different random per-
mutation, and recalculate the diagnostic test statistics. We repeat
this step a total of 99 times, and we are thus left with 100 sta-
tistical measurements for each of the diagnostic tests.

This is illustrated schematically in Figure 13. The top panel
shows the original, unpermuted light curve, divided into five
blocks. The blocks are labeled 1 through 5 for clarity. The bot-
tom four panels show the same light curve with the five blocks
randomly permuted. Note that the data within each block remain
unchanged.

For each diagnostic test, we have now calculated 100 differ-
ent values, one for the original light-curve set and 99 for the
randomly permuted light-curve sets. If we permute the blocks
we still preserve the stationary structure as long as the block size
is large in comparison to the time scale of any autocorrelation.
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FiG. 13.—Illustration of the BBS test. Top panel: original light curve, divided
into five blocks of data (dotted lines). Bottom panels: four light curves with the
blocks permuted randomly. Blocks are labeled 1 through 5 for reference.

So if the light curves are independent, our 100 values are like
100 independent draws from the same distribution. Thus, if we
rank each of the series of 100 test statistics from 1 to 100 (where
a rank of one corresponds to the largest value of u,. or u;,, which
would be the worst match to the expected distribution), the
ranks should be uniform and we can calculate associated p-
values as

)
PV <v,) =—= (11)
( ) 100
and
U
PV <wv,) =— (12)
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FIG. 14.—(a): distribution of p-values v, from the Pearson’s x? test from a
good data run. (b): same plot for a rejected data run.
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bins are the runs exhibiting significant correlations between the telescopes.

where v, and v}, correspond to the ranks of the test statistics wu,.
and u;,, from the unpermuted (original) light-curve sets.

The BBS test is then performed on every light-curve set in
a data run with S/N > 10. In the case of a data run that does
not exhibit any strong dependence between the telescopes, the
p-values v, and wv, should be uniformly distributed on
{0.01,...,1}. However, in the case where there is significant
dependence between the telescopes, we would expect the dis-
tributions of v to be clustered at small values, since any correla-
tion between the telescopes would disappear when the blocks
are randomly permuted. This is illustrated in Figure 14, which
shows a histogram of the values v, from each light-curve set in
two different data runs. The histogram in Figure 14a shows the
results from a data run with little dependence between the
telescopes, while Figure 14b shows a data run with strong
dependence.

In order to quantify the amount of dependence between the
telescopes in a data run, we define two new test statistics, w, and

wy,, which are defined as the number of light-curve sets in a data
run with v, < v, and v, < v, respectively, where we choose
v = 0.1"° (This corresponds to the lowest bin in the histograms
shown in Fig. 14). In the case of independence between tele-
scopes, the distributions of w, and wy, follow the binomial dis-
tribution of the form

)U:D((l — o)l

p(wn) = ( -

Wy

) (1~ v)im,

where L is the number of light-curve sets with S/N > 10 in the
data run that are used to calculate the test statistics u,. and uy,.

">Tests have shown that as long as v, is relatively small, the exact value chosen
for v, has no significant effect on the final results.
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Using these distributions, we can calculate two test statistics for
the entire data run, which we define as
z(w.) =P(W > w,), oy (wy) = P(W > wy).

For the data run in Figure 14a, we thus calculate x, = 0.85,
while for the data run in Figure 14b, we have . = 7.6 x 107,

We can now reject a data run for significant dependence by
setting thresholds on .. and x,. In the absence of any significant
dependence, the values of x, and z;, should be distributed uni-
formly on the interval [0, 1]. Plots of the distributions of z,. and
xy, statistics are shown in Figure 15. In order to illustrate the
application of the BBS test to multipoint occultation searches,
we also show the distributions after taking moving averages on
the light curves with bin sizes of 5 and 15. The histograms
shown have a bin size of 0.001, and with a total of 524 data
runs we expect a value of about 0.5 for each bin. However, while
the distributions appear to be uniform over most of the ranges in
x values, note the large number of counts in the lowest bins.
These are the light-curve sets that show dependence between
telescopes. Note that some of the histograms show a slight ex-
cess in the second bin as well. By rejecting all data runs that
appear in the first two bins (z, < 0.002 and z; < 0.002), we
are clearly rejecting nearly all of the data runs exhibiting wide-
spread dependence between the telescopes. Note that we only
expect a total of one data run in the first two bins from random
chance.
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FIG. 16.—Top panel: detection efficiency vs. diameter for results published in
Bianco et al. (2010) for all stars in the data set. Bottom panel: same as top panel,
but only for stars with magnitudes 11 < R < 12.
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Note that our thresholds on x,. and z;, of 0.002 are based on
the fact that the distributions of these values are uniform above
these thresholds as expected, and there are spikes where we ex-
pect to find the worst data runs. These are reasonable choices
of thresholds, given the clear changes in the distributions of
x values from each of the tests. However, we note that there
is no underlying theory which would allow one to set an optimal
threshold. Our choice of threshold is thus context and data dri-
ven and not motivated by optimality conditions. The thresholds
on these values will thus be determined on a case by case basis
for future analyses.

Finally, note that in Figure 15, the larger the bin size on the
moving average, the more data runs that are rejected. This is
because of low level correlations that are insignificant in the
unbinned data, but become significant in the binned data due
to the increased S/N of the binned light curves.

The BBS test is clearly a superior method to the simple com-
parison of the test statistics to their theoretical distributions. It is
very clear where the thresholds on x,. and x;, should be, the test
will not reject data runs where the light curves are stationary but
not i.i.d., and the tests are capable of robustly rejecting data runs
when performing searches for multipoint occultation events.

5. CONCLUSION

We have developed a technique to search for extremely rare
coincident events in voluminous multivariate (multi-telescope)
time series data. Using rank statistics, this technique enables
robust determination of event significance and false-positive
rate, independent of the underlying noise distributions in the
time series data. Furthermore, we have developed a method
to test for widespread dependence between light curves in a data
run, which allows us to reject runs with inherent characteristics
that could possibly give rise to a larger false-positive rates. We
note that while the method described in this article is sufficient
for the calculation of the rate of false-positive events that arise
due to random statistical chance, it is not capable of estimating
the background event rate due to systematic errors in the TAOS
photometry (Zhang et al. 2009). For example, tracking errors or
moving objects in the images could give rise to false detections
in the data set. A description of how such background events are
handled is described in Bianco et al. (2010).

This method has been used to search for rare occultation
events by KBOs in over 500 data runs comprising a total of
nearly 370,000 light-curve sets (Bianco et al. 2010). To calcu-
late the upper limit on the size distribution, we performed a sim-
ulation in which simulated events were added to the light-curve
data. A search algorithm based on the statistical algorithm de-
scribed in this article was then used to measure our detection
efficiency. The results are shown in Figure 16. The top panel
shows our detection efficiency as a function of object diameter
averaged over all of the light-curve sets in the data set. In this
plot, all of the detection efficiency at the small end comes from
the brightest stars with the highest S/N. At the larger end, the
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efficiency reaches a maximum of about 47%. This is due to the
inclusion of many faint stars in the data set with such low S/N
values that any event is virtually undetectable. (Note that the
inclusion of these stars in the data set has no bearing on the
final upper limit). In order to better illustrate the effectiveness
of the search algorithm, we plot the detection efficiency as a
function of diameter only for those stars with magnitudes 11 <
R < 12 in the bottom panel of Figure 16. (We thus exclude the
very bright stars with the highest S/N, as well as the faint stars
with which no events are detectable). The detection efficiency is
very high for objects with diameters D Z 3 km, and drops
rapidly when D < 1 km.

Finally, we note that the rank product test is useful only for
the rejection of the null hypothesis that no occultation event is
present, and to estimate the false-positive rate. In order to de-
finitively show that outer solar system objects have been de-
tected, a number of events would need to be detected in
order to correlate the surface density with ecliptic latitude.
Any physical parameters of an occulting object (such as size
and distance) can be estimated for high S/N events from the
shape of the light curves (Nihei et al. 2007). However, this
would be difficult to do with the TAOS data, primarily due
to the relatively slow cadence of the TAOS observations. (Some
limited size and distance information could be determined for
occultations by objects well beyond 100 AU [Wang et al.
2009]). Surveys with a higher readout rate would in fact be able
to make reasonable estimates of these physical parameters for

high S/N events (Schlichting et al. 2009; Bickerton et al. 2009,
2008; Roques et al. 2006, 2003; Chang et al. 2007), and a next
generation multi-telescope occultation survey (TAOS II, cur-
rently in the early development stage), which will operate with
a readout cadence of 20 Hz, will also be able to do so after using
the rank product method to identify candidate events.
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APPENDIX
EVALUATION OF THE K FUNCTION

Here we present an algorithm to evaluate K(z;k,n), the
number of ways to get a product of = by multiplying k integers
between 1 and n, which is applicable when x < n.

Note that K (1; k,n) = 1. For > 1, consider the prime de-
composition of x where the ps are unique primes and d is their
degree so that:

d d; dy
T=p; XPy X ... XDy,

where m is the total number of prime factors of z.
We claim that

Al. Proof

Suppose A; X Ay X ... X A, = x and take prime decompo-
sitions of each number

d d . d
Al :pll,] Xp21.2 X . Xp’n’;(,m
d d. d
Ay =p X Pyt X X pp”
X ’ dy., dy.o dk.m
A, =p; " X Py X X Py
Note that
k
i=1
Hence,

m

K(z:k,n) = [] S(d;: k),

i=1

where S(d; k) is the number of ways to get a sum of d by adding
k integers where 0 < k < d. The calculation of the function S is
best illustrated with an example. Consider the case of d = 10
and k = 4. If we illustrate the sum d = 10 with 10 dots in
the top row of Figure 17, the function S is simply the number
of ways to divide the dots into 4 groups (using the bars shown).
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FIG. 17.—Schematic illustrating the calculation of the function S(d; k). In this
case, d = 10, as indicated by the top row of 10 dots. The bars in the bottom two
rows indicate possible ways to split the 10 dots into four addends. The second
row indicates the tuple (4,0,1,5), and the third row indicates the tuple of (2,1,4,3).

For example, the second row of Figure 17 corresponds to a tuple
of (4,0,1,5), while the third row corresponds to a tuple of
(2,1,4,3). So the number of possible 4-tuples is the number
of ways to choose 3 bar locations in a total 10 + 3 = 13 pos-
sibilities. This gives

k—1

S(d:k) = (d+k—1)'

For example, to calculate K (6;4,n) where n > 6, we note
that 6 = 2 x 3 is the product of two primes to the first power,
and in the four-telescope case it is equal to

_ 2 2
K(6:4,n) = (12[%1 1) = (g) = 4% = 16,

in agreement with Table 1. Note that this formu-
lation is only valid if z <n. For example, K(6;4,5) =
12, since any of the rank tuples with a rank value of 6
would be impossible in a light-curve set containing only 5
points.

As a second example, for the case of 360 = 23 x 3% x 5, we
have three primes with degrees 3, 2, and 1. We thus have (for
n > 360)

3+4-1\(2+4-1\(1+4-1
K(360;4’”):( 4-1 )( 4-1 >< 4-1 )

()t
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ABSTRACT

The Taiwanese—American Occultation Survey (TAOS) project has collected more than a billion photometric
measurements since 2005 January. These sky survey data—covering timescales from a fraction of a second to
a few hundred days—are a useful source to study stellar variability. A total of 167 star fields, mostly along the
ecliptic plane, have been selected for photometric monitoring with the TAOS telescopes. This paper presents our
initial analysis of a search for periodic variable stars from the time-series TAOS data on one particular TAOS field,
No. 151 (R.A. = 17"30™67, decl. = 27°17’30”, J2000), which had been observed over 47 epochs in 2005. A
total of 81 candidate variables are identified in the 3 deg” field, with magnitudes in the range 8 < R < 16.
On the basis of the periodicity and shape of the light curves, 29 variables, 15 of which were previously
unknown, are classified as RR Lyrae, Cepheid, 6 Scuti, SX Phonencis, semi-regular, and eclipsing binaries.

Key words: methods: data analysis — stars: imaging — stars: variables: Cepheids — stars: variables: delta Scuti —
stars: variables: general — stars: variables: RR Lyrae — surveys

1. INTRODUCTION

The Taiwanese—American Occultation Survey (TAOS)
project aims to search for stellar occultation by small (~1 km
diameter) Kuiper Belt Objects (KBOs). The KBO population
consists of remnant planetesimals in our solar system, which
typically have low to intermediate (below 30°) inclination orbits
and heliocentric distances between 30 and 50 AU (Edgeworth
1949; Kuiper 1951; Morbidelli & Levison 2003). The size distri-
bution of large KBOs shows a broken power law with the break
occurring ~30-100 km which indicates a relative deficiency of
small KBOs. Such a broken power law is believed to be the con-
sequence of competing processes of agglomeration to form pro-
gressively larger bodies versus collisional destruction. The size
distribution thus provides critical information of the dynamical
history of the solar system. The stellar occultation technique,
namely the dimming of a background star by a passing KBO, is
the only technique capable of detecting cometary-sized bodies,
which are too faint for direct imaging even with the largest tele-
scopes (King et al. 2001; Alcock et al. 2003; Zhang et al. 2008).
So far, TAOS has collected several billion stellar photometric
measurements, and no occultation events have been detected,
indicating a significant depletion of small KBOs (Zhang et al.
2008; Bianco et al. 2010).

Several projects have discovered numerous variable stars
as byproducts, for instance the MACHO (Alcock et al. 1995,
1998), EROS (Beaulieu et al. 1995; Derue et al. 2002), OGLE

(Cieslinski et al. 2003; Wray & Paczynski 2004), and ROTSE-I
(Akerlof et al. 2000; Kinemuchi et al. 2006; Hoffman et al.
2009). Such data have enriched our knowledge of stellar
variability in the Galactic fields and the Magellanic Clouds,
which not only improves the number statistics, but also has
helped to shed light on the detailed mechanisms of stellar
variability. Knowledge of the variability has been so far still
relatively poor for even the bright stars. Recent large-area sky
survey projects, however, have started to turn up large numbers
of variable stars. These projects include the All Sky Automated
Survey (ASAS; Pojamanski et al. 2005), the observations by
the Hungarian Automated Telescope (HAT'>; Bakos 2001), the
Northern Sky Variability Survey (NSVS; Wozniak et al. 2004),
and ROTSE-I. Variable stars, notably Cepheids, RR Lyrae-type,
8 Scuti-type, SX Phonenicis-type, semi-regular variables, and
eclipsing binaries are shown to be ubiquitous in Galactic fields
and in clusters. The next-generation projects like the cyclic all-
sky survey by the Panoramic Sky Survey And Rapid Response
System (Pan-STARRS) no doubt will provide a much more
complete variable star census and characterization to enhance
vastly our understanding of the cosmos in the time domain.
While the main goal of the TAOS project is to conduct a KBO
census by detecting stellar occultations, the plethora of time-
series stellar photometry renders the opportunity to identify and
characterize variable stars spanning a wide range of timescales,

15 http://www.cfa.harvard.edu/~bakos/HAT
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from less than a second to a few years. The first paper of the
series of the TAOS stellar variability studies deals with the
detection of low-amplitude § Scuti stars (Kim et al. 2009). The
current paper, the second in the series, presents the effort to
identify variable stars in a targeted star field.

2. OBSERVATIONS AND DATA REDUCTION

The TAOS telescope system consists of an array of four 50 cm,
fast optics (f/1.9), wide-field robotic telescopes, sited at Lulin
Observatory (longitude 120°52'25”E; latitude 23°28'07"N, ele-
vation 2862 m) in central Taiwan. Each telescope is equipped
with a 2048 x 2048 SI-800 CCD camera, with a pixel scale
of 279, yielding about a 3 deg? field of view on the sky. The
TAOS system uses a custom-made filter which, together with
the sensitivity of the CCD, has a response function close to that
of a standard broad R-band filter.

All TAOS telescopes observe the same star field simultane-
ously so as to eliminate the false detection of occultation events
by KBOs. Each observing session begins with regular imaging
(“stare mode”) of the star field, followed by a special CCD read-
out operation (“zipper mode”). In the zipper mode, the camera
continues to read out a block of pixels at a time while the shut-
ter remains open. A stellar occultation by a km-sized KBO is
expected to last for only a fraction of a second, and it is this
pause-and-shift charge transfer operation that allows 5 Hz pho-
tometric sampling to detect such an event. The zipper-mode data
are most suitable for studying truly fast varying phenomena such
as stellar flaring, but they were not used in the results reported
in this paper so will not be discussed further. Technical details
of the TAOS operation can be found in Lehner et al. (2009).

The primary purpose of the stare-mode observations is to
provide guidance of the pointing of the star field, particularly
for photometric processing of the zipper-mode images, but the
stare-mode data also can be used for stellar variability studies.
A set of stare-mode observations consists of nine telescope
pointings, each with three frames of images, dithered around
the center of the target field. The frames covering the central
position were used in the analysis reported here.

There are a total of 167 TAOS star fields, mostly along the
ecliptic plane. These fields have been selected to have few
exceedingly bright (R < 7) stars, and to have a sufficient
number of stars to maximize occultation probability, yet not too
crowded to hamper accurate stellar photometry. The number of
stars brighter than about R ~ 16 ranges from a few hundreds to
several thousands in each of our target fields.

This paper presents the variable stars found in a particular
field, No. 151, which has the central coordinates R.A. =
17h30m6567, decl. = 27°17'30”(J2000). After excluding data
taken under inferior sky conditions, the data presented here
include 93 good photometric measurements taken at 47 epochs
from 2005 April 11 to 2005 August 2. Each photometric
measurement came from a stare-mode image with a4 s exposure.

Photometry was performed using the SExtractor package
(Bertin & Arnouts 1996) with a 30 source-detection limit. For
each detected source, the output provides the x—y position, in-
strumental magnitude, magnitude error, FWHM, etc. Astrome-
try was done using the imwcs task of WCSTools'® (Mink 1999)
with the USNO-B1.0 catalog (Monet et al. 2003). Then the
CCD x—y positional output from SExtractor was converted to
sky coordinates (R.A. and decl.) for individual images using the
xy2sky task of WCSTools.

16 package available at http://tdc-www.harvard.edu/software/wcstools/.
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The stellar position was matched with the USNO-B1.0 and
Two Micron All Sky Survey (ZMASS; Cutri et al. 2003)
catalogs. The USNO-B1.0 catalog was derived from images
of digitization of sky-survey photographic plates, and gives
the position, proper motions, photographic magnitude in each
of the five passbands (B1, B2, R1, R2, I), and star/galaxy
estimators for some 1,042,618,261 objects. The 2MASS Point
Source Catalog essentially covers the whole sky in three near-
infrared bands J, H, and K, down to a limiting magnitude
of J ~ 15.8 mag with a signal-to-noise ratio of 10. Optical
magnitudes, USNO unique identification numbers (USNO ID),
and 2MASS magnitudes of the detected sources in our images
were obtained by matching the position to the USNO-B1.0
and 2MASS catalogs. A matching radius of 10” was used,
which gives unambiguous identifications in all but a few cases.
The catalog for each image provides the unique USNO_id,
TAOS instrumental magnitude, optical magnitude (B2, R2),
2MASS_id, and infrared (J, H, K;) magnitudes.

We then created the light curve for each star, containing
the modified Julian date (MJD), calibrated TAOS magnitude,
and error in magnitude. Photometric calibration of the TAOS
instrumental magnitude will be discussed in the following
section. Only data with good photometric quality, judged on
the basis of the number of detected sources, were used in the
analysis. Best images are those with more than 3000 detected
sources. In the results reported here, we only considered images
having more than 2500 detected sources. For variability analysis,
only sources with more than 80 photometric measurements
were considered. Finally, we obtained the light curves of 2915
sources, mostly with 93 photometric measurements.

2.1. Photometric Calibration

TAOS images are obtained with a filter close (but not
identical) to the standard R optical band. We used the R2
magnitude in the USNO-B1.0 catalog to calibrate our TAOS
instrumental magnitude with a linear fit, under the assumption
that most stars are not variable. Despite the large photometric
scattering intrinsic to the USNO-B1.0 catalog (derived from
photographic plates), the calibration gives a consistent rescaling
of the TAOS instrumental magnitude for each star so as
to remove run-to-run variable sky transparency, atmospheric
extinction due to different airmasses, and telescope system
variations. One such calibration curve for a particular image
is shown in Figure 1.

2.2. Periodicity Analysis

We used the Lomb-Scargle (LS) periodogram (Lomb 1976;
Scargle 1982) to determine the most likely period of a variable
star. The LS method computes the Fourier power over an ensem-
ble of frequencies, and finds significant periodicities even for
unevenly sampled data. We used the LS algorithm taken from
the publicly available Starlink!” software database. The peri-
ods were further verified with the software Period04'® (Lenz
& Breger 2005) for stars displaying obvious periodic variation.
Period04 also provides the semi-amplitude of the variability in
a light curve. For any star showing a possibly spurious period,
we carefully checked the phased light curve for that particular
period.

17" http://starlink jach.hawaii.edu/starlink
18 http://www.univie.ac.at/tops/Period04

-51-


http://tdc-www.harvard.edu/software/wcstools/
http://starlink.jach.hawaii.edu/starlink
http://www.univie.ac.at/tops/Period04

2028 MONDAL ET AL.

14

gnitude

12

USNO_R2 ma

op I | |

12 14 16 18

TAOS Instrument magnitude

Figure 1. TAOS instrument magnitude vs. the R2 magnitude in the USNO-B1.0
catalog. The dots show all the TAOS measurements, whereas the squares mark
those stars with a corresponding R2 magnitude between 10 and 14 used in
the linear fitting, shown as the solid line. Outliers, i.e., TAOS detections with
mismatched USNO magnitudes, are caused by the photometric scattering of the
USNO-B1.0 photometry or bad pixels in the TAOS images.
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Figure 2. Example light curves of a few apparently nonvariable stars (top three
panels) and known variable stars.

3. RESULTS
3.1. Candidate Variables

Because a large number of stars have been observed, the ran-
dom errors of the differential magnitudes are well determined.
These amount to ~0.02 mag at TAOS magnitude <14 but in-
crease to ~0.1 mag at ~16 mag. To illustrate this, Figure 2 shows
the light curves of a few nonvariable stars (per our analysis) as
well as known variable stars. Figure 3 shows the variations of
the light curves of 2900 stars in the selected field. Each point
represents the rms of 80-93 measurements of a particular star
over 105 days. One sees that most stars behave “normally,” i.e.,
the signal-to-noise ratio decreases for fainter stars, as expected.
The increase of rms at the bright end (<8 mag) is due to sat-
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Figure 3. rms of the magnitudes of some 2900 stars in the 2.9 deg? field of the
TAOS Field 151 (R.A. = 17"30™6%67, decl. = 27°17'30”). Each dot represents
the rms of the light curve of each of the 2900 stars in the field. The triangles
mark known variables. The plus symbols tag the sources having more than 30
variability in the light curves, hence are variable candidates.

uration. An outlier, that is, a star with a large rms value for its
magnitude, is then considered a likely variable.

A total of 143 variable star candidates were identified on the
basis of 30 above the average rms in a magnitude bin. Visual
inspection of the light curves indicated that 62 stars show large
rms values because of flux drops of only a few data points, e.g.,
as the result of bad pixels or cosmic rays. These were excluded
from the variable list. At the end we had the final count of 81
candidate variables.

3.2. Previously Known Variables

We have searched the International Variable Star Index
(VSX)' of the American Association of Variable Star Observers
(AAVSO) for known variables in our field. The VSX database
is populated with the General Catalogue of Variable Stars
(GCVS; Kholopov et al. 1998), the New Catalog of Suspected
Variable Stars (Kukarkin et al. 1982), and the published data
from sky surveys, e.g., NSVS (Wozniak et al. 2004), the ASAS
(Pojamanski et al. 2005), and the Optical Gravitational Lensing
Experiment-phase 2 (OGLE-II; Wozniak et al. 2002).

A total of 19 variables from the VSX database are found
in our field, and we recovered 14 of them, listed in Table 1.
Missing objects in our list of known variables include one star
that is brighter than our saturation limit so was not included
in our analysis. Two stars, namely ASAS J172907+2749.4
(Pojamanski 2002) and ROTSEl J172907.35+274928.6
(Akerlof et al. 2000), with a 376 coordinate difference, are clas-
sified as RRABs with similar periods. They should be the same
star, and we recovered the object as USNO-B1 ID 1178.0358793
with a similar period. Another two entries in the VSX,
namely ROTSEI1 J173203.69+272225.1 from ROTSE-I data
(Akerlof et al. 2000) and ASAS J17320+2722.4 from HAT data
(Pojamanski 2002), also with a 376 difference in the published
coordinates, have only one counterpart in our data as USNO-B1
ID 1173.0334705. They are detected as one star by the TAOS
telescope system, which has a large 3” pixel scale. We suspect
the 376 coordinate difference to be a systematic offset in the
ASAS catalog, and these two entries actually refer to the same
star. This star is classified as a long-period variable (LPV) by

19" http://www.aavso.org/vsx/
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Table 1
Known Variable Stars
USNO ID Star Name Vmag Tmag Frames or Type Prnown Pis Period04  Semiamp

1178.0360412 NT Her 10.0-10.6 8.33-8.96 90 0.192 LB NA 74.5240  74.8600 0.309
1169.0319910 V1097 Her 10.7-11.3 10.51-11.00 88 0.133 EW 0.3608 0.1804 0.1805 0.179
1173.0334705 ASAS J173204+2722 .4 11.51(0.336) 11.10-11.40 93 0.113 MISC . ~104 ~104 0.19

ROTSEI1 J173203.69+272225.1 LPV
1177.0363083 V1060 Her 12.1-12.8 11.72-11.90 92 0.032 EA 1.5768 0.7012 1.5873 0.220
1169.0316280 V0486 Her 12.8-13.6 12.70-13.25 89 0.161 RRAB  0.8059 0.8061 0.8059 0.190

ROTSEI1 J172638.42+265616.5  13.551(0.497)R1 RRAB  0.8056

ASAS J172638+2656.3 12.769(1.202) CW-FU 4.203

1178.0358793 ASAS J172907+2749.4 12.406(0.785) 12.43-13.31 93 0.274 RRAB  0.46883 0.469 0.48871 0.310

ROTSEI1 J172907.35+274928.6  12.85-13.50(R1) RRAB  0.46885
1171.0322166 IRXS J172719.44270858 12.9(0.12) 12.96-13.03 93 0.0143 uv . 0.7486 0.7489 0.011
1174.0340307 V0420 Her 14.5-15.6 14.37-15.18 86 0.179 RRAB  0.6003 0.7464 0.5997 0.220
1179.0338666 [WM2007] 772 15.29(0.17) 14.99-15.27 93 0.053 VAR . 0.1061 0.1107 0.026
1167.0305285 V0413 Her 15.6-16.3 14.97-15.74 90 0.223 RRC 0.5137 0.5131 0.5126 0.271
1180.0314388 V0879 Her 15.2-15.8 15.24-16.06 82 0.175 SXPhe 0.0569 0.0569 0.0538 0.193
1179.0338257 [WM2007] 771 16.28(0.18) 15.94-16.36 67 0.091 VAR . 0.9682 1.0172 0.04
1169.0316908 V0404 Her 16.0-16.8 15.51-16.57 72 0.2276 RR 0.55509  0.20918 0.6616 0.195
1169.0316979 V0405 Her 15.8-17.0 15.76-16.79 47 0.2733 RRAB 0.5879 0.5880 1.4287 0.296

ROTSE-I without period determination. We estimated the period
to be about 104 days.

Of the three stars, V0486 Her, ROTSE1 J172638.42+
265616.5 and ASAS J172638+2656.3, the first two have the
same coordinates, period (0.8059,/0.8056 days), and classifica-
tion (RRAB), but as separate entries in the VSX database. The
third star, again 3”6 away, should also be the same star, though
ASAS gave a similar brightness but classified it as a CW-FU
with a different period (4.203 days). We recovered one variable
as USNO ID 1169.0316280 in the position, with a period of
0.8061 days. We hence caution others on the possible multiple
entries of the same variable star in the VSX database.

The VSX database provides information on the variable
type, period, and magnitude range. Table 1 lists the period and
semi-amplitude of known variables derived from our new data,
together with VSX information. The first two columns are the
star name and the USNO identification number (ID). The third
and fourth columns provide the visual magnitude range in the
VSX database and our TAOS magnitude range. Columns 5-7
give, respectively, the number of observed frames, rms in TAOS
magnitude and the variable classification from the VSX database
(such as the pulsating types of LB and LPV, RRAB, and RRC,
and the eclipsing binary types of EW end EA, and the § Scuti
type of SX Phe). Column 8 provides the period taken from the
VSX catalog, while the ninth and tenth columns give the periods
we derived using the LS method and Period04, described in
Section 2.2. Column 11 provides the semi-amplitude determined
by Period04. The star NT Her is a known LB variable, but
without a published period. Our data suggest a long period,
~74 days with a large uncertainty. For the rest of known
variables, the periods we determined are consistent, except in
harmonics in some cases, with those listed in the VSX. The light
curves of the 14 previously known variable stars are shown in
Figure 4.

3.3. Newly Found Variables

Of the 67 previously uncataloged variable candidates, 15 stars
show clearly perceived phased light curve patterns with periods
well determined by the LS algorithm. Periods derived from the
two LS methods generally matched well. The remaining 52
candidates either did not show any significant periods, perhaps
because of insufficient phase coverage of our data, or the phased

light curves did not show patterns readily recognizable. Table 2
summarizes the properties of the 15 newly found variables.
The first four columns are the TAOS star identifier, R.A. and
decl. coordinates taken from the USNO-B1.0 catalog (both in
degrees), and the ID in the USNO catalog. Columns 5 and 6 give
the calibrated TAOS magnitude and its error. The seventh and
eighth columns are the magnitude rms of the light curve and the
number of observations used in the analysis. Column 9 is the
derived period and Column 10 gives the variable classification
on the basis of the shape of light curves, periods, and semi-
amplitudes.

The phased light curves of the 15 classified variables are
shown in Figure 5. Among these, four are RR Lyrae (RR)
variables, three are semi-regular (SR) variables, five are broadly
classified as eclipsing binaries (EW), and one each has been
classified as a 6 Scuti (Dsct), Cepheid (Cep), or SX Phonencis
(SX Phe) variable.

Cepheids (Cep) are massive stars with a spectral class of F at
maximum light while G to K at minimum; they generally have
periods in the range of 1-70 days with an amplitude variation
of 0.1-2.0 mag in V. RR Lyrae-type (RR) stars are radially
pulsating giants with a spectral class A-F; they have periods
of 0.2-2.0 days with an amplitude variation of 0.3-2.0 mag in
V. The § Scuti-type variable stars are A3-FO main-sequence
or sub-giant stars located in the lower part of the classical
instability strip in the Hertzsprung—Russell diagram, with short
pulsating periods ranging from 0.02 to 0.3 days and amplitudes
less than 0.1 mag in V. The SX Phonencis (SX Phe) stars are
pulsating sub-dwarfs with a spectral type A2-F5. Their light
variations resemble those of § Scuti variables, but with shorter
periods, 0.04—0.08 days, and larger magnitude variations, up to
0.7 mag in V. Semi-regular (SR) variables are generally giants
or supergiants of intermediate or late (K-M) spectral types. SRs
show noticeable periodicity in their light curves, with periods in
the range from 20 to 1000 days and amplitudes varying in the
range from 0.1 to 2.0 mag in V. Eclipsing binaries are binary
systems with the orbital plane lying near the line of sight of the
observer.

Table 3 presents the USNO B, R2, and 2MASS J, H, K|
magnitudes of the previously known variable stars and the
variables found by our analysis, i.e., those listed in Tables 1 and
2. In addition to light curves, the color information of the stars
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Figure 4. Phased light curves of known variables in Table 1.
Table 2
Previously Unknown Variables
D R.A. (J2000) Decl. (J2000) USNO ID TAOS_mag mag_err rms Frame No Period Classification
(deg) (deg) (mag) (mag) (mag) (days)
TAOS 151-01 262.0523250 +27.2035170 1172.0333288 11.330 0.005 0.0501 93 22.065 SR1
TAOS 151-02 261.7864306 +27.0041889 1170.0320366 11.806 0.007 0.0251 93 59.891 SR2
TAOS 151-03 262.5683400 +27.8393820 1178.0359464 12.503 0.009 0.0574 93 34.936 SR3
TAOS 151-04 261.6632700 +27.3628750 1173.0332057 12.659 0.010 0.0356 92 2.409 Cep
TAOS 151-05 263.3984850 +27.6555000 1176.0347892 12.869 0.011 0.0342 93 0.439 RR1
TAOS 151-06 262.7197200 +27.6675860 1176.0346875 13.498 0.016 0.0850 92 0.147 SXPhe
TAOS 151-07 262.3019550 +27.6931360 1176.0346036 13.722 0.019 0.0823 93 0.280 EW1
TAOS 151-08 261.9320400 +27.6780570 1176.0345244 14.088 0.023 0.0934 93 0.622 RR2
TAOS 151-09 263.3462100 +26.7278840 1167.0306057 14.497 0.031 0.1040 93 0.401 RR3
TAOS 151-10 262.6746600 +26.4792490 1164.0287321 14.619 0.033 0.1243 93 0.264 Dsct
TAOS 151-11 263.1983550 +27.1243050 1171.0324737 14.672 0.035 0.1985 93 0.174 EW2
TAOS 151-12 262.9039200 +26.4763810 1164.0287687 15.121 0.048 0.1998 87 0.264 EW3
TAOS 151-13 262.8258600 +26.4790000 1164.0287567 15.158 0.049 0.2028 93 0.264 EW4
TAOS 151-14 263.4367250 +26.5488583 1165.0285251 15.235 0.052 0.1686 84 0.430 EW5
TAOS 151-15 263.2523100 +27.1410000 1171.0324817 15.680 0.171 0.156 93 0.621 RR4

could be used to cross-check the classification of variable stars.
TAOQOS data do not provide color information, so we used the
2MASS data (Cutri et al. 2003) for this purpose. The 2MASS
observations were taken simultaneously in the J, H, and K
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bands, thus the colors (J — H) and (H — Kj) are sampled at the
same phase of a variable’s light cycle. The near-infrared colors
of RRab stars are in the range (/ — H) = —0.1 to 0.5 mag
and (H — K;) = —0.1 to 0.25 mag (Kinemuchi et al. 2006).
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Figure 5. Phased light curves of newly identified variables with the TAOS data.

Figure 6 displays the 2MASS colors of the variable stars listed
in Table 3, along with the loci of dwarfs, giants, and supergiants
(Bessell & Brett 1998) for reference. With a few exceptions,
the location of each variable is reasonably positioned in the
color—color diagram according to its class.
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4. SUMMARY AND FUTURE WORK

We have identified a total of 81 candidate variable stars
in a particular field, No. 151 (R.A. = 17"30™6:67, decl. =
27°17'30”, J2000) in the TAOS survey. Among these, 29 vari-
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Table 3
Catalog for Variable Stars
USNO ID ADiff USNOB2 USNOR2 J H K
@) (mag) (mag) (mag) (mag) (mag)
Known variables

1178.0360412 0.252 10.18 8.61 4.640 3.650 3.171

1169.0319910 0.540 11.38 10.64 9.889 9.591 9.510

1173.0334705 0.072 12.53 11.24 9.150 8.497 8.342

1177.0363083 0.432 12.54 11.49 10.431 9.933 9.779

1169.0316280 0.576 13.72 13.20 11.970 11.760 11.715

1178.0358793 0.504 14.08 12.61 12.398 12.124 12.115

1171.0322166 0.252 14.77 12.60 9.796 9.213 8.970

1174.0340307 0.972 15.32 15.16 13.799 13.561 13.549

1179.0338666 0.324 15.80 14.85 14.165 13.906 13.861

1167.0305285 0.900 .. 15.00 14.681 14.420 14.159

1180.0314388 0.396 15.91 15.72 14.969 14.774 14.801

1179.0338257 0.720 16.95 15.90 15.094 14.713 14.683

1169.0316908 0.288 16.32 15.74 15.359 15.126 15.155

1169.0316979 0.396 16.44 16.10 15.299 15.133 15.039

Unknown variables

1172.0333288 0.864 12.64 11.02 8.264 7.392 7.129

1170.0320366 0.828 14.47 11.24 10.491 9.901 9.852

1178.0359464 0.540 14.61 12.64 9.097 8.221 7.947

1173.0332057 0.180 13.63 12.83 11.360 10.852 10.715

1176.0347892 0.756 13.18 12.11 11.830 11.486 11.416

1176.0346875 0.648 14.12 13.25 12.211 11.731 11.632

1176.0346036 0.468 14.69 13.91 12.796 12.479 12.406

1176.0345244 0.612 15.19 14.12 13.134 12.902 12.835

1167.0306057 1.440 15.01 14.59 14.071 13.906 13.840

1164.0287321 0.252 15.96 14.92 13.404 12.843 12.747

1171.0324737 0.252 15.43 14.86 13.428 13.063 13.039

1164.0287687 0.468 17.31 15.46 13.453 12.824 12.594

1164.0287567 0.180 16.56 15.64 14.701 14.319 14.343

1165.0285251 7.056 20.09 18.65 16.687 16,198 15.663

1171.0324817 0.684 16.31 15.88 14.738 14.372 14.403
‘ ‘ than four years (2005-2009). In addition to stare-mode pho-
i -~ Supergiant ) tometry, the zipper-mode observations provide data sampled at
| main sequence o7 5 Hz, so may be particularly useful for fast stellar variability
r e ] (Kim et al. 2009). The TAOS database hence has the unique
08 S 7 potential to study several thousand stars at timescales from less

r ] than a second to a few years.
- 0.6 — —

o 1 The work at National Central University was supported by the
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F . support of the National Research Foundation of Korea through
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Figure 6. 2MASS (J — H) vs. (H — Kj;) colors of variables stars. The loci
of dwarfs, giants, and supergiants are taken from Bessell & Brett (1998). The
open and filled symbols represent previously known and newly found variables.
Different symbols are for various variable classes: circles for SR, LPV, LB,
diamonds for RRAB, RRC, upward triangles for EW, EA, squares for SX Phe,
DSct, downward triangles for Cep, pluses for UV, and crosses for VAR.

ables can be classified (including 15 that were previously
uncataloged) as Cepheids, RR Lyrae stars, semi-regular vari-
ables, eclipsing binaries, or § Scuti-type variables. Their light
curves, derived periods, semi-amplitudes, and hence the vari-
able classification are presented here and the data are available
on the TAOS Web site, http://taos.asiaa.sinica.edu.tw/var2.php.
With the same methodology we expect to produce variable star
lists in other TAOS fields, now with observations covering more

and by NASA under grant NNG04G113G. S.L.M.’s work was
performed under the auspices of the U.S. Department of Energy
by Lawrence Livermore National Laboratory in part under
Contract W-7405-Eng-48 and by Stanford Linear Accelerator
Center under Contract DE-AC02-76SF00515. K.H.C.’s work
was performed under the auspices of the U.S. Department of
Energy by Lawrence Livermore National Laboratory in part
under Contract W-7405-Eng-48 and in part under Contract DE-
AC52-07NA27344.
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Dust Coma Morphology of Comet 81P/Wild 2 and 103P/Hartley 2
in 2010
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Comet 81P/Wild 2

1.

Introduction

Comet 81P/Wild 2 (hereafter Wild 2) is a Jupiter family comet (JCF) discovered by
Paul Wild in early January 1978. Due to a close encounter with Jupiter in 1974 at
a distance of 0.006 AU from the planet, the orbital parameters changed such that
the perihelion distance decreased by 3.5 AU from 4.9 AU to 1.4 AU allowing the
cometary surface to receive a higher radiation from the Sun. The orbital period of
comet Wild 2 changed from 57 years to 6.4 years (Sekanina 2003). This relatively
young photometric age of 13cy, a parameter related to cometary activity, was
estimated by using the secular light curves obtained in 1990, 1997 and 2003
apparitions (Ferrin 2007). Because of this young age, comet Wild 2 has probably
encountered fewer intense heating episodes than other JFCs and new and
pristine material would be expected to be detected in coming apparitions. Comet
Wild 2 was the target of NASA's Stardust mission with close encounter on 2
January 2004. The Stardust project was primarily a dust sample return mission
and its primary goal was to collect the sub-millimeter particles for laboratory
analysis (Brownlee et al. 2004). During its flyby, Stardust also obtained many high
resolution images. These images revealed large numbers of jets projected nearly
around the entire perimeter of the nucleus. The highly collimated jets indicated
that the source regions on cometary surface or subsurface were small and this
phenomenon was also seen in comet 19P/Borrelly (Yelle et al. 2004; Soderblom
et al. 2004). Unfortunately, the observing condition of ground-based telescopes
during the 2003 perihelion and flyby time was extremely poor because the comet
was in conjunction with the Sun. Under such bad condition, only very few data
were obtained at very high arimass (Farnham et al. 2005). Besides, most of the
guality data were taken in May and in June 2004.

In 2010, the distance was only 0.67AU to the Earth, it represented, therefore, a
good chance to have relatively good spatial resolution to study the morphology

of cometary coma.

. Observation

The observational program using the One-meter Telescope at Lulin Observatory
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in Taiwan was planned from January 14th to August 1st 2010. During this
observational period, the comet passed through its perihelion (1.598 AU) on 22
February and made its closest approach to Earth (0.673AU) on 5 April 2010. The
observations of coma morphology were done using Asahi R broadband filter and
the narrowband filters of Rosetta filter set. The camera (Pl 1300B) has a pixel
scale 0.516 " and a field of view of 11.2"' X 11.6". Details of our observations of

comet Wild 2 are given in Table 1.

Table 1: Log of 81P/Wild 2 observations performed at the Lulin observatory

Date A Solar PA. P.A. Pixel scale
(UT) (AU) (AU) (degree) (km)
Jan. 14 1.64 1.10 112.7 35,5 410.8
Jan. 15 1.64 1.09 112.6 354 4071
Jan. 16 1.64 1.08 112.5 354 404.0
Jan. 17 1.64 1.07 112.5 354 399.7
Jan. 18 1.64 1.03 1124 35.3 384.7
Feb. 26 1.60 0.78 106.8 28.7 291.3
Apr. 7 1.66 0.67 84.8 10.3 250.3
Apr. 24 1.71 0.70 0.5 4.8 264.2
May 4 1.74 0.75 319.2 8.7 281.0
May 20 1.81 0.86 302.2 16.1  322.0
May 31 1.86 0.96 297.8 20.1 358.9

Aug 1 219 1.80 286.6 273 6727

Note: A and ryare the geocentric and heliocentric distances in AU; Solar P.A. is the position
angle of the projected solar direction, measured from North towards East. P.A. is the phase
angel.

3. Coma Morphology

Apart from the dust tail (labeled T in Figure 1) we identified up to seven different
dust structures in our images, summarized in Table 2. From 14 to 18 January 2010,
three features are detected in the solar direction (labeled A, B, C in Figure 1. The
structure A extends first towards the Sun before being bended in the tail direction by
the radiation pressure force. Structures B and C do not display the same curvature,
although this is very likely a projection effect. Notice that structure B is very close to
structure A in the images and as the jet broadens when particles move away from
the nucleus the bended part of structure B cannot be distinguished from structure A.
In the image taken on 26 February, only structures A and B are detected. Since we
have a very good signal over noise ratio in these images, the disappearance of
structure C is not a bias in our observations but rather indicates a change in activity,
probably the switch-off of one active region. Notice that Earth-comet observing
geometry in January and February remained relatively constant. From early April to
late May 2010, at least four new jets appear in addition to structures A and B (there

are labeled D, E, F, G in Figure 1). Three new jets can be indentified in April and one

-59 -



new additional jet was found at P.A. 8 degree in May, respectively. The last image in
May suffers from the low signal/noise ratio and structures can barely be noticed,
although they might be still present. In August, only one jet can be found in inner
coma and this jet might have been present all the time from May to August because

their morphology and the orbital configuration did not change during these months.

R R 3 PIe
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Fig. 1. Images processed by Larson-Sekanina algorithm and taken on Jan. 14, Jan. 15 and Jan. 18, (Top,
from left to right, ) Feb. 26, Apr. 7, and Apr. 24(middle, from left to right) May 4, May 20, Aug. 1
(Bottom, from left to right). In all images, North is up, East is to the left. The field of view is 5.85' X
3.87'. The arrow points solar projected direction. Structures are identified with capital letters, T marks

the position of the dust tail. All images were obtained with a broadband R filter.

Table 2 Position of jet feature of dust coma

Date ru A SolarPA. A B C D E F G
(Ut (AU) (AU) (degree) (degree) (degree) (degree) (degree) (degree) (degree) (degree)
Jan. 14 164 1.10 112.7 55 80 105 - - - -
Jan. 15 164 1.09 1126 55 80 105 - - - -
Jan. 16 164 1.08 1125 55 80 105 - - - -
Jan. 17 1.64 1.07 1125 55 80 105 - - - -
Jan. 18 164 1.03 1124 55 80 105 - - - -
Feb. 26 1.60 0.78 106.8 55 80 - - - - -
Apr. 7 1.66 0.67 84.8 40 67 - 140 200 320 -
Apr. 24 1.71 0.70 0.5 40 67 - 140 200 328 -
May 4 1.74 0.75 319.2 43 69 - 130 200 320 8
May 20 1.81 0.86 302.2 65 - 130 200 328 8
May 31 1.86 0.96 297.8 - - - 130 - - -
Aug 1 2.19 1.80 286.6 - - - 120 - - -
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Comet 103P/Hartley 2

1.

Introduction

Comet 103P/Hartley 2, hereafter Hartley 2, with an orbital period of 6.46 years
was discovered photographically by Malcolm Hartley in March 1986. Because this
comet is the second of three periodic comets discovered by M. Hartley, it goes by
the name “Hartley 2”. Comet Hartley 2 was an interesting object in the end of
2010, not only because it becomes a naked-eye comet, but also because NASA’s
Deep Impact vehicle is scheduled for a close flyby to study it on November 4 2010.
This comet was the fifth comet nucleus visited by spacecraft (the other four are:
1P/Halley, 19P/Borrelly, 81P/Wild 2 and 9P/Tempel 1). Before the spacecraft flyby,
comet Hartley 2 passed only 0.12 AU from Earth on October 20 and then reached
perihelion of 1.06 AU from the Sun on October 28.

NASA’s EPOXI mission was known as Deep Impact when it flew past Comet
9P/Tempel in 2005. The spacecraft then consisted of two parts: a massive
impactor, 370 kg, that collided with the comet and a flyby spacecraft that
recorded the results. The impact created a bright flash of light as it vaporized a
small chunk of the nucleus and this provided scientists with their first look at the
material beneath the heavily processed surface of the comet (A’'Hearn et al.
2005). After impact mission in 2005, the flyby craft lives on as EPOXI. On
November 4 2010 at 14:00 UT, the spacecraft made its closest approach to Comet
Hartley 2 at a distance of about 700 kilometers. Those flyby images have been
released by the EPOXI team and can be found in the website as following
http://epoxi.umd.edu/ ..

. Observation

The observational program using the One-meter Telescope at Lulin Observatory
in Taiwan was planned from April 24" to December 2™ 2010. Our first image of
comet Hartley 2 (Figure 3) was taken on April 24 2010 as comet at 2.4 AU far
from the Sun and Earth. With 10 minute exposure time, the comet had no tail,
but a round coma 5” wide. Its strong central condensation has a FWHM of 2.5",
compared to 1.5" of stars in standard star field. The observations of dust coma
were done using Asahi R broadband filter. Due to the moon influence, we did not
have the broadband filter data as comet close approach its perihelion. A list of all

the observations conducted at the Lulin one-meter telescope is given in Table3.
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3 The image of Hartley 2 was taken on April 24 2010. The comet had no tail, but a
round coma 5” wide. Sun symbol and dash-arrow indicate the projected direction towards

the Sun.

Table 3: Log of Observations performed at the Lulin observatory

Date Iy A Solar P.A. P.A. Pixel scale Filter
(UT) (AU) (AU) (degree) (km)

April 24 2.424 2.363 76.2 24.2 884.4 R
May 11 2.283 2.026 72,1 26.3 758.3 R
May 15 2.249 1.948 71.0 26.7 729.0 R
May 16 2.240 1.928 70.8 26.8 721.6 R
May 20 2.206 1,851 69.7 27 1 692.9 R
July 14 1.721 0.924 46.9 29.0 345.9 R
August 1 1.562 0.694 32.9 29.3 259.6 R
August 19 1.409 0.503 15.5 31.1 188.3 R
August 20 1.402 0.494 14.5 31.2 185.0 R
August 21 1.392 0.483 13.3 314 180.9 R
August 29 1.329 0.412 05.6 33.3 154.2 R
September 29  1.130 0.192 02.1 44.2 71.7 R
September 30  1.125 0.186 03.8 44.6 69.6 R
October 2 1.116 0.175 08.3 45.3 65.4 R
October 3 1.112 0.170 11.1 45.6 63.7 R
October 10 1.087 0.140 35.9 48.0 52.3 R
October 11 1.084 0.136 40.3 48.4 51.0 R
October 25 1.059 0.126 89.8 55.9 47.0 R
October 29 1.059 0.135 96.9 57.7 50.6 R
November 2 1.061 0.150 102.0 58.7 55.8 R
November 5 1.064 0.157 104.2 58.8 58.8 R
November 21 1.112 0.239 118.8 53.2 60.2 R
December 2 1.116 0.295 128.9 46.4 74.6 R

Note: A and ry are the geocentric and heliocentric distances in AU; Solar P.A. is the
position angle of the projected solar direction, measured from North towards East. P.A. is
the phase angel. R is the broad band filter.

Coma Morphology

Here, we show two methods (Larson-Sekanina algorithm and mean-media profile
subtraction) of image processing in Figure 4. In April and May, the signal to noise
ratio of images obtained by Lulin observatory are quite lower and therefore we

didn’t get any structure in inner coma even the dust tail is too faint to detect. In
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July and August, we only detected the dust tail which is roughly toward to the
anti-solar direction. In the end of September, we found a dust jet at Sunward
direction and this jet feature can be detected from the end of September until
the beginning of December when is our last observation at Lulin observatory.
The dust jet feature sometimes looks like a prominent jet but sometimes it shows
the multiple jets features. Mostly, we didn’t find the dust jet changed from
prominent jet to multiple jets in one night observation. But we do fortunately
observe this phenomenon during two whole nights. There are two dust jets
found on October 10 and October 11, the main one that streams toward the Sun
does not change a lot but another one that perpendicular to Sun-tail direction is
to switch on at the end time of these two days. This particular jet switched on/off
could be a seasonal effect or caused by the projected effect during our
observation run.

am
as®
PrL
s

-
----

.
5000 km__

Fig. 4. Images were all processed by Larson-Sekanina algorithm (larger) and mean-media profile
subtraction (smaller). All images were taken on Aug. 1, Aug. 20 and Sep. 29 (Top, from left to right);
Sep. 30, Oct. 2, and Oct. 3 (upper-middle, from left to right); Oct. 25, Oct. 29, Nov. 2 (middle, from left
to right); Nov. 5, Nov. 21. and Dec.2 (bottom, from left to right). In all images, North is up, East is to the
left. The dash-arrow points the solar projected direction and the dash-line shows the anti-solar

direction. Structures are identified with solid-arrow.
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Simultaneous Observations of Classical Be Stars

Chien-De Lee, Wen-Ping Chen, Chien-Hui Kao and Li-Wen Hung

National Central University, Graduate Institute of Astronomy

In 2010, we carried out the optical and near-infrared simultaneous photometric and spectroscopic
observations using the LOT, SLT, Okayama Astrophysical Observatory in Japan, and Xinglong Observatory in
China. We had five runs (19 nights) at Lulin, with more than 70% clear time with data. We collected
spectra of some 70 classical Be stars with different time scales, from hours, days to months. Limited by
the sky conditions at Okayama, only two nights were available for simultaneous optical spectroscopic and

near-infrared photometric observation. Otherwise we carried out near-simultaneous observations.

Our targets are all bright (Vmag < 11); more than one thousand images were obtained in total. The
data are being processed by the pipeline we developed. Preliminary results have been presented as an
oral and a poster papers at the IAU Symposium 272, held in Paris in 2010. Both will be published in the
proceedings. Our work was awarded one of the “Best Posters” at the 2010 Annual Meeting of Physical
Society of the ROC.

Emission lines and near-infrared excess
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Figure 1. The emission lines and near-infrared excess of CBe stars.
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Observations of two lensed quasarswith LOT in 2010
E. Koptelova®, W.P. Chen?, D.C. Chang®

1Department of Physics, National Taiwan University, Wenshan Chiu, 116 Taipei, Taiwan

’Graduate Institute of Astronomy, Jhongli City, Taoyuan County 320, Taiwan

Backgr ound

Variability in UV/optical/IR wavelengths is an intrinsic property of all quasars. In case of the
lensed quasars when we observe two (or sometimes more) images of the same source (the quasar), all
quasar images will repeat the variations of the source quasar but not simultaneously. The quasar
variability in the multiple images will be seen at different times due to the difference in lengths of the
paths which take light rays to form the images of the quasar. This difference in time (known as lensing
time delay between variations in two images A and B of quasar, tag) is related to the Hubble constant
Ho as tag~1/Hp (Refsdal 1964, MNRAS 128, 307). This relation gives a direct method of the Hubble
constant determination which is independent of a distance ladder. The time delay between variations in
the quasar images can be measured using cross-correlation analysis of the light curves of the images.
The lensed systems with accurately measured time delays can give the Hubble constant value which is
less uncertain than that estimated based on Cepheids and cosmic microwave background radiation.
Thus, the key idea of the observations of the lensed quasarsis to obtain well-sampled and accurate light
curves of the quasar images that can give an accurately measured time delay (with accuracy of several
per cent) and that, in turn, can give us an accurate estimate of the Hubble constant.

Aim of the observations

During the 2010A (from February to May) and 2010B semester (starting from November) we
have been observing two gravitationally lensed quasars RXJ0921+4529 and SDSS1206+2623 with the
Im Lulin telescope in the R band. The total number of data points obtained for RXJ0921+4529 and
SDSS1206+2623 is 12. The goa of our observations was to obtain accurate and homogeneous light
curves which can be used to measure the lensing time delays in systems RXJ0921+4529 and
SDSS1206+2623. Note, that delays in RXJ0921+4529 and SDSS1206+2623 have not been measure
until now.

These quasars are wide : E
separation double lensed systems. 4.30 - mageA 3
The large image separation makes
them good targets for observations 40 -, E
with small ground-based -
telescopes. There are presently 18
gravitationally lensed systems
with measured time delays of
varying accuracy. We have also
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measured time delays in severa 480 Rot s . ;:_
lensed quasars (Ullan, s 2 ot L o :
Goicoechea, 5200 5300 5400 5500

J.D.—2450000

Zheleznyak, Koptelova et 4.,

2006; Goicoechea, Shalyapin,  Figurel. R-band light curves of image A (red) and image B (green) of
Koptelova et al. 2008; Shalyapin  quasar RXJ0921+4529 based on observations obtained with the 1m
V.N., Goicoechea L.J., Koptelova LOT telescope from November 27, 2009 to December 17, 2010. The
E. et al., 2008; Koptelova et a., light curve of the reference star is shown in blue.
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2010). Among the quasars with measured time delays, the number of lensed systems which can give an
estimate of HO with accuracy compared with other methods is still limited (e.g. Jackson 2007, LLR 10,
J4). It makes new time delays measurements in the newly discovered lensed systems an important task.

Targets

RXJ0921. The lensed system RX0921 consists of two images of the quasar with the image separation
of about 6 arcsec (see Fig. 1). Both images of the quasar have been found to be variable (e.g. Paraficz
et a. 2006, A&A 455, 1P). Therefore RX0921 is a good candidate for accurate determination of time
delay. We have been observing RX0921 in the 2010A and 2010B semesters. The light curves of the
guasar images obtained during the observations are shown in Fig. 1. We found that the images of
RXJ0921 are variable both on a relatively short (about 50 days) and long (several months) timescales.
The global behaviour of the light curves of the quasar images is similar, gradua brightening followed
by gradual fading. It means that we probably observe the variations as a result of quasar variability.
These variations should be similar for both quasar images but separated in time. We experimented with
the light curves of the images and found that the time delay between brightness variations seen in the
images can be in the range of 80-110 days. This is in good agreement with theoretical expectations.
Thus, from our observations of RXJ0921 in the 2010A and 2010B semesters we determined the range
of possible time delays between the quasar images. The next step isto constrain it more and to find the
exact value of the delay. After shifting by this time delay value the light curves of the A and B images
should convincingly match each other. In order to measure the time delay, we continue observations of
RX0921 in the 2011A semester. We expect that the new observations of the system can better
constrain the time delay between images of RX0921.

SDSS1206. The lensed system E T T T
SDSS1206 is adso a double lensed E{
quasar with the separation between 350F
images of about 3 arcsec. We have ! .
been observing SDSS1206 in the 360

2010A and 2010B semesters. The
observations showed that both
gquasar components changed their
brightnesses up to 0.2 magnitudes
during observations in the first and o0k 3
second semesters (see Fig. 2). We Tk # 2 ;2 E
detect a significant brightening of 200F E
the A and B quasar images in the 5300 5400 5500 5600
2010B semester (based on the recent :b.~2450000

observations of the system in  rigyre 2 R-band light curves of image A (red) and image B (green)
December). This brightening will  of quasar SDSS1206+2623 based on observations obtained with the
probably be changed by the fading 1m LOT telescope from February 28, 2010 to December 17, 2010.
of the images in next months. This Image B is shifted by the delay of 20 days. The light curve of the
event provides good chances to reference star isshownin blue.

measure the lensing time delay.

Already now, based on our observations of SDSS1206 during the 2010A and 2010B semesters, we
obtain a preliminary estimate of the time delay between the SDSS1206 images of about 20 days (see
Fig. 2). At the sametime theoretically predicted time delay for this system is about 80 days. Therefore,
we need carefully check our estimate of the delay. If it is really 20 days, than the model of the lensing
galaxy for this system should be revised in order to reproduce the observed time delay. To confirm our
preliminary estimates of the delay in SDSS1206, we continue observations of the system in the 2011A
semester.

370F 3] 3 3

R magnitude

3.80F t ¢ =
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Progress Report

Rotationally Resolved Spectroscopic and Photometric

Observations of Asteroids

Tai, Chih—Yangl, Cheng, Yu—Chil, Ip, Wing—Huenl’2
1. Institute of Astronomy, National Central University

2. Institute of Space Science, National Central University

The original proposal requested 10 full Number  Name Type  Period(h)

nights of LOT with Hiyoyu. In the end, 10 5 Astraea S 16.8
half-nights are allocated. ~5 half-nights 7 Tris S 7.139
were under bad weather condition, For 23 Thalia S 12.3122
the remaining ~5 half-nights 11 asteroids 37 Fides S 7.3335
were observed, as shown in Table 1. 44 Nysa E 0.422
49 Pales C 10.42
This report shows preliminary 52 Europa C 5.633
. . . 65 Cybele C 4.401
spectroscopic results. Fig. 1 is a spectrum .
of S-type asteroid (7)Iris, which was 89 Jula > L1387
vp A whieh 144 Vibilia C  13.819
combined from three consecutive 554 Peraga C 13.63
exposures, each of exposure time = 1 Table 1 Asteroids observed

min. The spectrum was normalized to 1 at

5500 A. The raw data of (7)Iris cover an interval of 0.6~0.7 rotation phase. A
comparison of the sample spectrum matches rather well with the achived spectrum
from the SMASS dataset. However, most of the spectra are invalid data after
reduction. This problem was due to misuse of the flux/G2V standard star during

observation and weather instability.
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Figure 1 The spectra of (7) Iris for comparison. The black line is processed data of Hiyoyu observed at
2010-12-23 19:17:55 (UT); the red cross points were downloaded SMASS data. Both were normalized

to same scale.
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PS1 Follow-up : The Trigger Mechanism of Cometary Activity

Ying-Tung Chen, Hsing-Wen Lin, Wing-Huen Ip and Kinoshita Daisuke
Institute of Astronomy, NCU

The active Solar system objects such as comets are so miraculous that people started
to study them for thousand years. The development of classical dynamics in .the Middle
Ages was inspired by Halley’'s comet observations. These kinds of objects have very
inseparable connection with Earth and human life. The comet which connected to meteor
showers and probably falls into the Earth was believed that it is one of sources of water on
Earth. However, we only have very limited knowledge about these kinds of objects. Where
did they come from? What is their composition? What is the trigger source of cometary
activity? Although there are speculative answers for the above questions, they are poorly
proofed by statistical results. Here we focus on the origin of the activities and their
compositions.

The Comets, Main Belt Comets, Centaurs, TNOs etc, the cometary activities, were
researched independently in several decades. There are three explanations for the
cometary activity: (1)Solar Heating, (2)Tidal destruction, (3)Collision. These three
scenarios have different feature of distribution according to the survey of large sky. By
Panoramic Survey Telescope & Rapid Response System (Pan-Starrs, PS1) data, we try to
monitor candidates of solar system objects, and distinguishing the active mechanisms.

In 2010B semester, we observed 4 centaurs (2060, 8405, 31824, 54598) which are the
candidates of active Centaurs. Depend on object visibility, the images with Sloan filter (g, r,
I, Z) were obtained from 2010/08/01 to 2011/01/26. However, the image quality of them is
too poor to distinguish the cometary activity, even for known active Centaur 2060 Chiron
(Fig 2). For this kind of case, we are trying to develop new algorithm for analyzing the PSF
profile by subtraction with PSF model of nearby background star. The new algorithm will
also apply to PS1 postage stamp images of Centaurs. We believe that the combination of
2010B, 2011A and PS1 postage stamp images will reveal first step in resolution of
cometary activity.

Fig The image of 8405 Centaur Fig 1 The image of 2060 Centaur

-74 -



Scientific Results by the SLT in Global Monitoring

of AGNs and Blazars

Reported by W. P. Chen (NCU/Astronomy)

2011 February 16

We continued to participate in the GASP (GLAST-AGILE Support
Program), on the basis of the Whole Earth Blazar Telescope (WEBT)
consortium. Using the SLT, a few targets, AGNs or Blazars, in the
fields of GLAST/Fermi or AGILE would be observed every clear night,
typically a couple frames in the R band. The images would be analyzed
and photometry be summarized to the leading scientist of a particular
program. GASP papers are always published in high ranking
international journals, with multiwavelength data (radio, mm, IR,
visible, X rays to gamma rays) to study the variability and hence
emission mechanisms of the central engines of supermassive black
holes. The author list for the paper of such a global monitoring
program is inevitably long, up to hundreds, including normally 2-4
from NCU faculty, postdoc, or staff members.

In 2010, we were part of these publications:

1. Another look at the BL Lacertae flux and spectral
variability: Observations by GASP-WEBT,
XMM-Newton, and Swiftin 2008-2009, Raiteri, C.
M., Villata, M., Bruschini, L., et al. (The GASP
collaboration with XMM-Newton and Swift teams,
including Chen, W. P., Shiao, H. Y., and Koptelova,
E. from NCU), 2010, Astron. & Astrophy., 524, 43

2. FermiLarge Area Telescope and Multiwavelength
Observations of the Flaring Activity of PKS
1510-089 between 2008 September and 2009
June, Abdo, A. A., Ackermann, M., Agudo, I. et al.
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(Fermi Team and GASP collaboration including
Chen, W. P., and Koptelova, Ekaterina from NCU),
2010, Astrophy. J., 721, 1425

THE 2009 DECEMBER GAMMA-RAY FLARE OF
3C 454.3: THE MULTIFREQUENCY CAMPAIGN,
Pacciani, I., Vittorini, V., Tavani, M., et al.
(including Lin, C. S. from NCU), 2010, Astrophy. J.
Lett., 716, L170

The Spectral Energy Distribution of Fermi Bright
Blazars, Giommi, P. et al. (GASP Collaboration
including Chen, W. P., and Koptelova, Ekaterina
from NCU), 2010, Astrophy. J., 716, 30

Multiwavelength Observations of 3C 454.3. III.
Eighteen Months of Agile Monitoring of the “Crazy
Diamond”, Vercellone, S., D’Ammando, F.,
Vittorini, V., et al. (GASP collaboration including
Chen, W. P. Hsiao, H. Y., Koptelova, E. from NCU),
2010, Astrophy. J., 712, 405

A Change in the Optical Polarization Associated
with a Gamma-Ray Flare in the Blazar 3C 279,
Abdo, A. A., Ackermann, M. A., Ajello, M., et al.
(The Fermi-LAT Collaboration, and the GASP
collaboration including Chen, W. P., Koptelova, E.,
and Lin, H. C. from NCU), 2010, Nature, 463, 919
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TAOS Project: Searching for Variable Stars in the Selected
TAQOS Fields and Optical Follow-up Observations

K.S. Pant, C.C. Ngeow?!, W.P. Chen!, D.C. Chang?, Z.W. Zhang?

! Graduate Institute of Astronomy, NCU
’Department of Physics, NCU
3Academia Sinica Institute of Astronomy and Astrophysics (ASIAA)

The goal of our project is to obtain follow up time series observations for the unknown variable stars found in the TAOS
project, and study these variables in detalls based on the data from TAOS and our project. The TAOS photometry allowed us to
find roughly about 50 candidates (out of total of 2654 stars) in TAOS-060 field using the well developed variable stars finding
algorithm. These 50 candidates were continuously observed in BVRI filters using the LOT and SLT telescopes available at the
Lulin Observatory of Taiwan. The BVRI photometry will permit some important parameters, for example extinction, colors and
brightness, to be derived for these candidates. We used IRAF to reduce the imaging data, and applied SExtractor for cataloging
and photometry measurement. We present the preliminary results in this presentation.

TAOS 060 Variability.dat

Introductlon 0-42_ sigma_fit=0.011 + 40.02x1070.4m + 0.11x1070.8m + -1.40x10"1.2m /{,’ _
- Finding Variable Stars in Selected TAOS Field i > S
* |n addition to the KBO study, the long duration (~4 years) and dense sampling of >N ;
TAOS (Taiwan-American Occultation Survey ) data can be used to find new variable 00 — 10 - . . ;
stars. <mag=
* In this project, we search for variable stars in TAOS 060 Field, located at RA: 0.af
04"48m00s DEC:+20946™m20s (with limiting mag. Of ~15mag at S/N=10), using the stare = osf " :
mode data. 7 ol - 7. :
%0_15_ °q & 7 DD = ]
« Stars in TAOS 060 Fields have measurements up to ~500 points, spanning for ~150 Cof T I ToTTITToT e e R IR ;
days. O T P
_ _ _ o _ _ Figure 1: Variable candidates searched from using the sigma-deviation
« Variables were searched using the sigma-deviation (n-sigma deviated from the method. An empirical equation (solid curve in upper panel) was fitted to the
means, illustrated in Figure 1) method and Stetson's J-index (Stetson 1996, PASP mean magnitudes (expressed in term of the TAOS instrumental magnitudes)
108:851). and the standard deviations of the means. A cut at certain threshold of the fitted
curves (dashed line in the bottom panel) was used to select the variable
« Out of the ~2600 stars, we found ~50 variable candidates using both methods, candidates (open squares) from the "constant” stars (dots).
iIncluding three previously known variables in the field.
num| Coords | Period |Amplitude] &+ i o : . 5
(J2000) | (days) wEr gL Wt
1 |04:44:54.1 [0.377998] 0.6 B R T
+20:03:02 R ek
2 |04:49:06.6 |0.286447| 1 fas
+21:08:13 e
3 104:47:18.4 |10.548221 0.6 E
+20:34:46) | |k
4 104:50:18.7 |0.638394 0.8 | |
+21:14:53 Figure 2-1
5 04:48:48.8 |0.717851 2 -
+20:55:09 g% :
6 04:§15:f§.§1 0.633039 1 nxﬁ%% -
+21:15: E -
Table 1 : Some examples we can &

recognize them surely are variable stars.

Figure 2: We select six variable stars
examples to show their light-curve form T T
TAQOS 060 field

pppppppp

pppppppp

Figure 2-4

Figure 2-5 Figure 2-6

Observation & Analysis s 1 R

- Optical Follow-Up of the Candidates ‘ ‘

« TAOS observations were conducted using a customized broad-band filter. O et #“””ﬁﬁﬁ*ﬂ%ﬁ : > " ;

Hence an optical follow-up program were initiated to observe and construct il ok : E

the light curves of the TAOS 060 candidate variables in the BVRI bands, ‘ E :

using the Lulin's One-Meter telescope (LOT) and the SLT telescope (0.4m R T T T T T T N Y e * _

aperture), from the Lulin Observatory, as well as the 0.81m telescope from oo o rme R R s L -

the Tenagra Il Observatory. Figure 3 : This plot can help us to VAR * -

. . . . . _ calculate the difference is 12.3035. : :

*» The multi-band optical follow-up observation will help Iin improving the i -

classification of these candidates, estimate their BVRI mean magnitudes, Figure 4 : The light-curve result for N :

colors as well as extinction. This will enable a wide range of research In multi-band optical BVRI. The target o . _

astrophysics for these variables. is the Figure which Coords(J2000) is R * L

04:47:18.4 +20:34:46 and Period a7 YL T

* By selecting images form one night as reference images, other 25 nights of (days) in our analysis is 0.633637.. R o ©

Images were used to calculate the magnitude difference. Figure 3 shows 5 i

the diagram with reference magnitude R-band to differenced mag. The | | | |

median differenced mag. is 12.3035. For each band, the mag. of the targets T e T e e e

were subtracted by this differenced mag. Then plots the light-curve phased s [ T JEPPRNE

diagram (Figure 4.) . |

Acknowledgement: CCN thank the funding from National Science Council (of Taiwan) ; . :
under the contract NSC 98-2112-M-008-013-MY 3. T Ve E—
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Ground-Based Optical Follow-Up Observation
of Cepheid Candidates in Kepler's Field

C.-C. Ngeow', R. Szabo?, L. Szabados?®, A. Derekas**, P. Moskalik®, J. Nuspl*, H. Lehmann®, G. Furesz’, J. Molenda-Zakowicz®, S.

T. Bryson®, A. A. Henden™, D. W. Kurtz", D. Stello*, J. M. Nemec"®, J. M. Benko?, L. Berdnikov***, H. Bruntt'®, N. R. Evans'’, N. A.

Gorynya®, E. N. Pastukhova', R. J. Simcoe', J. E. Grindlay™, E. J. Los™, A. Doane®, S. G. Laycock®, D. J. Mink'’, G. Champine®,
A. Sliski®, G. Handler®, L. L. Kiss?, Z. Kollath?, J. Kovacs®, J. Christensen Dalsgaard*, H. Kjeldsen**, W. J. Borucki’

'Graduate Institute of Astronomy, National Central University; “Konkoly Observatory of the Hungarian Academy of Sciences; “Department of Astronomy, Eotvos University; *Copernicus Astronomical Center; *Thuringer
Landessternwarte Tautenburg, Karl-Schwarzschild-Observatorium; "Harvard-Smithsonian Center for Astrophysics; °Astronomical Institute, University of Wroclaw; "NASA Ames Research Center; **American Association
of Variable Star Observers; “Jeremiah Horrocks Institute of Astrophysics, University of Central Lancashire; **Sydney Institute for Astronomy, School of Physics, The University of Sydney; **Department of Physics &
Astronomy, Camosun College; **Sternberg Astronomical Institute, Moscow University; **Isaac Newton Institute of Chile, Moscow Branch; **LESIA, UMR 8109, Observatoire de Paris; *"Smithsonian Astrophysical
Observatory; ®Institute of Astronomy, Russian Academy of Sciences;*Harvard College Observatory; “°Gothard Astrophysical Observatory; “Department of Physics and Astronomy, Aarhus University

The Kepler Space Telescope Kepler Asteroseismic Science Consortium

*NASA's mission aimed to find Earth size and larger °In addition to finding extra-solar planets, Kepler's observation can

planets around other stars. also be used for asteroseismology and stellar variability studies.
Almost un-interrupted observation of a 105 deg” field — Goal for KASC (http://astro.phys.au.dk/KASC/)

near Galactic Plane, with ~223,000 stars 1n the field. “Total there are 13 Working Group within KASC, WG #7 1s

dedicated to Cepheid study.

The Cepheid Variables

°Intrinsic pulsating variables that are crossing the instability strip in the Hertzsprung-Russell diagram, named after RSN L L L B L
prototype delta Cepheid. 5 35 — o —
-Yellow supergiants with mass between ~3 to ~11 M__and surface temperature from ~4500K to ~6500K. Pulsating E 4 _ h
period range from ~1 to ~100 days, and obey the period-luminosity relation. 45 —| el ieleied e radn .—
‘Important astrophysical tools for (a) distance scale studies; and (b) stellar pulsation/evolution studies. 0 02 04 06 08
phase

Cepheid Within The Kepler's Field Result From The Observation
‘Two previously known Cepheids in the field: *The resulted BVRI light curves for these two Cepheids are presented below. For

V1154 Cyg & V2279 Cyg clarity, error-bars were plotted for data points with errors > 0.02mag.
*Additional Cepheid candidates selected from published catalogs of o T T T T T
variable stars (including ASAS, ROTSE and HAT), and the Kepler's o S ) %L@O;%m% ' P _m%o%: -smg;;@@
Input Catalog for stars located inside or near the instability strip. : Q&:: Fws . s R
Total of ~40 1nitial targets were selected. . %‘O%@% o~ %“O%@% o
‘However, after release of first Kepler's light curves, only few L i Cr |
Cepheid candidates remained. We focused on V1154 Cyg and ) %z.%qo f%% f_ij @sai_.%o% P P "’%o% P s
V2279 Cyg in this presentation. %@% W,j %&v@% Wj i “ogy © ' g, © o
Ground-Based Optical Follow-Up Observations O 2 O T e T 2
*Kepler's magnitude system, Kp, 1s based on broad band (430 — 900 *BVRI light curves properties (amplitudes - | | |
nm) transmission of the telescope and detector. Hence, ground- and Fourier decomposition) suggested . A
based multicolor (and spectroscopic) follow-up observation 1s V2279 Cyg is not a Cepheid. a0 | f /\7“* /\ /
needed to complement the Kepler's light curve. *Flares shown up in Kepler's light curves. = °®| ; f L ;
“Time-series observation (more than 3 months) were conducted with Additional spectroscopic observations om0 ] / ; ;
the following telescopes: confirmed non-Cepheid nature of this m/ \/

I. Lulin One-meter Telescope (LOT) @ Lulin Observatory, Taiwan: 1.00-m star, and most likely being a rotation star. O Tos0s ss0ze SSazemiﬂaSmss&m 55034 55038

Cassegrain telescope with P11300B CCD.
II. SLT @ Lulin Observatory, Taiwan: 0.40-m Ritchey-Chretien telescope with

0,20 —

Apogee U9000 CCD. *BVRI light curves properties and radial ol
I11. Tenagra telescope (TNG) @ Tenagra II Observatory, Arizona (USA): 0.81- velocity measurement from spectroscopic g |

0.05
m robotic telescope with STIe CCD. observation suggested V1154 Cyg is a = .|
IV. Sonoita Research Observatory (SRO) @ Arizona (USA): 0.35-m robotic bona-fide fundamental mode C ephei d. 0,05
telescope with SBIG STL-1001E CCD. . . -

*Very stable light curve behavior from 015 | _
°Imaging data process involved the following steps: V1154 Cyg, ~49000 data points

-0.20

54965 54970 24975 54980 54985 4990 54995 55000

Kepler's ultra-precision photometry.

I. Standard IRAF reduction (bias and dark subtracted, flat-fielding). DR R
I1. Cataloging and aperture photometry using SExtractor. *BVRI and Kepler's light curves also ruled out other candidates being Cepheid. V1154
ITII. Calibration to standard magnitudes using Landolt standard stars.

Cyg remained the only Cepheid 1n Kepler's tield.

CCN thanks the funding from National Science Council (of Taiwan) under the contract NSC 98-2112-|\/I_-§)10_8-013-MY3. Funding for Kepler mission is provided by NASA's Science Mission Directorate.
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TAOS Project: Searching for Variable Stars in the Selected

TAOQOS Fields and Optical Follow-up Observations

C.-C. Ngeow', D.-C. Chang', K.-S. Pan', T.-A. Chung', E. Koptelova'

& the TAOS Collaboration
(* National Central University, Taiwan)

The Taiwan-American Occultation Survey (TAOS) Project Finding Variable Stars in Selected TAOS Field

= Aim: to find small Kuiper Belt Objects (KBO, size from 500m to » |n addition to the KBO study, the long duration (~4 years) and dense sampling of TAOS

30km) and measure their size distribution using the occultation data can be used to find new variable stars.
technique.
s |In this project, we search for variable stars in TAOS 060 Field, located at RA: 04"48™00°
= The TAOS project employed four 20-inch wide-field (F/1.9, 3 degree- DEC:+20946™20° (with limiting mag. Of ~15mag at S/IN=10), using the stare mode data.
sguared FOV) telescopes, equipped with a 2K x 2K CCD, to
simultaneously monitor the same patch of the sky. « Stars in TAOS 060 Fields have measurements up to ~500 points, spanning for ~150
days.

» Two readout mode: (a) zipper mode for fast and continuous readout;

(b) stare mode for regular imaging before zipper mode = Variables were searched using the sigma-deviation (n-sigma deviated from the means,
illustrated in Figure 2) method and Stetson's J-index (Stetson 1996, PASP 108:851).
= All four TAOS telescopes, which can be operated automatically,

were located at the Lulin Observatory in central Taiwan (see Figure = Out of the ~2600 stars, we found ~50 variable candidates using both methods, including

1). The TAOS project has been continuously taking data since 2005. three previously known variables in the field.
» See http://taos.asiaa.sinica.edu.tw/index.php for more detalils. TAOS_060_Variability.dat
siglma_fitl=0.01 1I + 40..02x1 0;‘0.4ml+ 0.1 1Ix1 0"0l.8m + l—1 .40x.1 o™M .2Im | | | | | !’l
0.4 ]
_1 v 0.3 — S
fan] R
/ : |
& 0.2F -
0.1[ :
0.0 — .
12 10 8 6
<mag>
0.4 — ]
-El o
% 0.3:— ] ] _
%) r °
&j 0.2 - |:||:I i o B
S o04f o L % ° @ ]
F s === e D.«D -"‘d%:_'j
0.0 :_ - oo S S P RN A PSP A, TP mﬂmw’m. g s '.'.ﬂ' AT Eeronisy S 5 —
12 10
wi A S <mag>
Figure 1: A view of the Lulin Observatory. Two of the TAOS telescopes can be seen at _
the front of the picture. The third telescope is located at the upper-left corner (the fourth Figure 2: Variable candidates searched from using the sigma-deviation method. An empirical equation (solid curve in
telescope is not shown). The building at the back hosted the 40cm SLT telescope, one of upper panel) was fitted to the mean magnitudes (expressed in term of the TAOS instrumental magnitudes) and the
the main telescopes currently operated at the Lulin Observatory. (Image credit: The Lulin standard deviations of the means. A cut at certain threshold of the fitted curves (dashed line in the bottom panel) was
Observatory, operated by the National Central University) used to select the variable candidates (open squares) from the "constant" stars (dots).

Optical Follow-Up of the Candidates

= TAOS observations were conducted using a customized broad-band filter. Hence an optical follow-up program were Initiated to observe and construct the light
curves of the TAOS 060 candidate variables in the BVRI bands, using the Lulin's One-Meter telescope (LOT) and the SLT telescope (0.4m aperture), from the
Lulin Observatory, as well as the 0.81m telescope from the Tenagra Il Observatory.

» The multi-band optical follow-up observation will help in improving the classification of these candidates, estimate their BVR/ mean magnitudes, colors as well as
extinction. This will enable a wide range of research in astrophysics for these variables.

s Table 1 summarized the available nights, the telescopes used and the image

qualities in each bands for our observation. . 75 S
RN ST T L T

« Figure 3 shows the preliminary results from our optical follow-up observations for B : " L : " L : .
one of the candidates. This star is an Algol-type (EA) eclipsing binary. B 6.5 1 ;ij ;hil E
g3 o) g

Table 1: Summary of the follow-up observation for TAOS 060 Field. The FWHM (in arcsecond) is the median = e E_ - - _E

FWHM of the available images in a given band, for a particular night.

~ Night  Telescope  FWHM(B) ~ FWHM(V)  FWHMQR)  FWHM() ; o : - ;
177 i_l@‘ T R IO AIA T IA A| T Al (9|@‘ T R IO AIA T L A| T |(@A|A (S)I_i

m 18 o o —=

2010 Jan 24 Tenagra = © © =
19 — | | | | I | | | | I | | | | I | | | | —

______ el 3P A A A V=
1,7 :_Q‘ A AL - A A Al @ A AL A A A Aa e

2010 Feb 10 = = A R =
______ s B4 | B E
ettt +—+—+—+——+—+—+—+——+—+—+—+—=

2010 Feb 12 Tenagra - 16 o - = as 4 N = ans .M =
______ T E ke ke E
18 =+ =

2010 Feb 14  Tenagra 6 E | | | E
______ ~ 17 E E

2010 Feb 16 Tenagra 18

______ phase

2010 Feb 18 Tenagra

2010 Feb 20 Tenagra

Acknowledgement: CCN thank the funding from National Science Council (of Taiwan) under the contract NSC 98-2112-M-008-013-MY 3.
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Figure 3: Light curves for one of the TAOS 060 candidates from TAOS (upper panel) and our optical
follow-up observation (bottom panel; open circle=SLT, filled triangle=Tenagra). The period of this
variable is 0.71791 days, obtained from using the phase dispersion minimization technigque
(Stellingwerf, 1978, ApJ 224:953). The BVRI photometry has been calibrated relatively, and not yet
calibrated to the standard Johnson/Cousin system. Error-bars are omitted for clarity.
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Thermal Design of Dewar for CCD Camera

KinosHITA Daisuke

02 April 2010

Abstract

This short report describes the calculation of the inflow of the heat into the dewar of our CCD
camera which is being developed. The CCD is planned to be cooled down to -100°C. Before the
manufacturing of the dewar, it is critically important to estimate the inflow heat flux into the dewar,
and compare it with the cooling power of the cryocooler. To estimate the total heat inflow, the
radiation from the dewar window, the radiation from the dewar wall, the conduction through the
polycarbonate posts, and the conduction through the copper lines are considered. The result of the
calculation shows that the heat inflow is ~ 3W. It is small enough compared to the cooling power of
the cryocooler.

1 Introduction

The astronomical instrument development team at the Institute of Astronomy of National Central Uni-
versity aims to develop a CCD camera for 2-m telescope which is being built at Lulin Observatory. The
CCD chip must be cooled down the low temperature to reduce the noise. Typical operation temperature
of CCD chip for research purpose camera is about -100°C. At this temperature, the dark current electron
generation rate is negligible. We have to make sure that the cryocooler has enough cooling power to
maintain the CCD temperature as low as the target operation temperature. In order to estimate the
cooling capability, one needs to calculate the inflow heat flux into the dewar of the camera, and compare
it to the cooling power of the cryocooler.

2 Dewar Structure

Here, I assume a cylindrical shaped dewar with the diameter of 150-mm and the height of 100-mm. The
size of a circular window of the dewar is set to be ¢ = 90-mm. A schematic drawing of the dewar structure
is shown in Fig. 1.

150-mm

N ——

100-mm

~_

Figure 1: The schematic drawing of the structure of the dewar. It is a cylindrical shaped dewar with
150-mm diameter and 100-mm height. At the center of the top of the dewar, there is a fused silica window
of ¢ = 90-mm.
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3 Calculations of Inflow Heat Flux

I calculated the total inflow heat flux into the dewar. Four heat sources were considered. Those are
the radiation from the dewar window, the radiation from the dewar wall, the conduction through the
polycarbonate posts, and the conduction through the copper lines. The calculations are based on the
work by Okamura et al. (1996) and Miyazaki et al. (2002).

3.1 Radiation from Dewar Window

The incoming heat flux by the thermal transfer due to the radiation from the dewar window is expressed
as

€win€CCD (1)

- 4 4
Qwin =0 (Tambient - TCCD) Awin .
€win T €ECCD — €win€CCD

Here, Quin is the inflow heat flux by the radiation from the window, o is the Stephan-Boltzmann
constant (o = 5.67 x 1078 Wm=2K~%), A, is the area of the dewar window, Tympient is the ambient
temperature near the dewar window, Tcop is the CCD operation temperature, €., is the emissivity of
the fused silica window, eccp is the emissivity of the CCD. The area of the dewar window is A, =

T (%)2 = 6.36 x 1073 m?2. The ambient temperature near the window and CCD temperature are
chosen to be T,y = 283K and Teop = 173 K, respectively. The emissivities of the window and CCD
are assumed as €,,;, = 1.0 and eccp = 0.5, respectively. Then, the heat inflow by the radiation from the
dewar window is estimated as

Quin = 1.0W. (2)

3.2 Radiation from Dewar Wall
The incoming heat flux by the thermal transfer due to the radiation from the dewar wall is expressed as

€AIECCD (3)
€Al + €ccD — €Al€ECCD

. 4 4
Qual = 0 (Tambient - TCC'D) Awaun

Here, Qwa” is the inflow heat flux by the radiation from the wall, A4y is the area of the dewar wall,
€4; is the emissivity of the dewar wall which is made of the aluminum. The area of the dewar wall is

2
Apan = (%) = 5.84 x 1072 m2. 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

Quan = 1.OW (4)

3.3 Conduction through Polycarbonate Posts

The incoming heat flux by the thermal transfer due to the conduction through the polycarbonate post is
expressed as

. Apost Tcep
onst = f/ Kpost(T)dT
post J Tomp
A ost _
~ post Rpost (Tamb - TCCD) . (5)
post

Here, onst is the inflow heat flux by the conduction through a polycarbonate post, A,s; is the cross-
section of the polycarbonate post, Ly.st is the length of the polycarbonate post, kpost is the thermal
conductivity of the polycarbonate post, Kpos: is the mean thermal conductivity of the polycarbonate
post. The cross-section and length of the polycarbonate post are assumed to be Appst = 20 x 20 mm?
and Lpos = 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 inflow by the
conduction through the polycarbonate posts is extimated as

onsts = onst x4=09W. (6)
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3.4 Conduction through Copper Lines

The incoming heat flux by the thermal transfer due to the conduction through the copper line is expressed
as

. A ine Tecn
Qline = Lli / HC?L(T)dT
line JTymsp
A ine _
~ #KCu (Tamp — Tcep) - (7)

Here, lee is the inflow heat flux by the conduction through a copper line, A, is the cross-section
of a copper line, L;;,. is the length of a copper line, k¢, is the mean thermal conductivity of the copper.
The cross-section and length of the copper line are assumed to be Ajine = 75 x 18 um? and L. = 150
mm, respectively. The mean thermal conductivity of the copper is assumed as Fpost = 420 W m~+ K1,
The number of copper lines is 50. Then, the heat inflow by the conduction through the copper lines is
extimated as

Qtines = Qrine X 50 = 0.02W. (8)

3.5 Total Inflow Heat Flux
The total inflow heat flux Q:otq; is expressed by

Qtotal = Qwin + Qwall + onsts + Qlines
~ 29W. (9)

A cryocooler which is planned to be used for the CCD camera is Polycold PT-30. The cooling power
of PT-30 is about 22 W at 173 K. It is powerful enough to cool the CCD chip. To prevent the over-cooling
and keep the stable CCD operation temperature, a resistance heater is required to be installed in the
dewar.

4 Summary

The inflow heat flux into the dewar of the CCD camera was estimated. The radiation from the dewar
window, the radiation from the dewar wall, the conduction through the polycarbonate posts, and the
conduction through the copper lines were calculated. The estimated total heat inflow is 2.9 W. It is
confirmed that the cooling power of the cryocooler is large enough compared to the inflow heat.

References
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Thickness of Dewar Window of the CCD Camera

KinosHITA Daisuke

01 April 2010

Abstract

This short report describes the calculation of the dewar window thickness for our CCD camera
which is being developed. The size of the window is assumed to be 90-mm in diameter, and the
material of the window is chosen to be the fused silica. The results of the calculations show that
5-mm thickness window is strong enough for the dewar of our CCD camera.

1 Introduction

The astronomical instrument development team at the Institute of Astronomy of National Central Uni-
versity aims to develop a CCD camera for 2-m telescope which is being built at Lulin Observatory. In
order to have photons received by a CCD chip, there must be a window on the dewar. The material for
the window has to have high transparency in visible wavelength region for higher observing efficiency.
The thickness of the window should be carefully determined to be thick enough to be strong enough. The
breaking of the window may end up with the destruction of a CCD chip. At the same time, the window
thickness should be as thin as possible to minimize the chromatic aberration. The window thickness is
also important that the thin window may result in the deformation which causes the degradation of the
image quality.

2 Calculations of Dewar Window Thickness

Here, we choose the fused silica as the window material. The fused silica has excellent transparent
properties at visible wavelength which is suitable for optical astronomical observations. Properties of
fused silica is summarized in Table 1. The CCD chip which will be used for our camera is the fully
depleted CCD manufactured by Hamamatsu Photonics. It is a 2K x 4K CCD with the pixel size of 15
pm. Hence, the size of the CCD chip is 30.7-mm x 61.4-mm. In order to have a full use of this size of
CCD chip, the filter size is set to be 50-mm x 80-mm, and the shutter has an aperture of ¢ = 90-mm.
We assume ¢ = 90-mm for the unsupported region of the fused silica window for the dewar.

Breaking strength F, = 4.892 x 107 Pa
Young’s modulus  E = 6.966 x 10'° Pa
Poisson ratio v=0.17

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

Now, here is a set of equations for the thickness of the dewar window.

3P(3+v) (D\* F,
Omaz = 32(1&) <3 (1)
3P(1 - v)(5+ v) D*
! 256 E 3 2)
D 2
- (2)
2
R = —— " (3)
1

- 87 -



Here, D is the diameter of the circular window, ¢ is the thickness of the window, 7,4, is the stress to
the window surface at the window center, P is the pressure difference between the inside and outside of
the dewar, v is the Possion ratio, Fj is the breaking strength, S is the safety factor, [ is the displacement
of the window surface at the window center, E is the Young’s modulus, and R is the curvature radius of
the deformed window. According 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 window. 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 window for the safety factor of 4 is calculated as 4.5-mm. We conclude to use a 5-mm thickness
fused silica for the dewar window. The fused silica window must be anti-reflection coated before the
installation.

’S\t[mm]\l[um] \ R [m] ‘
3 3.9 83 12.2
4 4.5 53 18.8
5 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.

3 Summary

The thickness of the dewar window for given safety factor S = 3,4,5,6,7,8,9 assuming the ¢ = 90-mm
fused silica as the window material were calculated. To prevent the break of the window, the thickness
of 5-mm is recommended.
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Abstract

In order to carry out immediate follow-up observations for large scale astronomical surveys,
a visible 4-color simultaneous imager is being 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. Visible 4-color simultaneous imager
also improves the observing efficiency. We report the scientific objectives, design, development
strategy, current status of the instrument, status of the instrumentation laboratory, and the

management of the project.

Key Words: Methods: observational — Instrumentation — Techniques: photometric

1 Introduction

Panoramic Survey Telescope and Rapid Response
System (hereafter, Pan-STARRS) is an innovative
and unique cyclical wide-field astronomical sur-
vey project (Kaiser 2004). A prototype telescope,
PS1, is installed and operated at the summit of
Haleakala on Maui island of Hawaii (Fig. 1). It
is a telescope with the aperture of 1.8-m. Thanks
to three sets of correcting lenses, a wide field-of-
view of three degrees in diameter is achieved. A
dedicated imaging instrument, named Giga Pixel
Camera (hereafter, GPC) is attached to the tele-
scope (Fig. 2). GPC is an wide-field imager with
1.4 giga pixels which covers the entire region of the
focal plane of PS1 telescope. CCDs used for this
instrument are orthogonal transfer CCDs. Orthog-
onal transfer CCDs are capable of moving elec-
trical charges to neighbouring pixels in vertical
and /or horizontal directions during the exposure,
and hence offer the on-chip guiding to improve the
image quality. PS1 system is one of the most pow-
erful observing facilities in the world to perform as-
tronomical wide-field imaging. 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%

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 solar sys-
tem, such as asteroids and trans-Neptunian ob-
jects, and transient objects, such as supernovae,
and gamma-ray bursts, are expected.

In order to maximize scientific outputs of PS1
sky surveys, quick follow-up observations are es-
sential to investigate physical properties, chemi-
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. For our
case, a new 2-m telescope is being constructed at
Lulin observatory in Taiwan. The primary mirror
has an effective aperture of 2.0-m. The diameter of
2.0-m is chosen to make us possible to observe ma-
jority of PS1 discovered objects in imaging mode.
The mirrors are made of low thermal expansion
glass of Astro-Sitall, and the protective layer of
SiO is coated on the surface after the aluminizing
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Figure 1: A photo of PS1 dome at the summit of
Haleakala taken by one of authors (KD) in Novem-
ber 2007.

Figure 2: Giga Pixel Camera installed at PS1 tele-
scope. This photo was taken by one of authors
(KD) in November 2007.

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 instruments with ex-
isting 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 condition of ~
1.5 arcsec at Lulin observatory. The pointing ac-
curacy of 2 arcsec in RMS and tracking 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 observations and
quick response of sudden change of the observing
plan. The telescope sometimes needs to do quick
pointings right after the triggers of transient alert.

We have decided to build a visible 4-color si-
multaneous imager for the 2-m telescope to carry
out sophisticated follow-up observations for PS1
sky surveys. This report describes scientific objec-
tives, design, development strategy, current status
of the instrument, and project management, in fol-

lowing sections.

2 Visible 4-Color Simultaneous
Imager

A visible 4-color simultaneous imager 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, ma-
jority of targets are (1) moving objects, such as
asteroids, comets, and trans-Neptunian objects,
and (2) transient objects, such as supernovae and
gamma-ray bursts. Moving objects in solar sys-
tem are irregularly shaped and are spinning in gen-
eral. This fact suggests that these bodies change
their cross-section and exhibit brightness varia-
tion. Color change may also be attributed to the
rotation and heterogeneity of the surface. Need-
less to say, transient objects change the brightness
and/or colors by their nature. It means that we
need to complete the brightness measurements at
two or more pass bands for accurate color deter-
mination before those objects change their bright-
ness. Second, Lulin observatory is not the world’s
best observing site, like Mauna Kea in Hawaii and
high altitude desert in northern Chile. The sky
condition at Lulin is often unstable and is vari-
able within a night. We see occasional cloud pass-
ing, and only have limited number of photometric
nights. The utilization of poor condition nights
has be well-considered, otherwise significant frac-
tion of observing time may be wasted. To sum-
marize, target objects intrinsically change their
brightness and the transparency of the sky changes
within a night under the typical condition. We
need to measure colors of a target accurately in
this situation.

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, and im-
ages at different wavelength regions are recorded
exactly at the same time. In this way, derived
colors are less affected by intrinsic variability of
targets and change of atmospheric conditions. It
also makes the calibration and data analysis eas-
ier under the assumption that the transmittance
of the cirrus is neutral over the wavelength cover-
age of the instrument, and the use of the simulta-
neous imager increases the number of observable
nights. Furthermore, the simultaneous imaging
improves the observing efficiency of the telescope.
In conventional method of multi-color photometry
by exchanging filters, the total amount of observ-
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ing time needed T, is given by
Tc = (temp + tro) X Nbanda (1)

where t.;, is the integration time necessary for
each band, t,, is the readout time, and Npgng 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

TS _ temp

— T tro, 2
Ethroughput " ( )

where Eiproughput 1S the throughput of the addi-
tional optics in the instrument. Substituting val-
ues of tepp = 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
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. Color measure-
ments are a technique to do the taxonomic clas-
sification. 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, when an asteroid with peculiar or-
bital properties is discovered. In addition, dozens
of pairs of asteroids with extremely similar orbits
have been identified recently. Color determination
of pair asteroids is useful to support (or deny) the
common origin (Kinoshita et al. 2007).

2.2 Design of the Instrument

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 and
moving objects, change their brightness with time,
and the conventional color measurements may pro-
duce false colors.

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
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Figure 3: 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.

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. By using three dichroic mirrors
and four bandpass filters and detectors, one is able
to measure the target flux at four different wave-
length regions at the same time.

The conceptual design of the visible 4-color si-
multaneous imager is shown in Fig. 3. Three
dichroic mirrors on the optical path split the light
from the telescope into four components. These
four beams pass through the bandpass filters (PS1
r’, 1, 2, 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
visible 4-color simultaneous imager is designed to
be compatible with those of PS1 filter system. The
transmittance properties of PS1 r’, i’ z’, and y fil-
ters are shown in Fig. 4. Four unit CCD cameras
are used as detectors. Each camera is equipped
with 4096 x 2048 pixels CCD chip. The pixel size
is 15 pm, 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 cam-
eras 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 have defined the development strategy,
we have focused on following two aspects. First,
it is important to deliver the instrument in timely
fashion. If the project has a delay and the in-
strument is delivered after the PS1 mission, then
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Figure 4: The measured transmittance properties
of PS1 v’, i’, 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.

there will be less scientific impact and we have
less scientific outputs from this instrument. Also,
early scientific results are very appealing to the
scientific community and funding agency. Signifi-
cant delay of the project may affect to the future
funding. Second, it is equally important 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 em-
phasized. In this case, the competition with other
facilities is higher. Meanwhile, in-house develop-
ment may add unique functions to the instrument
and/or achieve advantages in sensitivity / data
quality, and one may be able to obtain a set of
data that nobody else has. Unique and high qual-
ity 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 learn from
the development processes. This strategy fulfills
both two aspects mentioned above. Even in the
situation of the delay of fourth camera, the instru-
ment is able to start the early-science observations
as 3-color simultaneous imager, and it will not be
a fatal problem for the project. Three CCD cam-
eras for r’, i, and z’ bands, we have purchased
SI1100 series cameras of Spectral Instruments, Inc.
in USA. A reason that we have chosen this prod-
uct is that the manufacturer allows us to select
a CCD chip to install in the camera. The CCD
chips we select are CCD 44-82-1-D23 of E2V, Inc.

Figure 5: The first light image of the CCD cam-
era SI1100-156. M27 was imaged using 1-m tele-
scope at Lulin observatory at 17:10-17:54 on 20
July 2010. SDSS g’, r’, and i’ filters were used
for this observation. 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.

It is a scientific grade (grade 1) CCD chip with
4K x 2K format. The pixel size of this CCD is
15 pm. The fringe suppression process is given to
the chip, so that significant degradation of pho-
tometric accuracy due to the fringing on the im-
age in z’-band is prevented. There are two ampli-
fiers and A/D convertors for this CCD chip, and
the readout time is shortened by using both two
readout ports. Fourth camera, namely NCUcam-
1, is developed by ourselves. NCUcam-1 will be
used for imaging at y-band (A ~ 1 pum). We have
decided to utilize a recently developed fully de-
pleted CCD chip (Kamata et al. 2008). Majority
of CCD chips used for astronomical observation at
this moment are thinned back-illuminated CCDs.
Because of thin depletion layer compared to the
absorption depth of silicon, the sensitivity of thi-
need back-illuminated CCDs are very low at longer
wavelength. Typical quantum efficiency of thinned
back-illuminated CCDs at A ~ 1 um is about 10%
or less. The low sensitivity of CCD at this wave-
length region is critical problem for small aperture
telescopes. To overcome the difficulty, we have de-
cided to use a fully depleted CCD for NCUcam-1.
The quantum efficiency of fully depleted CCD with
200 pm thickness reaches 40% at A ~ 1pum, and
it dramatically improves the sensitivity of y-band
imaging.

2.4 Current Status

We first established a laboratory for the instru-
mentation at the Institute of Astronomy, National
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Central University. We have arranged dark room
with an optical table, clean room with class 1000,
and mechanical assembly and testing area. We
have been developing the instrument in this lab-
oratory space since 2008. Three SI1100 series CCD
cameras with E2V CCD 44-82-1-D23, namely SI1100-
155, 156, and 157, were delivered in summer 2010.
The first light of SI1100-156 was achieved in July
2011 (Fig. 5). We had number of observing runs
with 1-m telescope at Lulin observatory to char-
acterize these unit cameras. A set of photometric
standard stars were observed to evaluate transfor-
mation cofficients and limiting magnitudes. The
data sets are now under analysis. Through the ex-
periences of test observations at Lulin, we learned
a lot on the installation and operation of the in-
strument. For CCD camera which is cooled by cry-
ocooler, a good consideration for the arrangement
of the cryocooler tubes is needed. An attention to
the cable lengths is always required. We are highly
encouraged to make a detailed plan prior to the in-
stallation and operation at the place like high alti-
tude observatory. More importantly, the safety is
the highest priority. Here, the safety include both
for human and instruments. NCUcam-1, the cam-
era for y-band imaging, has been designed (Fig.
6) and mechanically assembled and some tests of
vacuum condition and temperature control were
carried out (Fig. 7). The analog electronics cir-
cuit works fine and the CCD temperature has been
known to be well-controlled. The vacuum level of
10~? torr is kept for about 3 days after turning off a
vacuum pump. In December 2010, an engineering
grade chip of the fully depleted CCD manufactured
by Hamamatsu Photonics, Inc. was installed in the
dewar. The CCD was drived by Lick/AET UCAM
CCD controller (Jia et al. 2010), and the image
was successfully acquired (Fig. 8). The readout
noise of the CCD was estimated as ~ 5 e~ under
the sampling rate of 400 kHz. A set of r’,i’, z’, and
y filters were delivered in March 2011. Test obser-
vations using these filters and one of unit cameras
were conducted at Lulin observatory in April 2011,
and data were successfully obtained. The optics
part of the instrument including a set of correct-
ing lenses is planned to be delivered in May 2011.
An assembling of the whole instrument and tests
are scheduled in June/July 2011, and we hopefully
start test observations at the end of 2011.

3 Project Management

To manage a project, one of the most important
issues is to secure enough human resources, to as-
sign tasks to each member, and to make a good
arrangement of work load for each member. The
instrumentation team now has three technicians,
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Figure 6: The schematic drawing of NCUcam-1.
The CCD chip is installed in the dewar, and a vac-
uum 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.

Figure 7: 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.

one graduate student, and one faculty. One admin-
istrative assistant is partly supporting us on bud-
getary issues. One thing that we stress is that the
cooperation among researchers, technicians, and
administrative staffs is crucial for a scientific project.
The assignment of tasks are listed in Table 1. We
intend to make duties of each member clear and
let one person to plan, prepare, and complete the
task as long as the amount of the work for a task is
not too big. This makes us more responsible to the
work that we are doing and will do in near future.
A similar fashion applies also to domestic and in-
ternational trips. For example, we clearly define
the roles of each member when we arrange a trip.
It lets us seriously prepare for a trip. We do not
always demand the completion of a task, but we
rather allow us to initiate a discussion if one finds
the amount a work is too large or the difficulty of
a task is too high.

Regular checks of the progress are essential for
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Name Tasks

Involvement

Chen, Tse-Chuan
Huang, Ru-Huei
Kinoshita, Daisuke
Shen, [-Cheng
Shen, Pei-Hsien
Wu, Ching-Huang
Yang, Hui-Hsin

observation, data analysis

software development
software development
electronics, mechanics
administration

optics, mechanics, detector characterization

management, observation, data analysis

since summer 2009

since summer 2009

since 2007

from summer 2009 to summer 2010
since autumn 2010

since spring 2008

since 2009

Table 1: Name, assignment, of tasks, and involvement to the project of each project members.

5000 1000

Figure 8: 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.

good control of the schedule. We have weekly regu-
lar meetings. During the meeting, we report what
has been done for a week, what will be done com-
ing week, and point out problems and difficulties,
if any. Pointing problems out is actually more
important than reports of work smoothly done.
We emphasize that it is no problem to have lit-
tle progress for a difficult task, but it is rather
essential to identify a difficulty or problem to be
solved. Then, we are able to re-arrange the tasks
and work loads. In this point of view, all the
members has to join the meeting and report on
what is being done, even if one thinks there is no
progress to report. The most problematic situa-
tion is that one has not mentioned the difficulty
for months, and he/she finally gives up without
stating clearly what is the problem. Furthermore,
it is highly expected to prepare a written report
for the weekly meeting. One has to prepare a
brief report for a meeting, and it actually bene-

fits himself/herself because writing a report makes
us clearer the progress, difficulties, problems we
had, things we need to do coming weeks. Some
may think that the work is perfectly planned and
done by himself/herself and written reports at ev-
ery meeting are not necessary. It may be a case
for a very smart guy and a relatively simple and
easy task. But, in order to prevent a mistake and
failure, it is a good idea to assume that we are not
that smart and tasks are not always simple and
easy. Weekly meeting is also a place to make a de-
cision. For important issues, a member is assigned
for a study. Then, a report on the summary of the
study is given at the meeting. We give a conclusion
and make a decision after the discussion.

We also pay attention to the management of
the laboratory space. We are advised to return
tools to the original location after the usage. To
avoid an accident, UPS is installed in the labora-
tory, and there is time to shutdown instruments
when we have a sudden shortage of the power sup-
ply. Currently, we have cleaning of the laboratory
every three months, and we check for missing tools
every six months. It is needless to mention the
importance of the cleaning. The check of miss-
ing tools is equally important for the project. If
a tool necessary for upcoming work is missing or
broken, then there might be a delay caused by the
un-availability of a tool. In order to prevent such
a situation, existence and functionality of tools are
checked regularly. If a missing or unfunctional
tool is identified, then we purchase a new one.
Of course, consumable goods are supplemented if
needed. We believe that it is also a key issue for
future regular maintenance and stable operation
of 2-m telescope and visible 4-color simultaneous
imager.

We encourage us to do the calculation and eval-
uation during the design phase to estimate the
functionality and error caused. Without a con-
crete understanding on what we are about to de-
velop and the advantages and limitations, then a
big problem may happen later on. For example,
one cannot say “I don’t know how much cooling
power is needed for a cryocooler, but I guess this
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product should be OK for our purpose...” or “I'm
not sure how thick this part of the structure should
be, but I hope the current design is OK...”. We def-
initely need to do some calculations to check and
evaluate correctly the design we give.

4 Summary

In order to realize quick follow-up observations
for large scale astronomical surveys, such as Pan-
STARRS, a visible 4-color simlutaneous imager is
being developed. Efficient and reliable color mea-
surements of moving objects in solar system and
transient objects with this instrument even under
relatively poor condition nights are expected. A
instrumentation laboratory has been set up at the
Institute of Astronomy at National Central Uni-
versity. Three cameras for r’, i’, and z’ bands
are now being characterized both at the labora-
tory using an integrating sphere and at Lulin with
existing 1-m telescope. Fourth camera for y-band,
NCUcam-1, is now being developed. We install
a science grade CCD chip into the dewar at the
end of April, and tests of CCD drive will be car-
ried out in May 2011. The assembly of the whole
instrument is scheduled in June/July 2011.
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FERBFE Ao e “f ARSI R NS R RE Tk
?rﬁﬁmmaaﬁa % 4 %@Xmﬁr#urw% R E AR R
ARFAHFITRBE - AP RE T MR ot 2 Bl o AP 472
7Op a.w’;’ Fapknfe A K1 iTahp 7 o

SRV HER A5
TRIE - 5 AP RS A S S
¥ (R A
LAAREINA AR LS A Reapi o ¢ 5 SlApts 3 AET UCAM 4p 4
PARRFME D ke @ FITSFILE = &4 & A4 o

5@ A
PAHARPSE ARSI BRI C B RP A PMEEERE @

SIZRa E @ * 2 A5 Bfde 0 A BARE & wRliF? o

53k
d AR SR IR a3 N R o B i AP eE v e b A RY o
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¥ (A &

R L £ SELERE N o b B S SR N e
FiEHMIAAR - F Tz ks gR4pk o NCUcam-1 RI Y - fadedh - § 7% ki
i AET UCAM controller » 2% i* & Jf 3% i TCP/IP i 242 2k #4] NCUcam ;
[Write Filts] % 3. & 5 3% i 4 2 Fits B (s 35, %5 2 B B ofo st 0 8 2 erihsg 4o

% (G)FE & :
e H i dlres 28 28Ul gy £ @ 8 B3 et s
ARG PR B kg £ o

¥ (B)F &
= Ul(User Interface) » k%10 * —‘ﬁﬁ%l rp g hhiG e

(6)

(5)

()

(3)

V)

(1)
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Z - PRRA

1. a2 8k udid- o Sl g4 shutter FF i

pankred 5 PC A w4 — 5 Sl Apts i~ 4Rl > — 5 windows [ sid
#] SI-155 > — 5 & linux & Sedz 4] SI-157 » & B %13 & % F OS (5 425¢ 2
library » windows B 7 14 3 4% ik = £E 5% # 2 library > linux 384 Z 3% & — 3| 5L5%
# e library €% = - I|brary’ poanpliR library 2% § X 2% o @ ll#};‘lﬂ? v R

v

Pyt #»adE e - librarye 2T 5 p @A i R4F2

@ \Windows :

SR LSt o F A ABE - SSIAp s AAH e §
S aAR A B R AR B LA AR o PR S
windows T 12 visual studio 2005 34 742N (8 Ak FEHE - S SIApE(- R o iE
- e F-oCRRAZ S SIAAR O RITREE 65 = oV ER) > T
shutter B B > #-3a &R S A7 F 5 ¢ o 4o T Bl - L S| A dlaid e 2 4
HEF PR 2L B = 5 SI-155 4pth shutter B g & 0 750 MR A 4o AT
e EP AT

£ SiCem X

Fil: Operate

Open Camera; [SIPCT 5h: 1100-155 250000 baud | FindCameras | DSP code PN 6223
Revision a

Hose Eaes Checksum  A3FD

|L|ght j [™ Use Trigger

Exposure Time [ms] 1000

Camera Status ‘ Cooler |

Configuration Parameter ‘

Readaut Parameter ‘ Clear Log |

Reading 2045 x 4096 image, Z port, DI_5_SPLIT,
PrepareAcquisitioni) result=0.

ImageExpose() resuit=0,

Exposure is complete, reading pixels. ..

Reading 2045 x 4096 image, Z port, DI_5_SPLIT,
Prepareacquisitiond) result=0.

ImageExpose() result=0,

Exposure is complete, reading pixels. ..

Readout complete,

Reading 2045 x 4096 image, 2 part, DI_S_SPLIT.
PrepareAcquisitiond) result=0,

ImageExpase() result=0.

Exposure is complete, reading pixels. ..

Readout complets,

W= :Slipdirdlade 2 HERY
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— 4
W= : SI 155 4p # shutter R fxd &

@® Linux:

¥ - OS A & #-linux 425444 17 16 » 2 command line #}5% = 45 4 i - & SI
-157 Ap % shutter B B - B2 5 SI-157 4p% shutter B ixd o > R # i A 3 3£
B o

B = : Linux #=4] SI-157 48 #% shutter B fx
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2. AET UCAM P # j

AET controller 8.5\ e 28 B A @ c— 0> > p e Lick x = 5 — =X fFpi
amk,u{e@&:ﬂa»égﬁwaﬁwoéJQK%Wmﬁ}rﬂ¢pw
ﬁﬁ ’ ‘“ﬂ“%* AET #4 % H49 (F TCP 2% o 2 R TCP = ;29 (7 &t

CARSENF G LR TP RBAL el Ble ¢ AR R AET w2
GUI fig » A RBJZFEAPF T Ul Ripdlv - nZ 3R HEd] 5 o Ap sy
e

CCD Dewar+
o |
i
& 3
Image+ £
NCUcam-1
User Interface o it -
: - TCP+

GUI-
WI:AETUCAM A W@ Hac¥5 i 2 5 41 6 5 ALCCD Dewar it #
AET Controller » £ &4 USB##&F PC;GUI 3 e @7 —ﬁ
% iE 2558 12 TCP/IP i@ 3 = ;8 27 controller #a&id o

3.Filter Wheel #2:;% i & % # &%

Filter wheel # LOT(Lulin One-meter Telescope > — 3 3 g 48)BLRI ¢ 5 & B4
o e & SAp R g e & p o filte r(ast ) & RUELR 0 SR ﬂ;}i.ﬁh%fﬁli
3‘@ o

AP - AR R R BRI ARURIL {5 fT AR SRR
Tabtz Wk o R BLRIE B HeAr st sy filter wheel > & B R T E { R

B oo P a & sb"ﬁf'—‘ :
1.9 fad g
2% RS ek
BRFETITETEMETE
4.Filter wheel 6> 3 % 85 A+ B o R &
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fli Filter Wheel 17550

REETE
& [com1 F%%’?E%ﬂf% AR
© comz

FW1RETE FW2EL 2 FW1EE5E FW22l 52

0 0 0O R 0
1 1 il 1
2 2 2 2
3 3 3F 3
40 : N 4F 4
5 5 5 3

B ST & A 52K 1A SEA% 1 A SEAK

eeeeeee

szg Q ﬂ J ﬂ Hil MI FWZQ g ﬂ j ﬂ Getstatus_FYY2

FV‘”Q ﬂ a ﬂ ﬂ il Getstatus FW| FW1E ﬂ ﬂ g E gl Gerstatus_FW1
|Fw1, ’B

_teceive ’HG
B ~pRFEB W= B AR KT g
ﬁ»ﬁ.ﬁ» == ¥ig i d FW1 % i Button
I

(RRBRRRRRNY

W 1 : Filter wheel #41%

T~ ARLIER R

1. #— 5 SlApHsa-hort it X2t 2 2B E %2 = 5 S| 4948 shutter B B -

2. 4v » ¥ — ¥ UCAM sk 2+ o

3P WA TR LA RRY PRATAE - o (PCYF L - o
(PC2)#=#1= & Sl» — 2 (PCI)ix#4] UCAM £ = 2 7 %5 -

4, B R Bt ikt o BB Y enf § ekt en Dewar %
Mkt enfilter wheel > — R A RIE T £ R0 (TR A 5
SRIEE
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RHA XX BB FHLLREFAYL TP

A brief of Lulin 2m telescope 4-color simultaneous imager
TR WP A A E IS L YR RBEG > 28"/Feb/2011

-~ A

ATEA K RER T T eI FHLE ARE A ke w F gyd Bl B E
552-689nm(r) ~ 691 -815nm(1i) ~ 815-915nm(z) ™ 2 967-1024nm(y) » 2+ 3%~ d P 7
Photocoding = @ &K% o @ H ¢ 1552-689nm(r) ~ 691-815nm(i)¥ 815-915nm(z) = B
Hbd 278 Spectral Instruments = & K# o %2 B E 967-1024nm(y) > Bl d & 7
?Ji” dewar & /i > @ B4t~ 23 * p F Hamamatus = & 7 fully depleted CCD > %]
#3%2CCD & 5 g izt QE» Ry BRI * 2 Astro Electronics
Technology (AET) > & 57 ACS-164 UCAM 441 % 5% -

P g d ek kR R 2011 # 40 A HUFUAgRe 55 T4
HA ko AT REBEP ARFEGAFRF e & AR LR Ak SRR

= » PaiE R -
lowd Ak & iiam LR4rT 8w gR SR E T LR
AR TRE AT AN R e > T 2011 E 40 2 o

I | [ 1 [ C [ [ I

=
“<

81727

Original paper size: A3

Matarisl [Fes Scaln Desing:
. 1/20 ¥1 | |

e 20100013 Photocoding

Mame.

4-colar imager (overall}

WGNG [T
POO040-FDR-004

L@]flil*z\_r_jﬁrkﬁ,‘ AEB R R A e AR L et AR RIALE
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[ 4 i [

f Power supply for CCD controller

Hamamatsu CCD controller

Electronics box

4k x 2k x 15um E2V camera

Filter cassette (z)
for z-band

| 4k x 2k x 15um Hamamatsu camera
for Y-band

Original paper size: A3

Materal: Pee:  |Beaie:  |Dewre: l |
\ 4k % 2k x 15um E2V camera /8
{ \for r-band Des oo aoats P
Instrumental flange \Filter cassette (r)

Hure:
\

4=color i {imai )
4% x 2k x 15um E2V camera ~color imager (main body.

Filter cassette (i) \.f.qf i=band

DG HO: Favbis
FO0040-FDR-005

R R e Ak kMmNt 0 X e BAL & BT

2l

2. Tri~zpE ST k3 d £5 Spectral Instruments 2> & K %] er=

—\

%, sz
g’»,ﬁ Su o

[
T N L. T IR e
- A % 2 2R E(LOT) o i F A R

e 4 3 P

PR AR - KRB ERE LR
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LOT / SI1100 First Light Image

M27 (Dumbbell Nebula)

Lulin 1-m Telescope + SI 1100 Series Camera
SDSS g’ (10 min), SDSS r’ (10 min), SDSS i’ (10 min)
10.0 arcmin X 8.3 arcmin
17:10:35 — 17:53:40 (UT) on 20/Jul/2010

Huang Ru-Huei, Chen Tse-Chuan, Wu Ching-Huang, Kinoshita Daisuke
Institute of Astronomy, National Central University, Taiwan

FRIAY - SRR e %

3. YREAHHI AT - AR pdewar s B powrE- BAKY
Hamamatus # fully depleted CCD £ Astro Electronics Technology(AET) ¢
ACS-164 UCAM 424 4 %012 2 JpRd e i o 2 (L @ T2 X B BT N e H 7 i i
RGP 2 B ek s e ade i TR R G-II0C) ~ F3 e E 3 R4
(4 10e-5 torr)# & M «hf e (4>t 6ev) » ¥ B F 4pd F % chif & -
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FREEFREREE  ARA D F 0 SRR K TR LRI F % AR

=~ RkER:
. r~i~z b Bosif ik s
w2 Mk LM LR R T 2011 B TP A e

2. yE Sk s
Dewar E 7 45 it 4 @R 2R CCD o* > M E LI SHK TE B
TEP A 2011 # TP 2o

3. %JP\?'*I}A\J&" uoe

?E;L20114¥ 47 2l BAER B ARIR B iz yAE
Nk AT R A R R E3 A 2011 £ 8 ma
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Rav L X By 2010 & Ed82

BAHA XA BRKIFAUI 1 TF 2

2010 Annual Report of
Lulin 2 Meter Telescope Project for Developing Instruments

% oA
(Duncan Chen)

-~ TR
-4

REBG 2010 # AREBAEAF L F #K«g#m«a P HREFTHRIZGAMEE N ~ 24
48 (7 ST Cameras) | || & % = 305 ﬁﬁ‘ﬁ’w? 2R F e d p(E A NCUCam) 2 = # B3 2 2
RAHREE AR N T AT 2011 E F - FRR MR AT AR RS
T8 039 2009 # L EFENFRTISEETREBAAHFMAIES 1 iF > fig- 42> APK
Tt REBRF LT £ LT ke § b L ikk(4-Color Simultaneous Imager) i 3% F &
BRI & -

2010 #4202 B A A& f R4 E B2 2 KW 1T ST Cameras {29 % ~ X ¥ LR
3% 285 NCUCam P g 1 (5o 10T » R ﬁﬁkg;ﬁ BAE - - A Efomp o

1y

C REFBEERE

1. més i (Filter wheel)
42010 & 7 2 iposgpee WO - BRERIHE Y iéi?d;'#}ﬁ«' | 3] b 7SI Camera- ¢* camera
% 4 % K Spectral Instruments Inc. 2 & #7832 A5 5 1100s % 7] > H Fhe e2v
CCD44-82 z # 5 % » CCD chip > £ 7 2048 x 4096 1 pixel number » pixel size P %
15-ymx 15- g m > F* chip ~ ¥ 5 5 w3t i@ %> 4] CCD chip 760 mm x 30 mm =+ /| £
Btem 50 - FHrk o CCD APy Fuzvp Y 1,7 ,y &z #-%2+ 5 80mm
x 50 mm 7 PS1-compatible filters » g #% * kEfew L EFH L E iz * o
ed 3 LOT {7 # * ¢ Filter wheel 2 ACE Dual Filter Wheel System » &+ & < i
it 7 % 50 mm x 50 mm + -] gk 0 &2 % 80 mm x 50 mm g st 2 <t 0 Fpt Akt
o RS ADRBEE 0 kR A4 T F 100 mm L it 0 kT R E B R EBIRR
IR ® b deke PR RARR v o BRLRIE R Y o AR g < < 3 LOT shpipl sy o
1.1 K%L
AR 0 %0 G L T R bt 100 mm A st BH LT LR
TR R Fﬁzﬂ‘»ﬁ»md@ﬁ’ v é—i EX L2 AROPEFR o« Fpt AR - BEE A
¥R 6 Fims - % 12 # e Dual filter wheel e FpF 5 T VA% S /A 8 2
AN epd > PR EITT S %ﬁ‘f* oo sl o 485 50x 50 % 80 x50 (¥ = :
mm) @ FE PTG A r T E o AP AT ERER 4 0 F BRI A
EAPHEER <N A 9~10mm 5 4) B- 53D+ LM e
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Bl- Filter wheel 73D = 2. B > ¢ 27 3 + + = B4 5 5 : Filters, Adaptors, Filter wheel

12 = &€ d
‘ot <+ 3 570 mm x 550 mm x 90 mm (Bl= 5 ¢ 1 W) > Mg oA £y
ACE eh1 B2 % > 8 57 prEFRET > @i+ LOT o} # F EHE L ET L
BRI RS £ 0 $NILG %“WlJW’*E?M%ﬂﬁx’@ﬁﬁﬁﬁﬁuﬁﬂ
& 30kg up o

150 100 _,_ 100 | ThonNE

i

8513
550

!

ACD Dual

1.3 A ¥ &2 55
A ARE b o gF DEFAF I AF ALV AR E @G R RS
F B i o SRF IR 0 B3 Y F T & - 3f 1 ORIENTAL PK566 # it 5 i
(Stepping motor) % # #+ i 4 & # g b

1.4 ¥z =2 k8 g >

R R S I RS S SR EY S SURI RS E S CE S
TA- B FEAEE BT SRR - aﬁi&ﬂﬁﬂ fe b i P iR
LI gy o ? | * R s e s ] IYF%%# PR R g A 2 RS
Fo(eRlz 2) BHRILEE - BREN I E= “’ﬂ“JT‘éiﬁiﬁi
LED % 3k i p| 5% i 4 ’]'3%3},&,/? |BGeBl= &) 54 O O @ ¢ % Filter_1 (i& pt #7da)

e B- SEIFHIE > AR H P R RAT AR

\

= (2)EFSSRHB R B4 (L)% LED & 8 p Bk § 2=
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1.5 7k 2+ 2 Filter holder
RAR= 2 ST % R BT 5o B 44 50mm R o e fry S R AR
B A 29mm -~ BB P EiE Smm o 4opt kR B L EE > B B 4o BLIP| 24 I Hip st
FIEEAE 0 @ Y ApE 4L PF 0 Tt A Filter wheel sk 3} 2 2 5|00 - Fm o 57 3
AL RRA AR - BHEAEYF YOI N B HFT LAY FoBEFR
feak 3 N eBle 977) o SEF hp 8 5 RA(RLH DR~ F 10 IRE
Vesiend o5 Bo ek RIEE AR R - BRGURER > T IGERIES & 2 FIER
Bzwth o kdzg*vi- g (@ ey R* ) a2 0% le 1 M4 175 %k B2 Filter

holder » # 3 2 &g * = &4 A H W 1 2 » 1 A2 P 7 & 2% Poid # 3 ERE

Ble Filter holder %} jnét2 F % it * Fiw

1.6 §F Pk &r

& 1 Filter wheel 937 7 4~ 2 | 55;»]4:,?? FE A R EENLOT 25 52
K779 TH2 98¢ g auG A =t ELR —“*Kn:e* * 7 iz Filter wheel » 5 i& = =t
Ho AHKE CBERE SRR PE S }'J-‘i ’—‘"K L ARRE G % o B LOT &4
= %g M8 2 s 22 Filter wheel & » % ¢ jﬁﬁ%ﬁvim« LR AR EHES K
2 Jp o e F P LOT 2 R4sk 3t P48 orpF 7 % { & & Filter wheel ™ = 11 538
Boeizit2 2 LOT Az np g - Wl 7)) ep gpligs kg > 10 axs
TEN TR I - T =l

Bl7 Filter wheel % %t LOT 2§ =

. ¥4 (1) - SI Camera holder
% SI Cameras %% 540 FARM chiFEF s > § P2 AP S KT HEs 5 P
FR R RH ALE 3 e TR F) PR L u%T kT 2 F > o Camera holder: 4Bl = #7577
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3. #ﬁﬁél—(Z)— Sk
B ALk p’niﬁ‘ﬁ?ZMMmXHOmpﬂ?KKQW Tra~ AP ERE
EAavt FoREBFER & Fgﬁ%g%l S IR A N B £
a’ﬂW#@ﬁ K
FOLRER KFL

;r?fr“'}}'a"ﬂ\ji‘} = z
SRR A A A %ﬁm@@ % (4ol = #57) o

5
28
ri%gi:".i")—iﬁn;gn EAH W * i o

B- 5L REF

4. # » 7k (Integrating sphere)

SI Cameras £ 7 k#F - g chPFPERFIHILE AR 57 ¢ L L EEPREL
REPFR - HMFfrd ensiy - RpERER - CCD HR i ,P] e N
)K%"Q" FiEE Y 323 el 3 (Flat field) > 29 % 2 8 F * chT 32 1) R Ak i
- F 05 300 mm nE PR FITAFAROAM RS2 (P g @;3;;;16@@_
o A) 2 0 (I G TR AP RenE S A )ml"‘”?azﬁ’T AR T SR E R Y O
Sernt GIEH - B 90mm B Tl r o FAMAREBBEE L kG BT ALERC -
Bleni® o 4t~ 637 F e sk LED (75 kiR kR ﬁdL Bd T BT IE DR
l%—){%%iv’%fg_ﬁﬁﬁk.%& RN FRARETEAR EHIDT R T E > FUt T kAR
BB H B3N E R ook > OER LB DR R

(1 B, Fl'

b T

B Bt skl
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5. i (3) — #
B AT A - PR ARFL VAR > SR EE

I

f AT
BoRT s Eggp i

H N ¥ /:’l: 1
b ke — kb ’i\ww - ll%%,’“ J"l" E’(&r@i ) 0 MR E A Ak

on ﬁ@wﬁn'

FRIERFL

1% 2 e ips- + (%50
v 2 PS1-Comptible filters » £ 33k Pt 1,
FITR R oE IR o

B mfﬂter’ % E #&w P * Asahi Spectra =
USD 17,060 » >+ 2010 & 11 * Ze”;{s\@i;l}\i X PP Liwe B B

- £ 8

: $599055)
V,zZ,ye BihE & BREL
PR e E_5500

2 Y

’ 'Jﬁhgi$%? e
B hw AR hRE ke o

B+ 5pfes& CCDchip ¢ + #7371 80 x 50 (mm)2. PS1-Compatible filters
: $99-8084)

2. ¥Rt Jw-'?nsgzn&(%%ri.
P RREMBIFP FEF 2 y-band ¥ v ¢ 4948 (F: NCUCam) e Fully depleted CCD
AR A AR ERETS .

g
chip' >+ % p =» & p 4 HAMAMATSU Photonics =
¥ 4,510,000 > ** 2010 # 12 " 4~ 2 3k H 2 &

PR LT R o A S
9oIFPEZ Y AR > £ A0 NCUCam (el - #777:)2 B4 1 iF o

B+ Fully depleted CCD (% p ASIAA)¥* NCUCam
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. AR Coated window

Py A 2 NCUCam chDewar ' (T2 & * »a 537 R 123 pdFend B 5t
B4 g i ¥ ¢4 FF 51 (Anti-reflection coating) » iz A P p LTS 4 3 28
# 4% (Fused silica) » # ¢ 2 % % /L p 4 Photocoding 2 7 (Frw j f e % £ 8 4 52 s 7)
LN b2 Pk A R 2 Y o (TFTO) 4% - 4 4 38 % NT 80,000 =~ -

—_— i , S

M

B+ - (Z%)Photocoding z. ¥ s+ » (£)TFTC 2z F &3

AKR-E21iFER

. SI Cameras 53+ & p|

Bag- 27 LERIAREZDIHDFLIR > Vs - B2 pP R DRIFET S B
% % = 3f SI Cameras 4+ 8 B9 % °
. BRPETE 2 BT R PR

¢ & PS1-Comptible filters ~ Fully depleted CCD chips 2 AR Coated window % =
TR p 2% PlRAL FavEflieE > - S a R AFF Ly PREF > L £ & HE I
Bipl AT NGEEHE B PR F LT F o
L ATRAE RFL LR

R #g o 35 CaFeglsg ~ 5 - e NCUCam ~ v L Lo 9 S5k Suifig * 2 jn & ~ o
B 7] s Pumpingcart 12 ST FRE R WM. E 0 RAFAREATS R 100
ERPLT R EF o
. NCUCam_2 z_ B # 1 i%

NP Fen g RE A 3 S ARSI R R AT o R ERIE TS S
Pl Dewar B3 2 2R s A SO ES > APEc2y - wip(NCUCam_1)
gk Bk > rLEP A3 D { BAR R = 4p B (NCUCam_2) -

2 ¢ & ikik(4 Color Simultaneous Imager)z_ & % £ & % |3

BRI LAt - B o 2e AR RS ki SI Cameras (1, 1,
z-band) ~ NCUCam (y-band) ~ UCAM CCD Controller ~ #=4/| #c 88 % 38> » mEind (i %
IEE IR > RS AFTHRIEFEEPFE & & 2011 #5257 BER L EFT F
X2 L AR TERM M RIEE BR TR R % o
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UHF=L 7 2003-2010 BEHER Herk
P8 AL~
T i omy 2008 1 LOT - i i W

fi' i E?Efiiuﬁww p J@'FYEUI FF ° 17"8 JLL (2003-2010)pvak F e rf] - }Wﬁ‘*d’ 2 ﬁp B e £ 1500
TR e PIFIGT e

® 10-12 F| i ENS -

o LadEEENT

® AF|NF 'EJ;f!F"’56 TN > KR

®  7-9 F|AUHEE KT HERhE —ma/;%“ AP EEE LA o
]:; FEAF IR E; EW‘?[‘“[bﬁEﬂfq%ﬁWD_‘\ )

3.1 ZF Jg@gﬂgﬁgmﬁw(zoo&zmm

Month 2003 2004 2005 2006 2007 2008 2009* 2010  Average

1 78.75 125 163.25 129 127.32 179 234.52 206.9 155.47
2 142.5 145.98 94.75 149 128.55  118.25 165.7 100.6 130.67
3 147.5 163 143 126.05 116.4 138.5 146.75 181.3 145.31
4 126.5 110.5 144.75 86.8 53.75 85.25 71.8 75.8 94.39
9] 129.75 106.25  136.25 59.5 106.6 98.25 167.4 86.05 111.26
6 24 133 45 39.3 54 37 81.75 26.5 55.07
7 222.5 48 167.75 91.57 128.88 88.4 76.6 99.85 115.44
8 137.75 142 76 111.65 56.6 118.95 6.8 98.3 93.51
9 142 116 129.25 60.05 69.55 59.8 0 109.95 85.83
10 149.25 219.75  210.25 150.6 172.63  191.38 175.6 139.8 176.16
11 166.5 214.5 216.25 71.75 160.55  152.55 175.8 163.65  165.19

12 271.5 232.45 129 132 261.09  211.17 169.8 169.65  197.08
Total 1738.5 1756.43 1655.5 1207.27 143592 14785 147252 1458.35 1525.37

* 2009 ¥ R 88 YA o FIT R I E A IR 2 [/ P[] O PR = A Y
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Lulin Yearly Observing Hours
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Lulin Monthly Average Observing Hours (2003-2010)
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ﬁ'fjili“ i Eﬁfam’ ESVJE HlIp :m koo YHNE 0 TP ? PR ’EH% lﬁ.ﬁ FlIE
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E‘aﬁ«f'iﬂtﬁ’“ Fifiz 8k p R R G #’J%’W‘iﬂ%ﬁ% E ot NS RS ISt e Be |
B2~k - NE 898 Discovery %ﬂ;ﬁg%&ll 2010 HIEFF S YR G o T AT 4 Bt plieh
A Q’W“Ffrf%’ﬂ%‘?éf SRV A2 FE Tl SR R S 2 fg’“fip [T OB A e
mlﬁ%ﬁ” BN

ris ’ﬂE' 771‘EH M riPE‘?ﬂ[Fr‘# FE=E R Q“E'Elﬁ'ﬁ‘lﬁfﬂ?‘? PRy A= R P L2 f%f ek
I%f F l“] ﬁl BE'E %E“ ) Tirﬁ'ﬂ ] =t o F——(/Dﬁ Jlﬁkr‘gﬁ/ BE: [iﬁ}E’[CIEJﬁF Flrf;lf?:
LSV Iﬂr‘gﬁj b f»f‘"le[jH‘ ,i
ﬁ%lfa&«¢§iHMmmmmﬁ$ﬁF%W%@yﬁﬂiﬁﬁ%vVﬁiwﬁmjﬁ(37
B ) FPeR A Hﬂil‘?‘] TER Hvéﬁff ’“J_T\ RESESUE SRR ST
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(Technology) Taiwanese Astronomers Discover New Asteroid Threat

There is some scientific evidence that the delicate balancing act that is nature and all life was made possible
by massive asteroids and meteors that bombarded our planet. Still further evidence suggests that the dinosaurs
were snuffed out into extinction by such a strike. Is this happening again?

Asteroid 2010ST3, currently 6.4 million kilometers from earth, is a newly discovered celestial body that is
predicted to pass within half a million kilometers of our planet. It was first spotted, and thus named, by a group
of 20 Taiwanese scientists, led by Professor Chen Wen-ping of The National Central Universitys Graduate
Institute of Astronomy, working on the Pan-STARRS (Panoramic Survey Telescope & Rapid Response System)
at the University of Hawaii. This discovery makes the Pan-STARRS the most sensitive telescope available to
discover such threats.

Although 500,000 kilometers is considered an extremely close call, Professor Chen is not worried. "We have
many ways of preventing human civilization from being wiped away," the Professor assuaged. From mighty
laser beams that can fracture such a threat, to spaceships that can bump it from its path, mankind has the
technology to avoid the fate of the dinosaurs.
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A Heart and Mind that Embraces the Cosmos
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A group of Taiwanese researchers working on a project in Hawaii have contributed to the discovery of an
asteroid that could be potentially hazardous to Earth. This discovery is an important step in the cataloguing of
hazardous celestial objects.

The Pan-STARRS (Panoramic Survey Telescope & Rapid Response System) at the University of Hawaii has
named the asteroid 2010ST3. It' s only about 50m in diameter, and it travels at 20kps. When 2010ST3 was first
spotted on Sept. 16, it was still around 32 million km away from Earth. More than 20 Taiwanese researchers are
working on the project.

Professor Chen Wen-ping from National Central University’ s Graduate Institute of Astronomy is the
principal investigator for Pan-STARRS in Taiwan. He told the Taipei Times that although 2010ST3 will be 6.4
million km from Earth next month, many estimates predict that it will brush past our planet in 2098 at only
500,000km, which is considered close for celestial bodies.

Dr. Robert Jedicke, a Pan-STARRS scientist, said that although this particular object won’ t hit Earth in the
immediate future, its discovery shows that Pan-STARRS is now the most sensitive system dedicated to
discovering potentially dangerous asteroids.

Asteroids normally disintegrate when they enter Earth’ s atmosphere, but the blast waves they produce are
capable of destroying areas of hundreds of square kilometers, and an asteroid of this size could make a hole
about 300m wide.

Professor Chen said, “There’ s a theory which says that an asteroid collision caused the extinction of the
dinosaurs. However, we have many ways of preventing human civilization from being wiped away.”

According to Professor Chen, mankind could either send spaceships to intercept a potentially hazardous
asteroid and push it away from its original orbit, or launch a rocket to propel it away. A powerful laser beam
would work to destroy a comet because once it had been blasted by the beam, the particles would evaporate in
space.

Most larger potentially hazardous asteroids have already been catalogued, but scientists believe that there are
still many under one or two kilometers in diameter yet to be discovered. If such an object collided with Earth, it
would cause serious regional destruction. Such collisions happen once every few thousand years.

(LIBERTY TIMES, TRANSLATION AND ADDITIONAL REPORTING BY TANING WU)
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We probably discover a new comet
Best,
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COMET C/2007 N 3 (LULIN)

An apparently asteroidal object discovered by

Quanzhi Ye, a student at Sun Yat-sen University
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(Guangzhou, China), on images acquired by

Chi Sheng Lin (Institute of Astronomy, National
Central University, Jung-Li, Taiwan) with the 0.41-
m /8.8 Ritchey-Chretien reflector in the course
of the Lulin Sky Survey (discovery observation
tabulated below), has been found to show marginal
cometary appearance by J. Young, who reports that
CCD images taken with the Table Mountain 0.61-
m reflector on July 17.4 UT in 1" seeing shows a
small coma of diameter 2"-3" of total mag 18.8

surrounding a bright central core.

2007 UT R.A. (2000) Decl. Mag.
July 11.77867 223335.14 -84638.8 189

The available astrometry, preliminary parabolic
orbital elements (T = 2009 Jan. 7.354 TT, q =
1.18775 AU, 1 = 178.380 deg, Peri. = 137.379 deg,
Node = 338.515 deg, equinox 2000.0), and an
ephemeris appear on MPEC 2007-005.
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An apparently asteroidal object discovered by Quanzhi Y e, a student a Sun Y at-sen University
(Guangzhou, China), on images acquired by Chi Sheng Lin (Institute of Astronomy, National
Centra University, Jung-Li, Taiwan) with the 0.41-m /8.8 Ritchey-Chretien reflector in the course
of the Lulin Sky Survey (discovery observation tabulated below), has been found to show marginal
cometary appearance by J. Y oung, who reports that CCD images taken with the Table Mountain
0.61-mreflector on July 17.4 UT in 1" seeing shows a small coma of diameter 2"-3" of total mag
18.8 surrounding a bright central core.

2007 UT R.A. (2000) Decl. Mag.

July 11.77867 22333514 -846388 189
The available astrometry, preliminary parabolic orbital elements (T =2009 Jan. 7.354 TT, q=
1.18775 AU, i = 178.380 deg, Peri. = 137.379 deg, Node = 338.515 deg, equinox 2000.0), and an
ephemeris
appear on MPEC 2007-O05. (3 #% 41 p IAUCs 8857 %)
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